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9544-1, Session 1

Propagating and localized toroidal
excitations in free space and
metamaterials (/nvited Paper)

Nikolay I. Zheludev, Optoelectronics Research Ctr. (United
Kingdom) and Nanyang Technological Univ. (Singapore);
Vassili A. Fedotov, Nikitas Papasimakis, Vassili Savinov,
Univ. of Southampton (United Kingdom); Tim A. Raybould,
Optoelectronics Research Ctr. (United Kingdom)

Invited: The emerging field of toroidal electrodynamics involves the study
and exploitation of peculiar localized and propagating electromagnetic
excitations that topologically resemble a torus. Here we present an overview
of our recent advances in the field enabled by a metamaterial approach,
which includes the engineering of non-trivial non-radiating electromagnetic
sources and an exotic type of optical activity. We also present an analytical
technique for evaluating the role of the toroidal excitations in material
systems. Finally, we examine the propagation of toroidal electromagnetic
perturbations in free space (so-called ‘focused doughnuts’), which present a
platform for observing and studying unique light-matter interactions.

9544-2, Session 1

Observation of an anapole with dielectric
nanoparticles (/nvited Paper)

Andrey E. Miroshnichenko, The Australian National Univ.
(Australia)

A possible existence of nonradiating sources has puzzled physicists since
the early days of electromagnetic theory, particularly in connection with
models of stable atoms and electrons configurations. . One intriguing
example of such a nonradiating source is known as “anapole”. The term
“anapole” (which means “without poles” in Greek) was introduced in the
physics of elementary particles by Yakov Zel'dovich. An anapole mode can
be considered as a superposition of electric and toroidal dipole moments,
resulting in destructive interference of the radiation fields due to similarity
of their far- field scattering patterns. We demonstrate experimentally that
dielectric nanoparticles can realize a radiationless anapole mode in visible.
We achieve a spectral overlap of the toroidal and electric dipole modes
through a geometry tuning in silicon nano-discs and observe a highly
pronounced dip in the far-field scattering accompanied by the specific
near-field distribution associated with the anapole mode. This radiationless
excitation makes the nanodisk invisible in the far-field at the anapole mode
wavelength. The anapole mode offers a new way to achieve an invisibility
condition for lossless dielectric nanostructures based on the cancelation

of radiation scattering. The anapole mode is not only limited to the disk
geometries but it can also be observed for spheres or other dielectric
nanostructures where the electric dipole contribution vanishes due to a
switch to a “higher-order dipole” mode. The anapole physics provides a
unigue playground for the study of electromagnetic properties of nontrivial
excitations of complex fields, reciprocity violation, Aharonov-Bohm like
phenomena at optical frequencies, and other related phenomena.

9544-3, Session 1

Probing metamaterials with structured
light

Yun Xu, Jingbo Sun, Jinwei Zeng, Zhaxylyk Kudyshev, Univ.
at Buffalo (United States); Apra Pandey, CST of America,
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Inc. (United States); Ying Liu, Natalia M. Litchinitser, Univ.
at Buffalo (United States)

We propose and demonstrate a reliable and inexpensive tool for optical
characterization of photonics metamaterials and metasurfaces. Existing
characterization methods of metamaterials (or more precisely negative
index metamaterials), including conventional interferometry and
ellipsometry, are rather complex and expensive.

The “measurable” difference between, for example, positive index materials
and negative index materials is that the former introduces a phase delay to

transmitted light beam and the latter one introduces a phase advance. Here,
we propose to use optical vortex interferometry to directly “visualize” phase
delay or phase advance.

In the proposed setup a laser beams at the wavelength of 633 nm is
separated in two by a beam splitter. One beam is transmitted through

a spiral phase plate in order to generate a beam with an orbital angular
momentum, and the second beam is transmitted through a nanostructured
sample. Two beams are subsequently recombined by a beam splitter to form
spiral interferogram. Spiral patterns are then analyzed to determine phase
shifts introduced by the sample. In order to demonstrate the efficiency

of the proposed technique, we fabricated four metasurface samples
consisting of metal nano-antennas introducing different phase shifts and
experimentally measured phase shifts of the transmitted light using the
proposed technique. The experimental results are in good agreement with
numerical simulations.

In summary, we report a novel method to characterize metasurfaces
and metamaterials using optical vortex interferometry. The proposed
characterization approach is simple, reliable and particularly useful for
fast and inexpensive characterization of phase properties introduced by
metamaterials and metasurfaces.

9544-4, Session 1

Large magnetic to electric field contrast
in azimuthally polarized vortex beams
generated by a metasurface

Mehdi Veysi, Caner Guclu, Filippo Capolino, Univ. of
California, Irvine (United States)

We investigate azimuthally E-polarized vortex beams with enhanced
longitudinal magnetic field. Ideally, such beams possess strong longitudinal
magnetic field on the beam axis where there is no electric field. First we
formulate the electric field vector and the longitudinal magnetic field of
an azimuthally E-polarized beam as an interference of right- and left-
hand circularly polarized Laguerre Gaussian (LG) beams carrying the
orbital angular momentum (OAM) states of -1 and +1, respectively. Then
we propose a metasurface design that is capable of converting a linearly
polarized Gaussian beam into an azimuthally E-polarized vortex beam
with longitudinal magnetic field. The metasurface is composed of a
rectangular array of double-layer double split-ring slot elements, though
other geometries could be adopted as well. The element is specifically
designed to have nearly a 180° transmission phase difference between the
two polarization components along two orthogonal axes, similar to the
optical axes of a half-wave plate. By locally rotating the optical axes of
each metasurface element, the transmission phase profile of the circularly
polarized waves over the metasurface can be tailored. Upon focusing of the
generated vortex beam through a lens with a numerical aperture of 0.7, a
41-fold enhancement of the magnetic to electric field ratio is achieved on
the beam axis with respect to that of a plane wave. Generation of beams
with large magnetic field to electric field contrast can find applications in
future spectroscopy systems based on magnetic dipole transitions, which
are usually much weaker than electric dipole transitions.

help@spie.org 3
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9544-5, Session 1

Plasmonic magnetization during circularly
polarized excitation

Matthew T. Sheldon, Texas A&M Univ. (United States)

In contrast with linearly polarized excitation, which necessarily has zero
magnitude electrical field twice during an optical cycle, the electrical field
vector of circularly polarized light has constant magnitude. During an
optical cycle the electric field vector rotates in the plane normal to the
wave propagation. Consequently, if plasmonic structures are resonant with
circularly polarized excitation, it is possible for them to exhibit regions of
strongly modified carrier density for the duration of the optical cycle.

Here, we study a class of achiral toroid and ‘sun burst’ nano-patterned
plasmonic surfaces that show persistent, circulating charge density waves
during circularly polarized illumination. The direction of the continuously
circulating wave (clockwise or counterclockwise) depends on the
handedness of the incident beam. Our interest stems from whether these
charge density waves can support circular electric currents (DC) manifest
experimentally as static magnetic fields during illumination. Using full-

wave optical modeling (FDTD method), and mechanistic calculations of

the circulating potential acting on electrons in the toroid resonators, we
outline the conditions that maximize optical excitation of both circulating
displacement currents and electron transport currents. We show that in the
limit of very weak coupling to the solenoid-like electron transport, or when <
1x10"-6% of the plasmonically active electron population enters the circular
transport modes, relatively strong magnetic fields, > 1 G, can be expected.
We discuss scanning probe measurements for monitoring the induced
magnetic field, as well as the relationship between this phenomenon and
the inverse Faraday effect observed in continuous media.

9544-6, Session 2

Enhanced light-matter coupling in Si-
based metamaterials (/nvited Paper)

Luca Dal Negro, Boston Univ. (United States)

| will present our results on the design, nanofabrication and optical
characterization of silicon-compatible metamaterials for applications to
light sources and highly nonlinear optical components. In particular, |

will discuss recent work on loss-reduction in metamaterials with tunable
negative permittivity in the near-infrared spectral range. Rare earth doping
of conductive oxides and nitrides with different compositions will also be
discussed as an alternative approach to active plasmon alloys and epsilon-
near-zero (ENZ) media with tunable polaritonic responses across the 1-2
micrometer spectral range. Experiments will be presented addressing
change modulation, enhanced light scattering, emission, second and third
harmonic generation on a chip.

9544-7, Session 2

Recent advances in metamaterial multi-
physics (/nvited Paper)
Mikhail Lapine, Univ. of Technology Sydney (Australia)

In this contribution, | will present an overview of our recent achievements in
exploiting novel degrees of freedom in metamaterial design, which enable
sophisticated nonlinear coupling mechanisms and bring enhancement to
nonlinear behaviour. One of the paradigms makes use of various types of
mechanical feedback, achieved by embedding electromagnetic resonators
within elastic medium or engineering explicit elastic links between them
— such arrangements lead to broad-band self-adjustable resonances,
self-oscillations, chaotic regimes and spontaneous symmetry breaking.
With this respect, we have analysed a range of implementations from
microwaves to optics. Another concept benefits from multi-frequency
operation, where the properties in completely distinct frequency ranges
become entangled through specific metamaterial design — for example,
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direct optical coupling can be introduced between microwave resonators,
providing an independent interaction channel which can be exploited

for nonlinear “traffic lights” between otherwise independent waveguides
so that one signal is suppressed or enhanced depending on the power

of a competing signal. Alternatively, such an optical path may be used

to achieve nonlinear mutual interaction. Finally, we explore the benefits
which hyperbolic metamaterials can bring to classical nonlinear processes.
The use of hyperbolic dispersion, which supports arbitrary k-vectors,
eventually allows for unusual phase matching solutions, with a rich choice
of matching combinations. This design overcomes the limitations of both
the conventional birefringent and quasi phase matching, making harmonics
generation easily possible with nonlinear materials where the classical
approaches fail.

9544-8, Session 2

Coherent effects in nonlinear
metamaterial-based devices (/nvited
Paper)

Alessandro Salandrino, The Univ. of Kansas (United States)

Nonlinear optical interactions are at the foundation of ultrafast control

of photons with other photons, and are essential for the realization of
integrated all-optical processors. The problem posed by the weak nature
of nonlinear effects is typically circumvented by designing devices relying
on long propagation lengths and operating under high intensity excitation
fields. However such an approach precludes dense integration and hardly
complies with the low power, low weight, and small size requirements of
modern telecommunication systems. Metamaterials can provide novel
strategies to address the shortcomings of conventional nonlinear optics.

Nanostructured media and metamaterials have revolutionized the
technological landscape, and for this reason a variety of concepts from
classical nonlinear optics such as phase-matching should be revisited in
order to account for the new properties offered by these artificial media.
One unique characteristic of metamaterials and nanostructured media

is the possibility of controlling electromagnetic fields over length-scales
comparable to, or smaller than the operating wavelength. In addition to field
enhancement effects, metamaterials offer an unprecedented control over
the phase of electromagnetic fields, which is of paramount importance in
coherent optical processes.

Here we explore frequency conversion effects in nanostructured media
under structured illumination. The coherent interactions arising in such
ensembles of nanostructures lead to a very rich phenomenology and

a unique set of degrees of freedom with which to engineer the overall
nonlinear response. Here we discuss the control of nonlinear emission
direction, the control of nonlinear emission polarization and novel phase-
matching schemes.

9544-9, Session 2

Active control of light beam in
transformation optics

Hui Liu, Nanjing Univ. (China)

The control of electromagnetic radiation in transformation optical
metamaterials brings the development of vast variety of optical devices. Of
a particular importance is the possibility to control the propagation of light
with light. In this work, we use a structured planar cavity to enhance the
thermo-optic effect in a transformation optical waveguide. In the process,
a control laser produces apparent inhomogeneous refractive index change
inside the waveguides. The trajectory of a second probe laser beam is

then continuously tuned in the experiment. The experimental results agree
well with the developed theory. The reported method can provide a new
approach toward development of transformation optical devices where
active all-optical control of the impinging light can be achieved.

spie.org/op Return to Contents
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9544-91, Session 2

Transparency and coherence in rf SQUID
metamaterials (/nvited Paper)

Steven M Anlage, Univ. of Maryland, College Park (United
States)

We have developed active metamaterials based on macroscopic

quantum effects capable of quickly tuning their electrical and magnetic
responses over a wide frequency range. These metamaterials are based
on superconducting elements to form low insertion loss, physically and
electrically small, highly tunable structures for the next generation rf
electronics. The meta-atoms are rf superconducting quantum interference
devices (SQUIDs) that incorporate the Josephson effect. RF SQUIDs

have an inductance which includes a contribution from the Josephson
inductance of the junction. This inductance is strongly tunable with dc
and rf magnetic fields and currents. The rf SQUID metamaterial is a richly
nonlinear effective medium introducing qualitatively new macroscopic
quantum phenomena into the metamaterials community, namely magnetic
flux quantization and the Josephson effect. The coherence of the
metamaterials is strongly sensitive to the environment and measurement
conditions. The metamaterials also display a unique form of transparency
whose development can be manipulated through multiple parametric
dependences. Further features such as breathers, superradiance, and self-
induced transparency, along with entry into the fully quantum limit, will
yield qualitatively new metamaterial phenomena.

This work is supported by the NSF-GOALI and OISE Programs through Grant
No. ECCS-1158644 and the Center for Nanophysics and Advanced Materials
(CNAM).

9544-10, Session 3

Nanostructured photonic metamaterials
reconfigurable with light, nanomechanical,
and electromagnetic forces (/nvited Paper)

Jun-Yu Ou, Univ. of Southampton (United Kingdom); Jodo
Valente, Optoelectronics Research Ctr. (United Kingdom);
Artemios Karvounis, Univ. of Southampton (United
Kingdom); Weiping Wu, Eric Plum, Optoelectronics
Research Ctr. (United Kingdom); Kevin F. MacDonald, Univ.
of Southampton (United Kingdom); Nikolay |. Zheludev,
Univ. of Southampton (United Kingdom) and Nanyang
Technological Univ. (Singapore)

Invited: Active and dynamic manipulation of metamaterial optical properties
is the foundation for metamaterial devices. Such metadevices will translate
metamaterials from fundamental scientific research to practical applications
including optical switches, optical modulators, tunable spectral filters,

and programmable transformation optics devices. Here we develop
reconfigurable photonic metamaterials that offer a flexible platform for fast
dynamic control of metamaterial optical properties.

The properties of any metamaterial structure strongly depend on the spatial
arrangement of its building blocks. By constructing metamaterials on
elastically deformable scaffolds we can dynamically control the nanoscale
spacing among constituent elements across the entire metamaterial array.
Based on this approach, we use electrostatic, Lorentz and near field optical
forces to drive high-contrast, high-speed active tuning, modulation and
switching of photonic metamaterial properties and to deliver exceptionally
large opto-mechanical nonlinearities.

9544-11, Session 3

Latest progress in spasers (/nvited Paper)
Mark I. Stockman, Georgia State Univ. (United States)

Nanoplasmonics deals with collective electron excitations at the surfaces

Return to Contents +1 360 676 3290

SPIE.

NANOSCIENCE+
ENGINEERING

of metal nanostructures, called surface plasmons. The surface plasmons
localize and nano-concentrate optical energy creating highly enhanced local
fields. Nanoplasmonics has numerous applications in science, technology,
biomedicine, environmental monitoring, and defense.

There is an all-important need in active devices capable of generating and
amplifying coherent optical fields on the nanoscale analogous to lasers and
amplifiers of the conventional optics or transistors of microelectronics. Such
an active device is the spaser (surface plasmon amplification by stimulated
emission of radiation), also called plasmonic nanolaser. We will focus on the
newest ideas and achievements in spasers.

We will present two new theoretical ideas in the field of spasers: spaser
with electric pumping via quantum wire [D. Li and M. I. Stockman, Electric
Spaser in the Extreme Quantum Limit, Phys. Rev. Lett. 110, 106803-1-5
(2013)] and quantum-cascade graphene spaser [V. Apalkov, M. I. Stockman,
Proposed graphene nanospaser. Light Sci. Appl. 3, €191-191-196 (2014)]. We
will consider the latest progress in applications of spasers. Among them

is a recent breakthrough in ultrasensitive detection of explosives using

the spaser [R.-M. Ma, S. Ota, Y. Li, S. Yang, X. Zhang, Explosives Detection
in a Lasing Plasmon Nanocavity, Nat. Nano 9, 600-604 (2014)]. Another
recent breakthrough to be presented is an application of the spaser as an
ultrabright nanolabel and an efficient theranostic agent in biomedicine
(cancer diagnostics and treatment) [E. |. Galanzha, R. Weingold, D. A.
Nedosekin, M. Sarimollaoglu, A. S. Kuchyanov, R. G. Parkhomenko, A. I.
Plekhanov, M. I. Stockman, and V. P. Zharov, Spaser as Novel Versatile
Biomedical Tool, arXiv:1501.00342, 1-33 (2015)].

9544-12, Session 3

Active hyperbolic metamaterials (/nvited
Paper)

Vinod M. Menon, The City College of New York (United
States)

Hyperbolic metamaterials (HMMs) have become one of the most attractive
classes of metamaterials due to their wide array of applications in
combination with ease of realization. Here we will discuss our recent work
on “active hyperbolic metamaterials” where demonstrate enhanced light
emission and extraction from metamaterials embedded with quantum dots.
We will also discuss our recent efforts on realizing tunable HMMs as well as
sub-wavelength cavities.

9544-13, Session 3

Gain-enhanced hyperbolic metamaterials
at telecommunication frequencies

Joseph S. T. Smalley, Univ. of California, San Diego (United
States); Felipe Vallini, Univ. of California San Diego (United
States); Boubacar Kante, Shiva Shahin, Conor Riley,
Yeshaiahu Fainman, Univ. of California, San Diego (United
States)

Using effective medium theory (EMT), Bloch’s theorem (BT), and the
transfer matrix method (TMM), we analyze the possibility of gain-

enhanced transmission in metamaterials with hyperbolic dispersion at
telecommunication frequencies. We compare different combinations of
dissipative metals and active dielectrics, including noble metals, transparent
conducting oxides (TCO), Ill-V compounds, and solid-state dopants. We find
that both indium gallium arsenide phosphide (InGaAsP) and erbium-doped
silica (Er:SiO2), when combined with silver, show promise as a platform for
demonstration of pump-dependent transmission. On the other hand, when
these active dielectrics are combined with aluminum-doped zinc oxide
(AZ0), a low-loss TCO, gain-enhanced transmission is negligible. Results
based on EMT are compared to the more accurate BT and TMM. When losses
are ignored, quantitative agreement between these analytical techniques

is observed near the center of the first Brillouin zone of a one-dimensional
periodic structure. Including realistic levels of loss and gain, however, EMT
predictions become overly optimistic compared to BT and TMM. We also
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discuss the limitations to assumptions inherent to EMT, BT, and TMM, and
suggest avenues for future analysis.

9544-14, Session 3

Giant gain enhancement in slow-wave
photonic crystals with a degenerate band
edge

Mohamed A. K. Othman, Filippo Capolino, Alexander
Figotin, Univ. of California, Irvine (United States); Farshad
Yazdi, Univ. of California Irvine (United States)

Recent photonic crystal technologies have enabled a new class of low-
threshold laser sources that showed a substantial enhancement in the
performance utilizing a Fabry-Perot configuration. In the pursuit of higher
gain and more efficient sources, we here propose a novel slow-wave Fabry-
Perot cavity (FPC) made of a photonic crystal for laser applications that
utilizes a degeneracy condition of the structural eigenmodes, namely, the
degenerate band edge (DBE) condition. We show here that FPCs operating
very close to the DBE can be used to enhance gain in laser devices to
unprecedented levels. Light confinement in this configuration allows a huge
increase in the photon lifetime in the cavity. Consequently, when active
materials are integrated into an FPC with a DBE, round trip gain experienced
by photons is significantly increased for photons travel with extremely low
group velocities yielding a gigantic transmission gain. We show in particular
giant enhancement of the gain in an FPC with a DBE compared to an

FPC with a photonic crystal with a regular band edge, up to a few orders

of magnitude. We also investigate the role of the local density of states
(LDOS) which provides an explanation of the origin of gain enhancement
mechanism in the PFC with a DBE. The proposed gain mechanism has a
promising potential for many applications, including, but not limited to,
high efficiency, low threshold laser devices as well as high power microwave
amplifiers.

9544-15, Session 4

Collective Foérster energy transfer modified
by planar plasmonic mirror (/nvited Paper)

Alexander N. Poddubny, loffe Physical-Technical Institute
(Russian Federation)

This is an invited presentation devoted to the Forster energy transfer in
plasmonic systems.

Forster energy transfer processes are now actively studied in various fields
that bridge physics, biology and medicine. One can try to control the
efficiency of the transfer by embedding the donors and acceptors into the
structured electromagnetic environment. Available experimental studies
yields contradictory reports on suppressed [1], enhanced [2] or unaffected
[3] transfer.

We present a rigorous Green function theory of the collective Forster
energy transfer between the arrays of donor and acceptor molecules lying
on the planar metallic mirror that has been previously available only for
spherical nanoparticles [4]. We reveal strong modification of the effective
transfer rate by the mirror. The rate can be either suppressed or enhanced
depending on the relative positions between acceptor and donor arrays.
This is a collective effect, completely absent for a single donor-acceptor pair
put above the mirror. Our results may explain the slowdown of the transfer
rate recently observed in experiment for dye molecules put on top of
plasmonic mirrors and layered hyperbolic metamaterials [1].

[11 T. Tumkur, J. Kitur, C. Bonner, A. Poddubny, E. Narimanov and M. Noginov,
Faraday Discuss., 2014, DOI: 10.1039/C4FD00184B

[2] C. Blum, N. Zijlstra, A. Lagendijk, M. Wubs, A. P. Mosk, V. Subramaniam,
and W. L. Vos, Phys. Rev. Lett. 109, 203601 (2012).

[3]1 P. Andrew and W. L. Barnes, Science 290, 785 (2000).

[4] V.N. Pustovit, A.M. Urbas, and TV. Shahbazyan, Phys. Rev. B 88,
245427(2013)
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9544-16, Session 4

Nitrogen-vacancy single-photon emission
enhanced with nanophotonic structures
(Invited Paper)

Vladimir M. Shalaev, Mikhail Y. Shalaginov, Purdue Univ.
(United States); Vadim V. Vorobyov, Photonic Nano-Meta
Technologies (Russian Federation); Simeon Bogdanoy,
Purdue Univ. (United States); Alexey V. Akimov, Russian
Quantum Ctr. (Russian Federation); Alexei Lagutchey,
Alexander V. Kildishev, Alexandra Boltasseva, Purdue Univ.
(United States)

Efficient generation of single photons is essential for the development of
photonic quantum technologies. We have demonstrated that coupling

a nanodiamond nitrogen-vacancy (NV) center to CMOS-compatible
nanophotonic structures results in significant reduction of the excited state
lifetime, increase in the collected single-photon emission, and modification
of radiation pattern. In addition, we studied the effect of increased photonic
density of states on spin dependent fluorescence contrast.

9544-17, Session 4

Super-coulombic Van der Waals
interactions in metamaterials (/nvited
Paper)

Cristian L. Cortes, Ward D. Newman, Zubin Jacob, Univ. of
Alberta (Canada)

We use Rytov’s fluctuational electrodynamics to show that Van Der Waals
interactions are fundamentally modified by metamaterials. We verify

the conditions under which the effect is strongest and also show initial
experimental results to prove the same. En route to developing the van der
waals theory in metamaterials we have also adopted a unigue approach to
quantization in lossy dispersive media.

9544-18, Session 4

Effect of nonlocal dielectric environments
on chemical reactions

Vanessa N. Peters, Norfolk State Univ. (United States);
Thejaswi U Tumkur, Guohua Zhu, Mikhail A Noginov,
Norfolk State Univ (United States)

Proximity to metallic surfaces, plasmonic structures, cavities and other
inhomogeneous dielectric environments is known to control spontaneous
emission, energy transfer, scattering, and many other phenomena of
practical importance. The aim of the present study was to demonstrate that,
in spirit of the Marcus theory, the rates of chemical reactions can, too, be
influenced by nonlocal dielectric environments, such as metallic films and
metal/dielectric bilayer or multilayer structures. We have experimentally
shown that metallic and composite metal/dielectric substrates can, indeed,
control ordering as well as photodegradation of thin poly-3-hexylthiophene
(p3ht) films. In many particular experiments, p3ht films were separated from
metal by a dielectric spacer, excluding conventional catalysis facilitated by
metals and making modification of the nonlocal dielectric environment a
plausible explanation for the observed phenomena. This first step toward
understanding of a complex relationship between chemical reactions

and nonlocal dielectric environments is to be followed by the theory
development and a broader scope of thorough experimental studies.

spie.org/op Return to Contents



Conference 9544:
Metamaterials, Metadevices, and Metasystems 2015

9544-19, Session 4

Effect of photonic density of states on
spin-flip induced fluorescence contrast
in diamond nitrogen-vacancy center
ensembles

Mikhail Shalaginov, Simeon Bogdanoyv, Jing Liu, Alexei
Lagutchev, Alexander V. Kildishev, Dimitrios Peroulis,
Joseph M. Irudayaraj, Alexandra Boltasseva, Vladimir M.
Shalaev, Purdue Univ. (United States)

Diamond based nitrogen-vacancy (NV) centers are promising solid state
defects for applications in quantum information technologies. On the

one hand, there is a growing interest in enhancing their single-photon
emission by coupling them to plasmonic structures. On the other hand, the
dependence of emission intensity on the electron spin state enables room
temperature quantum information readout. We study the fluorescence
contrast resulting from the spin resonance in the conditions of an increased
photonic density of states. Fluorescence observations from NV center
ensembles in diamond nanocrystals coupled to structures supporting
plasmonic modes experimentally confirm the analytical results.

9544-500, Session Plen

Extreme Imaging and Beyond
Keisuke Goda, The Univ. of Tokyo (Japan)

Imaging is an effective tool in scientific research, manufacturing, and
medical practice. However, despite its importance, it is not easy to observe
dynamical events that occur much faster or slower than the human time
scale (found in photochemistry, phononics, fluidics, MEMS, and tribology).
Unfortunately, traditional methods for imaging fall short in visualizing

them due to their technical limitations. In this talk, | will introduce radically
different approaches to imaging. | will first discuss ultrafast imaging and
then talk about ultraslow imaging. | will show how these imaging tools help
us better understand dynamical processes.

9544-501, Session Plen

Nano-bio-optomechanics: nanoaperture
tweezers probe single nanoparticles,
proteins, and their interactions

Reuven Gordon, Univ. of Victoria (Canada)

Nanoparticles in the single digit nanometer range can be easily isolated

and studied with low optical powers using nanoaperture tweezers. We have
studied individual proteins and their interactions with small molecules, DNA
and antibodies. Recently, using the fluctuations of the trapped object, we
have pioneered a new way to “listen” to the vibrations of nanoparticles in
the 100 GHz - 1 THz range; the approach is called extraordinary acoustic
Raman (EAR). EAR gives unprecedented low frequency spectra of individual
proteins in solution, allowing for identification and analysis, as well as
probing their role in biological functions. We have also used EAR to study
the elastic properties, shape and size of various individual nanoparticles.

9544-502, Session Plen
Device Applications of Semiconductor
Nanoantennas and Metafilms

Mark L. Brongersma, Geballe Lab. for Advanced Materials
(GLAM) (United States)

Semiconductor nanostructures are at the heart of modern-day electronic
devices and systems. Due to their high refractive index, they also provide
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a myriad of opportunities to manipulate light. When properly sized and
shaped, they can support strong optical resonances that boost light-matter
interaction over bulk materials and enable their use in controlling the flow of
light at the nanoscale. In this presentation, | will discuss the use of individual,
resonant nanostructures and dense arrays thereof (metafilms) in a variety of
optoelectronic devices and illustrate how the performance of these devices
can be improved by engineering the constituent nanostructure, size, shape,
and/or spacing.

9544-20, Session 5
Photonic hypercrystals (/nvited Paper)

Evgenii E. Narimanov, Purdue Univ. (United States)

We introduce a new “universality class” of artificial optical media - photonic
hyper-crystals. These hyperbolic metamaterials with periodic spatial
variation of dielectric permittivity on subwavelength scale, combine the
features of optical metamaterials and photonic crystals.

9544-21, Session 5

Non-resonant hyperlens in the visible
range (/nvited Paper)

Natalia M. Litchinitser, Jingbo Sun, Mikhail I. Shalaev, Univ.
at Buffalo (United States)

A metamaterial hyperlens offers a unique solution to overcome the
diffraction limit by transforming evanescent waves responsible for imaging
subwavelength features of an object into propagating waves. However, the
first realizations of optical hyperlenses were limited by a narrow working
bandwidth and significant resonance-induced loss. Here, we report the

first experimental demonstration of a non-resonant waveguide-coupled
hyperlens operating in the visible wavelength range that was fabricated
using a combination of top-down and bottom-up fabrication approaches. A
detailed investigation of various materials systems proves that a radial fan-
shaped configuration is superior to the concentric layer-based configuration
in that it relies on non-resonant negative dielectric response, and, as a result,
enables broadband and low-loss performance in the visible range. While the
majority of applications of a hyperlens is expected to be in optical frequency
range, the challenge of fabricating non-resonant radial structures at optical
frequencies has not been overcome until now.

9544-22, Session 5

Sub-diffractional, volume-confined
polaritons in a natural hyperbolic material:
hexagonal boron nitride

Joshua D. Caldwell, U.S. Naval Research Lab. (United
States); Andrey V. Kretinin, The Univ. of Manchester
(United Kingdom); Yiguo Chen, Vincenzo Giannini,
Imperial College London (United Kingdom); Michael M.
Fogler, Univ. of California, San Diego (United States); Yan
Francescato, Imperial College London (United Kingdom);
Chase T. Ellis, Joseph G. Tischler, U.S. Naval Research Lab.
(United States); Colin R. Woods, The Univ. of Manchester
(United States); Alexander J. Giles, U.S. Naval Research
Lab. (United States); Kenji Watanabe, Takashi Taniguchi,
National Institute for Materials Science (Japan); Stefan A.
Maier, Imperial College London (United Kingdom); Kostya
S. Novoselov, The Univ. of Manchester (United Kingdom)

Strongly anisotropic media where principal components of the dielectric
tensor have opposite signs are called hyperbolic. These materials permit
highly directional, volume-confined propagation of slow-light modes
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at deeply sub-diffractional size scales, leading to unique nanophotonic
phenomena. The realization of hyperbolic materials within the optical
spectral range has been achieved primarily through the use of artificial
structures typically composed of plasmonic metals and dielectric
constituents. However, while proof-of-principle experiments have been
performed, the high plasmonic losses and inhomogeneity of the structures
limit most advances to the laboratory. Recently, hexagonal boron nitride
(hBN) was identified as a natural hyperbolic material (NHM), offering a
low-loss, homogeneous medium that can operate in the mid-infrared.
We have exploited the NHM response of hBN within periodic arrays of
conical nanoresonators to demonstrate ‘hyperbolic polaritons, deeply
sub-diffractional guided waves that propagate through the volume rather
than on the surface of a hyperbolic material. We have identified that the
polaritons are manifested as a four series of resonances in two distinct
spectral bands that have mutually exclusive dependencies upon incident
light polarization, modal order, and aspect ratio. These observations
represent the first foray into creating NHM building blocks for mid-
infrared to terahertz nanophotonic and metamaterial devices. This talk
will also discuss potential near-term applications stemming from these
developments.

9544-23, Session 5

Practical realization of deeply
subwavelength multilayer metal-dielectric
nanostructures based on InGaAsP

Joseph S. T. Smalley, Univ. of California, San Diego (United
States); Felipe Vallini, Univ. of California San Diego (United
States); Sergio Montoya, Eric E. Fullerton, Yeshaiahu
Fainman, Univ. of California, San Diego (United States)

Using established nanofabrication techniques, we realize deeply
subwavelength multilayer metal-dielectric nanostructures composed of
silver and indium gallium arsenide phosphide (InGaAsP). In contrast to
most, if not all, subwavelength multilayer metal-dielectric systems to
date, the Bloch vector of the fabricated structure is parallel to the plane
of the substrate, making it suitable for waveguide integration. InGaAsP
multiple quantum wells (MQWs) are epitaxially grown on InP normal

to the Bloch vector of the resulting multilayer. The associated carrier
population of the MQWs allows for active control of the behavior of the
nanostructure via external optical pumping. Individual layer thicknesses
of 30nm are repeatedly achieved via electron-beam lithography, reactive
ion etching of InGaAsP, and sputter deposition of silver. Resulting 60nm
periods of the one-dimensional periodic structure are 25 times smaller
than telecommunication wavelengths in vacuum. The realized multilayer
nanostructures hold promise as a platform for active and tunable hyperbolic
metamaterials at telecommunication frequencies.

9544-24, Session 5

Semiconductor-dielectric Multilayer
surface magnetoplasmon planar hyperlens

Bo Han Cheng, Academia Sinica (Taiwan); Hong Wen
Chen, Yung-Chiang Lan, National Cheng Kung Univ.
(Taiwan); Din Ping Tsai, Academia Sinica (Taiwan)

The magnetically controlled planar hyperlens which consists of an InSb-
PMMA multilayered structure is proposed and analyzed. The ability of
the proposed hyperlens to resolve subwavelength structures at THz
region is demonstrated by electromagnetic numerical simulation. The
asymmetric field pattern in the hyperlens is caused by the surface
magnetoplasmon (SMP) propagating in the InSb-PMMA waveguide. By
using transfer matrix method and the effective medium approach of the
investigated components, the role of SMP played in the super-resolution
is elucidated. Furthermore, the super-resolution of the proposed device
under various frequencies is accomplished by merely changing the value
of external magnetic field. The proposed device would provide a practical

8 SPIE Optics+Photonics 2015

SPIE.

NANOSCIENCE+
ENGINEERING

route for multi-functional material, real-time super-resolution imaging,
photolithography, and THz imaging.

9544-25, Session 5

Probing the ultrathin limit of hyperbolic
metamaterial: nonlocality induced
topological transitions

Long Chen, Cheng Zhang, Jing Zhou, L. Jay Guo, Univ. of
Michigan (United States)

An ideal hyperbolic metamaterial (HMM), which has a perfect hyperbolic
dispersion curve, theoretically can support modes with indefinite
wavenumbers, leading to large photon local density of states (LDOS) and
many applications such as enhancing light-matter interactions, spontaneous
emission and thermal radiation. Here in this presentation, HMMs based on
ultrathin metal-dielectric multilayers have been studied by considering the
nonlocal response of electrons in metal. Based on the hydrodynamic model
of the nonlocal response, we investigate the effect of nonlocality on the
performance (dispersion relation, ray refraction, LDOS and spontaneous
emission) of HMMs when gradually approaching the ultrathin limit of the
unit cell. We show that nonlocality will induce topological transitions of
the iso-frequency surfaces and limit the wavenumber as well as LDOS for
both type | and type Il HMMs. Under nonlocal treatment, the iso-frequency
surface of type Il HMM transforms from a hyperbola to a bullet shape,
while for type | HMM, the surface splits into two branches: a cylindrical-like
branch at high k region and an elliptical branch at the low k region. In the
high k region, the nonlocality set a cut-off k for the allowed wavenumbers
in both type | and type Il HMMs. This cut-off k which is defined by the
electron Fermi velocity of the metal intrinsically limits the LDOS and light-
matter interactions. These results indicate that in the aim of achieving high
performance HMMs, merely thinning the constituent films according to the
local theories is no longer valid.

9544-26, Session 5

Tunable VO2/Au hyperbolic metamaterial

Srujana Prayakarao, Norfolk State Univ. (United States);
Brock Mendoza, Andrew Devine, Cornell Univ. (United
States) and Norfolk State Univ. (United States); Chan
Kyaw, Morehouse College (United States) and Norfolk
State Univ. (United States); Robert B. Van Dover, Cornell
Univ. (United States); Mikhail A. Noginov, Norfolk State
Univ. (United States)

Vanadium oxide (VO2) is known to undergo a semiconductor-to-metal
transition at 68°C. Therefore, it can be used as a tunable component of an
active metamaterial. The lamellar metamaterial designed and studied in this
work is composed of subwavelength VO2 and Au layers and is predicted

to have the temperature controlled transition from the hyperbolic phase to
the metallic phase. The VO2 films and VO2/Au lamellar metamaterial stacks
have been fabricated and studied in the electrical conductivity as well as
optical (transmission, reflection) experiments. The temperature depended
changes in the absorption and transmission spectra of metamaterials and
films have been observed experimentally and compared with the theory
predictions.

9544-27, Session 6

Infrared spectroscopy with tunable
graphene plasmons (/nvited Paper)

Andrea Marini, Ivan Silveiro, Javier Garcia de Abajo, ICFO -
Institut de Ciéncies Fotoniques (Spain)

We propose the exploitation of plasmons in graphene nanoislands as
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a promising platform for sensing through surface-enhanced infrared
absorption and Raman scattering. Our calculations indicate that the large
electrical tunability of graphene enables the identification of molecular
resonances by recording broadband absorption or inelastic scattering,
replacing wavelength-resolved light collection by a signal integrated over
photon energy as a function of the graphene doping level. Our results pave
the way for the development of novel cost-effective sensors capable of
identifying spectral signatures of molecules without using spectrometers
and laser sources.

9544-28, Session 6

Nano-photonic phenomena in van der
Waals heterostructures (/nvited Paper)

Dmitri N. Basov, Univ. of California, San Diego (United
States)

van der Waals (vdW) crystals consist of individual atomic planes coupled
by vdW interaction, similar to graphene monolayers in bulk graphite. We
investigated van der Waals heterostructures assembled from atomically
thin layers of graphene and hexagonal boron nitride (hBN). We launched,
detected and imaged plasmonic, phonon polaritonic and hybrid plasmon-
phonon polariton waves in a setting of an antenna based nano-infrared
apparatus. Hyperbolic phonon polaritons in hBN enabled sub-diffractional
focusing in infrared frequencies. Because electronic, plasmonic and phonon
polaritonic properties in van der Waals heterstructures are intertwined, gate
voltage and/or details of layer assembly enable efficient control of nano-
photonic effects.

9544-29, Session 6

Second-harmonic generation from
atomic-scale ABC-type laminate optical
metamaterials (/nvited Paper)

Luca Alloatti, Massachusetts Institute of Technology
(United States) and Institute of Photonics and Quantum
Electronics Karlsruhe Institute of Technology (Germany);
Clemens M. Kieninger, Andreas M. Frélich, Matthias
Lauermann, Tobias Frenzel, Kira Kéhnle, Wolfgang Freude,
Karlsruher Institut fir Technologie (Germany); Juerg
Leuthold, ETH ZUrich (Switzerland); Christian Koos, Martin
Wegener, Karlsruher Institut fir Technologie (Germany)

We introduce ABC laminate metamaterials composed of layers of three
different dielectrics. Each layer has zero bulk second-order optical
nonlinearity, yet centro-symmetry is broken locally at each inner interface.
To achieve appreciable effective bulk metamaterial second-order nonlinear
optical susceptibilities, we densely pack many inner surfaces to a stack

of atomically thin layers grown by conformal atomic-layer deposition.

For the ABC stack, centro-symmetry is also broken macroscopically. Our
experimental results for excitation at around 800 nm wavelength indicate
interesting application perspectives for frequency conversion or electro-
optic modulation in silicon photonics.

9544-111, Session 6

Metamaterials with magnetic hyperbolic
dispersion

Sergey S. Kruk, The Australian National Univ. (Australia);
Zi Jing Wong, Univ. of California, Berkeley (United States);
Ekaterina Pshenay-Severin, Friedrich-Schiller-Univ. Jena
(Germany) and The Australian National Univ. (Australia);
Kevin O’Brien, Univ. of California, Berkeley (United States);
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Dragomir N. Neshey, Yuri S. Kivshar, The Australian
National Univ. (Australia); Xiang Zhang, Univ. of California,
Berkeley (United States)

Strongly anisotropic media, where the principal components of the
dielectric permittivity and/or permeability tensor have opposite signs, are
called hyperbolic media. The study of hyperbolic media and hyperbolic
metamaterials have attracted significant attention in recent years for their
interesting properties such as high density of states, all-angle negative
refraction, and hyperlens imaging beyond the resolution of conventional
systems. In previous studies hyperbolic media were realized as uniaxial
materials whose axial and tangential dielectric permittivities have opposite
signs. Such media are typically realized using the metamaterial concept in
the form of metal-dielectric multilayered structures, or arrays of conducting
nanowires, while several examples of natural hyperbolic media have been
demonstrated as well. However, the hyperbolic dispersion in all artificial
and natural optical media demonstrated to date has its origin in the electric
response. This restricts fundamentally the functionality of these materials for
only one polarization of light and places severe limitation for the impedance
matching with a free space. Importantly, the concept of generalized
hyperbolic media with both electric and magnetic response does not have
these restrictions. Here we present the first demonstration of a magnetic
hyperbolic dispersion in a three-dimensional metal-dielectric multilayer
metamaterial with principal components of the effective magnetic
permeability tensor having opposite signs. We provide a systematic

direct measurement of a topology-driven transition between elliptic and
hyperbolic metamaterials observed through a structural modification of
their dispersion, reported for the time for any type of metamaterial. Our
findings show the possibility for realization of efficient hyperbolic media for
unpolarised light.

9544-30, Session 7

Transparent conducting oxides as
plasmonic component in near infrared
(Invited Paper)

Jongbum Kim, Nathaniel Kinsey, Aveek Dutta, Purdue Univ.
(United States); Marcello Ferrera, Purdue Univ. (United
States) and Heriot-Watt Univ. (United Kingdom); Clayton
Devault, Alexander V Kildishev, Vladimir M. Shalaev,
Alexandra Boltasseva, Purdue Univ. (United States)

The development of new plasmonic materials enables novel optical devices,
and they in turn assist in the progress of optical communications. As a result
of the significant attention in searching for alternative materials, transparent
conducting oxides (TCOs) have been proposed as promising plasmonic
compounds at telecommunication wavelengths [1]. They are eminently
practical materials because they are CMOS-compatible, can be grown

on many different types of substrates, patterned by standard fabrication
procedures, and integrated with many other standard technologies.

Due to the ability of TCO nanostructures to support strong plasmonic
resonance in the NIR, metasurface devices, such as a quarter wave plate,
have been demonstrated whose properties can be easily adjustable with
post processing such as thermal annealing [2,3]. Additionally, TCOs can be
used as epsilon near zero (ENZ) materials in the NIR. From our recent study
of the behavior of nanoantennae sitting upon a TCO substrate, we found
that TCOs serve as an optical insulating media due to the high impedance of
TCOs at the ENZ frequency, enabling emission shaping.

Finally, the optical properties of TCOs can be varied by optical or electrical
means. Current research is focused on studying the ultrafast carrier
dynamics in doped zinc oxide films using pump-probe spectroscopy. We
have shown that aluminum doped zinc oxide films can achieve a 40%
change in reflection with ultrafast dynamics (<1ps) under a small fluence of
3mJ/cm2. Consequently, TCOs are shown to be extremely flexible materials,
enabling fascinating physics and unique devices for applications in the NIR
regime.

References

[11 A. Boltasseva and H. Atwater, Science 331(6015), 290-291, 2011.
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9544-31, Session 7

Towards low-loss, infrared and THz
nanophotonics and metamaterials: surface
phonon polariton modes in polar dielectric
crystals (/nvited Paper)

Joshua D. Caldwell, U.S. Naval Research Lab. (United
States); Lucas Lindsey, Oak Ridge National Lab. (United
States); Vincenzo Giannini, Imperial College London
(United Kingdom); Igor Vurgaftman, Thomas L. Reinecke,
U.S. Naval Research Lab. (United States); Stefan A. Maier,
Imperial College London (United Kingdom); Orest J.
Glembocki, Oak Ridge National Lab. (United States) and
U.S. Naval Research Lab. (United States)

The field of nanophotonics is based on the ability to confine light to sub-
diffractional dimensions. Up until recently, research in this field has been
primarily focused on the use of plasmonic metals. However, the high optical
losses inherent in such metal-based surface plasmon materials has led to an
ever-expanding effort to identify, low-loss alternative materials capable of
supporting sub-diffractional confinement. One highly promising alternative
are polar dielectric crystals whereby sub-diffraction confinement of light

can be achieved through the stimulation of surface phonon polaritons within
an all-dielectric, and thus low loss material system. Both SiC and hexagonal
BN are two exemplary SPhP systems, which along with a whole host of
alternative materials promise to transform nanophotonics and metamaterials
in the mid-IR to THz spectral range. In addition to the lower losses, these
materials offer novel opportunities not available with traditional plasmonics,
for instance hyperbolic optical behavior in natural materials such as hBN,
enabling super-resolution imaging without the need for complex fabrication.
This talk will provide an overview of the SPhP phenomenon, a discussion

of what makes a ‘good’ SPhP material and recent results from SiC and the
naturally hyperbolic material, hBN from our research group.

9544-32, Session 7

Spectroscopy of semiconductor meta-
device building blocks

Nikita A. Butakov, Jon A. Schuller, Univ. of California, Santa
Barbara (United States)

Inspired by the potential of designing highly efficient nanophotonic

optical elements, numerous researchers are currently exploring the use

of dielectric resonators in constructing meta-devices. A wide range of
optical components have been demonstrated, including metasurfaces

that act as two-dimensional lenses, gratings, and axicons. At the core

of these devices is a dielectric building block, typically a Silicon nano-

disk or nano-rod, that supports Mie-like leaky mode excitations with a
geometrically tunable amplitude and phase response. Here we present a
comprehensive experimental characterization of these building blocks. We
elucidate their multipolar mode structure, and explain the dependence on
the underlying substrate. We find that fundamentally new buried magnetic
modes emerge in high-index substrates, and that Fabry-Perot effects

in silicon-on-insulator platforms can be utilized to enhance or suppress
specific modes. When individual resonators are arranged into arrays with
sub-wavelength periodicities, inter-particle coupling leads to a shift in the
resonant response. When the periodicities are on the same order as the
operating wavelength, the localized resonances may couple with the global
diffraction modes, leading to the possible formation of distinct high-quality-
factor surface-lattice-resonant modes, similar to those encountered in
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plasmonic gratings. We conclude by exploring the behavior of resonators
constructed out of active materials, such as polar materials that support
phonon-polariton excitations, and phase-change materials with tunable
dielectric constants.

9544-33, Session 7

Properties of infrared doped
semiconductor Mie resonators

Tomer Lewi, Univ. of California Santa Barbara (United
States); Prasad P. lyer, Nikita A. Butakov, Jon A. Schuller,
Univ. of California, Santa Barbara (United States)

Dielectric optical antenna resonators have recently emerged as a viable
alternative to plasmonic resonators for metamaterials and nanophotonic
devices, due to their ability to support multipolar Mie resonances with low
losses. In this work, we experimentally investigate the mid-infrared Mie
resonances in Si and Ge subwavelength spherical particles. In particular, we
leverage the electronic and optical properties of these semiconductors in
the mid-infrared range to design and tune Mie resonators through free-
carrier refraction.

Si and Ge semiconductor spheres of varying sizes of 0.5-4 ?m were
fabricated using femtosecond laser ablation. Using single particle infrared
spectroscopy, we first demonstrate size-dependent Si and Ge Mie
resonances spanning the entire mid-infrared (2-16 ?m) spectral range.
Subsequently we show that the Mie resonances can be tuned by varying
material properties rather than size or geometry. We experimentally
demonstrate doping-dependent resonance frequency shifts that follow
simple Drude models of free-carrier refraction. We show that Ge particles
exhibit a stronger doping dependence than Si due to the smaller effective
mass of the free carriers. Using the unique size and doping dispersion of
the electric and magnetic dipole modes, we identify and demonstrate a size
regime where these modes are spectrally overlapping. We also demonstrate
the emergence of plasmonic resonances for high doping levels and long
wavelengths. These findings demonstrate the potential for tuning infrared
semiconductor Mie resonances by optically or electrically modulating
charge carrier densities, thus providing an excellent platform for tunable
electromagnetic metamaterials.

9544-34, Session 7

All dielectric near-field transducers
for optical field concentration at the
nanometer scale and heat assisted
magnetic recording (/nvited Paper)

Andrey K. Sarychey, Institute for Theoretical and Applied
Electrodynamics (Russian Federation); Sergey Vergeles,
L.D. Landau Institute for Theoretical Physics (Russian
Federation) and Moscow Institute of Physics and
Technology (Russian Federation); Alexei L. Bogdanoy,
Stanley Burgos, HGST (United States)

Concentration of light into nanospots is greatly beneficial for applications
such as heat assisted magnetic recording (HAMR), biomedical imaging

and sensing, optical microscopy with single-molecule resolution, quantum
plasmonics, nanolasing, etc. We propose novel, all-dielectric near field
transducers (NFT), which allow focusing light into a hot spot, much smaller
than the wavelength. In existing HAMR heads with metal plasmonic NFT,
light is typically concentrated at a metallic tip, which appears to be one of
the hottest spots of the whole head and, thus, is most severely affected by
thermal stress, dramatically shortening usable lifetime of the head. However,
if the NFT optical components are fully dielectric and optically lossless,

the hottest temperature spot is at the surface of the targeted media in the
vicinity of the tip, but not within the NFT itself. Thus, the aforementioned
detrimental thermal effects can be significantly reduced and head life time
is greatly increased opening new venue in the magnetic recording.
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We propose the dielectric NFT in the form of the pumped dielectric
resonator.

The electric field concentrates at the tip of the prolate dielectric beak
attached to the resonator. For a sufficiently elongated beak, the intensity
of the field just outside the tip of the beak is Eps times larger than the
resonator field, where Eps is the permittivity of the resonator+beak. A
cascade enhancement of the electric field is being achieved: first, there is a
resonance in the dielectric resonator, and then the resonant field is further
amplified due to the dipole polarization of the beak.

9544-10, Session 7

Nonlinear optical metamaterials (/nvited
Paper)
Xiang Zhang, Univ. of California, Berkeley (United States)

Nonlinear metamaterials, manmade structures in which the electromagnetic
fields can change material properties, have potential for frequency
conversion, amplification, and switching. Phase-matching is critical for
coherent nonlinear optical processes, allowing nonlinear sources to
combine constructively, resulting in more efficient emission. We discuss
phase matching in zero index optical metamaterials, single plasmonic
nanostructures, and others.

9544-35, Session 8

Nonlinearities in hyperbolic plasmonic
metamaterials (/nvited Paper)

Andres D. Barbosa Neira, Silvia Peruh, Giuseppe Marini,
Mazhar Nasir, Alexey V. Krasavin, Nicolas Olivier, Wayne
Dickson, Gregory A. Wurtz, Anatoly V. Zayats, King’s
College London (United Kingdom)

We will present experimental studies and numerical modeling of nonlinear
optical processes in plasmonic metamaterials based on assemblies of
metallic nanorods and other complex geometries. Second- and third-order
nonlinear optical response originating from a plasmonic component of the
metamaterial will be discussed. Such plasmonic metamaterials can be used
for engineering enhanced nonlinear optical properties with the required
spectral and temporal response. We will also discuss a novel concept of an
on-chip ultrafast all-optical modulator based on a hyperbolic metamaterial
integrated in a silicon waveguide.

9544-36, Session 8

Mid-infrared hyperbolic metamaterial
based on graphene-dielectric multilayers
(Invited Paper)

Theodore B. Norris, You-Chia Chang, Che-Hung Liu,
Chang-Hua Liu, Univ. of Michigan (United States); Siyuan
Zhang, Seth R. Marder, Georgia Institute of Technology
(United States); Zhaohui Zhong, Univ. of Michigan (United
States)

Graphene is an interesting building block for metamaterials due to its atomic
thickness and the ability to modify the optical properties by chemical
doping or electrical gating. We have designed and fabricated a hyperbolic
metamaterial composed of alternating Al203 and chemical-vapor-deposited
(CVD) graphene. This hyperbolic metamaterial operates in the mid-infrared
range, where CVD graphene has minimal loss. The effective medium
approximation can accurately describe the metamaterial due to large
wavelength-to-periodicity ratio. Fabrication is done by repeated graphene
transfer and atomic layer deposition. Using an infrared ellipsometer, the
anisotropic effective permittivities is measured, showing a transition from
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elliptical to hyperbolic dispersion.

9544-37, Session 8

LCR model for the design of hyberbolic
metamaterials

Christopher Rosenbury, Daniel B. Fullager, Michael A.
Fiddy, The Univ. of North Carolina at Charlotte (United
States)

In an HMM, we assumed layer thicknesses are small on the scale of the
wavelength and alternate layers can have positive and negative permittivity.
Surface plasma waves are generated on the boundaries. These plasma
waves create image charge distributions in neighboring conducting

layers due to the small separation between sheets. These image charge
distributions have a phase lag due to the interaction of the inductance and
the capacitance. As the image charge distributions propagate through the
layers, the lag increases. This effect gives a volume distribution of modes
for any single frequency of generated plasma waves. One can physically
interpret this as what gives rise to the hyperbolic density of states in a
HMM. By treating the HMM as an LCR circuit, the density of states and the
dispersion relation can be engineered to fit any desired parameters since
such changes can be directly tied to alterations in the physical parameters
of the structure. As the number of layers increases and hence the number
of occupied modes increases, the transfer of energy into increasing high
k-modes occurs and this can also be understood using the LCR model. Finite
feature sizes in the HMM will limit the maximum k vector by diffraction. This
makes the LCR model a valuable tool in the design of HMM'’s,

9544-39, Session 8

Optical mode confinement in three-
dimensional Al/SiO2 nano-cavities with
hyperbolic dispersion

Carla M. Bacco, Priscilla N. Kelly, Lyuba Kuznetsova, San
Diego State Univ. (United States)

Today’s technological needs are demanding for faster and smaller

optical components. Optical microcavities offer a high confinement of
electromagnetic field in a small volume, with dimensions comparable to the
wavelength of light, which provides a unique system for the enhancement
of light-matter interactions on the nanoscale. However, further reducing
the size of the optical cavity (from microcavity to nanocavity) is limited
to the fundamental diffraction limit. In hyperbolic metamaterials, large
wavevectors can be achieved [1]. Therefore, optical cavities, created from
hyperbolic metamaterials, allow the confinement of the electromagnetic
field to an extremely small volume with dimensions significantly smaller
than the wavelength of light.

This paper presents the results of numerical study of the optical mode
confinement in nanocavities with hyperbolic dispersion using nanolayered
Al/SiO2 hyperbolic metamaterial [2] with different Al fill fractions. The
fundamental properties of the optical modes and resonance frequencies
for the nanocavities are studied using the finite-difference time-domain
numerical technigue. Numerical simulations show that the light can be
adequately confined to a space 22 times smaller than a silicon oxide disk.
Reducing the cavity size further doubled the Purcell factor for the disk with
aluminum doping.

Beyond this point, the cavities exhibited antenna-like properties. This
paper will also focus on other variables of mode confinement such as
quality factor, loss, and fill fraction. Potential future applications for
three-dimensional nanocavities with hyperbolic dispersion include: silicon
photonics optical communications networks, ultrafast LEDs and biological
nanoparticles sensing.

[1] Science 336, 205 (2012)

[2] Frontiers in Optics 2014, paper FTh1D.3
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9544-40, Session 9

Thermal radiation of metallic surfaces and
hyperbolic metamaterials

Mikhail A. Noginov, A. Mozafari, Thejaswi U. Tumkur, John
K. Kitur, Norfolk State Univ. (United States); Evgenii E.
Narimanov, Purdue Univ. (United States)

We studied angular distributions and spectra of thermal radiation of lamellar
metal/dielectric metamaterials with hyperbolic dispersion and compared
them with the corresponding characteristics of simple metallic films and
pairs of metallic and dielectric layers. The spectra of thermal radiation, in
the mid-infrared part of the spectrum, were nearly flat and featureless, in

a good agreement with the model predictions. The angular distributions

of thermal emission closely followed the Lambert’s law, ?cos?. The thermal
radiation properties of hyperbolic metamaterials were not much different
from those of simpler metallic structures.

9544-41, Session 9

Rare-Earth frequency converters for
thermophotovoltaics-revisiting century old
claims

Ekembu K. Tanyi, Brandi T. Burton, Norfolk State Univ.
(United States); Evgenii E. Narimanov, Purdue Univ.
(United States); Mikhail A. Noginov, Norfolk State Univ.
(United States)

Harnessing more energy from the sun has led to the development of
materials which can efficiently trap the sun radiation in the whole spectrum
and re-emit it into a narrow spectral band corresponding to the band gap
of a photovoltaic device. The field of metamaterials is largely aimed at
designing nanostructured surfaces with tailored absorption (emission)
spectra. Many rare-earth doped crystals and glasses can efficiently absorb
light throughout the whole visible and near-infrared range of the spectrum
and emit radiation at longer wavelengths (1.5 to 3 microns). We report
studies of absorption and thermal emission of several rare-earth doped
crystals.

9544-42, Session 9

Energy conversion and photo-thermal
effect within plasmonic absorption
metamaterials in infrared region

Yonggian Li, Chenglin Zhang, Lei Su, Xiaoying Li,
Northwestern Polytechnical Univ. (China); Zili Zhou,
Science and Technology on Metrology and Calibration Lab.
(China)

The energy-conversion process and photo-thermal effect within a plasmonic
absorber metamaterials (PAM) were investigated theoretically using the
Poynting theorem. The Ohmic loss and dielectric loss were calculated to
estimate the amount of heat energy produced. The heat-generation within
the PAM was studied numerically. From the microscopic details, the heat-
generation owing to the electric current accounts for the majority of the
energy conversion, while the magnetic resonance plays a negligible role.
The distinct resonant peaks of the PAMs are attributed to the polarization
sensitive excitation of plasmonic resonance. The strong field confinement
and redistribution inside the structure of the PAM were investigated

for use in a subsequent thermal-detection design. Field redistribution

and enhancement associated with multiplex resonant electromagnetic
wave passing through the PAM medium provided insight into the energy
conversion processes inside the nanostructure.
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9544-43, Session 9

Design and analysis of chevrons shaped
split ring resonator in the mid-infrared
region

Neerad Nandan, Than Singh Saini, Ajeet Kumar, Ravindra
K. Sinha, Delhi Technological Univ. (India)

The terahertz region of the electromagnetic spectrum is relatively new

area of interest and incorporates a wide range of applications from image
sensing to spectroscopy and many more yet to be discovered. In the area
of metamaterials many new designs have been discovered, but “chevrons”
shaped split ring resonators (ch-SRRs) in the mid-infrared region has not
been studied to the best of our knowledge. This paper presents the analysis
and simulation of ch-SRRs in the mid infrared region. Tunability of SRRs

is important for various industrial and scientific applications and hence

this paper analyzes the tunability of the ch-SRRs by variation of angle.

The device is simulated in two configurations i.e., one with two chevrons
shaped SRRs on the same plane of the dielectric substrate and the other
with each of the two chevron shaped SRRs on the opposite plane of the
substrate. Standard polarization method for SRR has been used. Gold SRRs
is used, since we are working in the terahertz region Lorentz-Drude model
is employed. The ch-SRRs have been embedded upon the silicon substrate.
The numerical simulation software uses finite element method (FEM)
method to simulate the results. The results obtained for reflectance and
transmittance are of particular interest. The effective medium parameters
viz. Impendence, permittivity, permeability and refractive index obtained for
the split ring resonator are also evaluated. This design is improvement over
single chevron design with respect to the sharpness of reflectance as well as
transmittance curves which may be of specific interest.

9544-44, Session 9

Colossal optical transmission through
buried metal gratings

Christopher M. Roberts, Univ. of Massachusetts Lowell
(United States); Runyu Liu, Xiang Zhao, Lan Yu, Xiuling
Li, Daniel M. Wasserman, Univ. of lllinois at Urbana-
Champaign (United States); Viktor A. Podolskiy, Univ. of
Massachusetts Lowell (United States)

In Extraordinary Optical Transmission (EOT), a metallic film perforated

with an array of [periodic] apertures exhibits transmission over 100%
normalized to the total aperture area, at selected frequencies. EOT devices
have potential applications as optical filters and as couplers in hybrid
electro-optic contacts/devices. Traditional passive extraordinary optical
transmission structures, typically demonstrate un-normalized transmission
well below 50%, and are typically outperformed by simpler thin-film
techniques. To overcome these limitations, we demonstrate a new breed of
extraordinary optical transmission devices, by “burying” an extraordinary
optical transmission grating in a dielectric matrix via a metal-assisted-
chemical etching process. The resulting structure is an extraordinary

optical transmission grating on top of a dielectric substrate with dielectric
nano-pillars extruded through the grating apertures. These structures not
only show significantly enhanced peak transmission when normalized to the
open area of the metal film, but more importantly, peak transmission greater
than that observed from the bare semiconductor surface. The structures
were modeled using three-dimensional rigorous coupled wave analysis and
characterized experimentally by Fourier transform infrared reflection and
transmission spectroscopy, and the good agreement between the two has
been demonstrated. The drastic enhancement of light transmission in our
structures originates from structuring of high-index dielectric substrate, with
pillars effectively guiding light through metal apertures.

spie.org/op Return to Contents



Conference 9544:
Metamaterials, Metadevices, and Metasystems 2015

9544-45, Session 9

Experimental verification of classical
electromagnetically induced transparency
in conductors

Adil-Gerai Kussow, Yassine Ait-Ei Aoud, Alkim Akyurtlu,
Univ. of Massachusetts Lowell (United States)

The effect of electromagnetically induced transparency in non-Ohmic
conductors, being based on the concepts of classical nonlinear optics was
discussed recently. We report an experimental demonstration of this effect
within the mid-IR wavelength range. A low-dispersion semiconductor, i.e.
ZnTe, and a highly dispersive Au were subjected to bichromatic parametric
irradiation with a certain frequencies, amplitudes, phases, and polarizations
of a constituent waves. When a specific phase matching conditions are
satisfied, experimental evidence for strong signature of EIT was found. The
optical losses were considerably reduced in both materials. This effect can
be utilized to improve the optical quality of metamaterials.

9544-46, Session 10

Guiding electromagnetic waves around
sharp corners: topologically protected
photonic transport in meta-waveguides
(Invited Paper)

Gennady B. Shvets, The Univ. of Texas at Austin (United
States); Alexander B. Khanikaev, Queens College (United
States); Tzuhsuan Ma, Kueifu Lai, The Univ. of Texas at
Austin (United States)

Science thrives on analogies, and a considerable number of inventions

and discoveries have been made by pursuing an unexpected connection

to a very different field of inquiry. For example, photonic crystals have

been referred to as “semiconductors of light” because of the far-reaching
analogies between electron propagation in a crystal lattice and light
propagation in a periodically modulated photonic environment. However,
two aspects of electron behavior, its spin and helicity, escaped emulation by
photonic systems until recent invention of photonic topological insulators
(PTls). The impetus for these developments in photonics came from the
discovery of topologically nontrivial phases in condensed matter physics
enabling edge states immune to scattering. The realization of topologically
protected transport in photonics would circumvent a fundamental limitation
imposed by the wave equation: inability of reflections-free light propagation
along sharply bent pathway. Topologically protected electromagnetic

states could be used for transporting photons without any scattering,
potentially underpinning new revolutionary concepts in applied science and
engineering.

| will demonstrate that a PTI can be constructed by applying three types of
perturbations: (a) finite bianisotropy, (b) gyromagnetic inclusion breaking
the time-reversal (T) symmetry, and (c) asymmetric rods breaking the parity
(P) symmetry. We will experimentally demonstrate (i) the existence of the
full topological bandgap in a bianisotropic, and (ii) the reflectionless nature
of wave propagation along the interface between two PTIs with opposite
signs of the bianisotropy.

9544-47, Session 10

Light emission in nonlocal plasmonic
metamaterials (/nvited Paper)
Viktor A. Podolskiy, Brian Wells, Univ. of Massachusetts

Lowell (United States); Pavel Ginzburg, Anatoly V. Zayats,
King’s College London (United Kingdom)

Plasmonic metamaterial composites are often considered to be promising
building blocks for a number of applications that include subwavelength
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light manipulation, imaging, and quantum optics engineering. These
applications often rely on effective medium response of metamaterial
composites and require metamaterial to operate in exotic (hyperbolic, or
epsilon-near-zero) regimes. However, the behaviour of metamaterials is
often different from the predictions of effective medium. In this work we
aim to understand the implications of composite nature of metamaterials on
their optical properties. Plasmonic nanowire metamaterials are a convenient
metamaterial platform that is capable of realization of ENZ, hyperbolic,

and elliptic responses depending on light frequency and metamaterial
geometry. In this work we show that the response of metamaterial in
elliptical regime may be strongly affected by the additional electromagnetic
wave that represents collective excitation of cylindrical surface plasmons in
nanowire arrays. We present an analytical description of optical properties
of additional wave and analyse the effect of this mode on quantum emitters
inside nanorod metamaterials.

9544-48, Session 10

Metamaterials for group-velocity
dispersion compensation

Philippe Tassin, Chalmers Univ. of Technology (Sweden);
Babak Dastmalchi, Thomas Koschny, Costas M. Soukoulis,
Ames Lab. (United States) and U.S. Dept. of Energy
(United States) and lowa State Univ. of Science and
Technology (United States)

In this contribution, we present our results concerning metamaterials for
group-velocity dispersion compensation. Resonant metamaterials usually
exhibit substantial dispersion, which is considered a shortcoming for
many applications. But we can also take advantage of the ability to tailor
the dispersive response of a metamaterial, introducing a new method of
group-velocity dispersion compensation. The method consists of stacking
a number of highly dispersive sheet metamaterials and is capable of
compensating the dispersion of optical fibers with either negative or
positive group-velocity dispersion coefficients. We demonstrate that the
phase-engineered metamaterial, essentially consisting of a metasurface
exhibiting the classical analogue of electromagnetically induced
transparency, can provide strong group-velocity dispersion management
without being adversely affected by large transmission loss, while at the
same time offering high customizability and a small footprint.

9544-49, Session 10

Multi-foci metalens for spin and orbital
angular momentum interaction

Shengtao Mei, Cheng-Wei Qiu, Muhammad Qasim
Mehmood, Kun Huang, National Univ. of Singapore
(Singapore)

The emergence of two-dimensional version of Metamaterial, named
metasurface, provides an intriguing methodology for designing miniaturized
and integrated optical devices owing to their ultrathin merit. Here we
theoretically propose and experimentally demonstrate a multi-foci metalens
for spin-orbital angular momentum interaction (SOI). The designed
metasurface consists of a monolayer of metallic nano-void antenna with
spatially varying orientation. Compared with traditional lens, such flat lens
takes advantage of its ultrathin trait to multi orbital angular momentum
(OAM) focal points, namely, OAM with different topological charge are
focused onto different focal planes. Meanwhile, due to the dual-polarity
feature brought by the Pancharatnam-Berry phase based metasurface, we
observe several pairs of OAM focal points with opposite topological charges
on both sides of the metalens. These pairs correspond to different parts of
the multiple ring-shape lens, in which real and virtual OAM foci are achieved
by opposite helical incident light. It is also observed that only linearly
polarized lights can produce both real and virtual OAM foci simultaneously.
The designed metalens may find potential applications in multi-particle
manipulation, angular-momentum-based quantum information processing
and integrated nano-optoelectronics.
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9544-50, Session 10

Birefringence modulation of thermally-
driven metal nanograting

Takashi Shimura, Miho Ishii, Kentaro Iwami, Hideaki
Nagasaki, Norihiro Umeda, Tokyo Univ. of Agriculture and
Technology (Japan)

Subwavelength metallic grating has been known to have giant birefringence
for visible light. The authors have been produced Au nanograting half
wave plate for visible light. Recently, reconfigurable photonic metamaterial
fabricated on Au/Si3N4 bimorph beams have been reported that modulate
transmittance of near-infrared light by thermal deflection of beams. In this
paper, nanograting of thermally-driven bimorph beams was developed
that modulate birefringence for at the wavelength of 650 nm. The nanoslits
are consisted of Au/SiO2 bimorph beams, and actuated by Joule heating.
The width and length of the beam is 300 nm and 20 ?m, respectively. The
thickness of Au and SiO2 is 200 nm, respectively. From FDTD simulation,
the phase difference at 650 nm is calculated to be modulated from O to 45
degree by actuating bimorph beams. The phase modulator is fabricated

on the glass substrate using EB lithography, lift-off process and sacrificial
layer etching. The phase difference of fabricated modulator was measured
at the wavelength range of from 500 to 800 nm with a driving voltage of
10 V. Phase modulation is obtained on the broad wavelength range, and the
maximum variation is -3.3 degree at 646 nm. The drive current is 100 mA.
Measured modulation was relatively small to simulation. As it is considered
to be due to small displacement of beams and it can be improved by
refining fabrication process. Because of the modulating characteristics and
ultra-small scale, this modulator is expected to be applied as a new display
module.

9544-51, Session 10

Building novel nanophotonics devices
using symmetry considerations

Boubacar Kante, Univ. of California, San Diego (United
States)

Symmetries play a fundamental role in engineering. In this talk, | will show
how symmetry considerations can enable novel nanophotonics devices with
advanced functionalities. Novel electromagnetic cavities that can hold light
for an infinite amount of time will be introduced as well as the design of
novel metamaterials built solely from symmetry considerations. | will present
a realized closed ring negative index metamaterial and a self-assembled
symmetry breaking metamaterials with controllable optical response.

9544-52, Session 1

Laser processing of metamaterial
structures (/nvited Paper)

Alberto Piqué, Nicholas A. Charipar, Heungsoo Kim, Eric
Breckenfeld, Scott A. Mathews, U.S. Naval Research Lab.
(United States)

The use of metamaterials structures has been the subject of extensive
discussions given their wide range of applications. However, a large fraction
of the work available to date has been limited to simulations and proof-
of-principle demonstrations. One reason for the limited success inserting
these structures into functioning systems and real-world applications is the
high level of complexity involved in their fabrication. Direct-write processes
are ideally suited for the fabrication of arbitrary periodic and aperiodic
structures found in most metamaterial and plasmonic designs. For these
applications, laser-based processes offer numerous advantages since

they can be applied to virtually any surface over a wide range of scales.
Furthermore, laser direct-write or LDW allows the precise deposition and/
or removal of material thus enabling the fabrication of novel metamaterial
designs. This presentation will show examples of metamaterial and
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plasmonic structures developed at the Naval Research Lab using LDW, and
discuss the benefits of laser processing for these applications.

This work was sponsored by The Office of Naval Research.

9544-53, Session 11

Large-area, low-cost plasmonic perfect
absorber sensor fabricated by laser
interference lithography (/nvited Paper)

Shahin Bagheri, Nikolai Strohfeldt, Andreas Tittl, Harald
Giessen, Univ. Stuttgart (Germany)

We employ laser interference lithography as a reliable method to create
nanowire and nanorod arrays in photopolymers for manufacturing
plasmonic perfect absorber sensors over a homogeneous area as large as

2 cm2. Subsequently we transfer the fabricated pattern into a metal layer
by using argon ion beam etching techniques. Geometry and periodicity of
our large-area metallic nanostructures are precisely controlled by adjusting
the interference conditions during single- and double-exposure processes,
resulting in structures with spectrally selective perfect absorption of light
from the visible to the mid-infrared wavelength range. We also demonstrate
the applicability of our large-area structures for hydrogen detection
schemes by measuring the hydrogen sensing performance of a palladium-
based perfect absorber operating in the visible wavelength range. Since
palladium changes its optical properties upon hydrogenation, exposure

of the sample to hydrogen gas causes fast and reversible changes in the
absorption of light which is easily measured by an FTIR microscope. Our
large-area perfect absorber sensor provides nearly perfect absorption

of light at 730 nm, and the reflectance changes from 1% to 5 % in the
presence of hydrogen. The large-area and fast fabrication process makes our
approach highly attractive for simple and low-cost sensor fabrication, which
is suitable for industrial production of plasmonic devices in the near future.

9544-54, Session 11

Design and analysis of near-perfect
metamaterial reflector in visible range

Ravindra K. Sinha, Nishant Shankhwar, Delhi Technological
Univ. (India)

A unit cell was simulated in frequency domain using COMSOL Multiphysics
and s parameters were obtained. Reflection and transmission coefficients
were analysed to optimize the Aspect ratio (height/base diameter) of
cone in order to achieve highest reflectivity. Using s-parameters, material
properties-effective refractive index (neff), permittivity (?), permeability
(w) and impedance (?) were calculated. The underlying principle for this
property is Mie Resonance in dielectric. Reflectivity is high when either
electric or magnetic (but not both) resonance exists and real part of
impedance is close to zero. These conditioned are satisfied and the structure
shows high reflectivity in the range 650nm-730nm leading to ~99.99%
reflectivity at wavelengths 660nm and 720nm.

9544-55, Session 11

The Silicon photomultiplier as a
metasystem with designed electronics as
metadevice for a new receiver-emitter in
visible light communications

Rafael M. Gutierrez, Luis Castafieda, Javier Castafo, Univ.
Antonio Nariflo (Colombia)
A Silicon Photomultiplier, SiPM, can be considered a metasystem of

microscopic Avalanche Photodiodes, APDs, which embedded in a specific
purpose electronic, becomes a metadevice with unique and useful advanced
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functionalities by transforming microscopic quantum processes of the
radiation-matter interaction into macroscopic detectable classical electronic
signals. This metadevice provides new capacities to capture, transmit and
analyze information with increased efficiency and security. The SiPM is a
very small state of the art photo-detector made of a matrix arrangement of
many APDs (thousands by mmz2), with very high efficiency and sensitivity,
it has a well define frequency response, is unaffected by magnetic fields
and has very high photo-electric gain. New results of R&D, some of them
performed at the “Laboratorio de Detectores” of the Universidad Antonio
Narifio, demonstrate that the metadevice constituted by the SiPM and an
appropriated designed electronics, has a very good response to controlled
light pulses in the presence of background light without presenting
saturation. In this work we present some results of this metadevice to
understand and profit its advanced functionalities in transforming photo-
detection into electronic signals to propose a new receiver-emitter device
for Visible Light Communication, VLC. This metadevice is highly sensitive
to fast and low intensity pulses and does not show saturation, therefore, it
does not need filters; both are challenges of the receiver-emitter devices
presently used in VLC. This new VLC receiver-emitter metadevise, could
facilitate new and diverse applications by introducing and developing state
of the art high energy physics photo-detectors into VLC.

9544-58, Session 11

Metamaterial-based single pixel imaging
system (/nvited Paper)

Willie Padilla, Duke Univ. (United States); Claire M. Watts,
Boston College (United States); Christian Nadell, Duke
Univ. (United States); John A. Montoya, Sanjay Krishna,
The Univ. of New Mexico (United States)

Single pixel cameras are useful imaging devices where it is difficult or
infeasible to fashion focal plan arrays. For example in the Far Infrared (FIR)
it is difficult to perform imaging by conventional detector arrays, owing to
the cost and size of such an array. The typical single pixel camera uses a
spatial light modulator (SLM) - placed in the conjugate image plane - and is
used to sample various portions of the image. The spatially modulated light
emerging from the SLM is then sent to a single detector where the light is
condensed with suitable optics for detection. Conventional SLMs are either
based on liquid crystals or digital mirror devices. As such these devices are
limited in modulation speeds of order 30 kHz. Further there is little control
over the type of light that is modulated.

We present metamaterial based spatial light modulators which provide

the ability to digitally encode images - with various measurement matrix
coefficients - thus permitting high speed and fidelity imaging capability.

In particular we use the Hadamard matrix and related S-matrix to encode
images for single pixel imaging. Metamaterials thus permit imaging in
regimes of the electromagnetic spectrum where conventional SLMs are not
available. Additionally, metamaterials offer several salient features that are
not available with commercial SLMs. For example, metamaterials may be
used to enable hyperspectral, polarimetric, and phase sensitive imaging.
We present the theory and experimental results of single pixel imaging
with digital metamaterials in the far infrared and highlight the future of this
exciting field.

9544-56, Session 12

Device applications of metafilms and
metasurfaces (/nvited Paper)

Mark L. Brongersma, Geballe Lab. for Advanced Materials
(GLAM) (United States)

Many conventional optoelectronic devices consist of thin, stacked films of
metals and semiconductors. In this presentation, | will demonstrate how
one can improve the performance of such devices by nano-patterning
the constituent layers at length scales below the wavelength of light. The
resulting metafilms and metasurfaces offer opportunities to dramatically
modify the optical transmission, absorption, reflection, and refraction
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properties of devices. This is accomplished by encoding the optical response
of nanoscale resonant building blocks into the effective properties of the
films and surfaces. To illustrate these points, | will show how nanopatterned
metal and semiconductor layers can be used to enhance the performance of
solar cells, photodetectors, and enable new imaging technologies. | will also
demonstrate how the use of active building blocks can facilitate the creation
of active metafilm devices.

9544-57, Session 12

Mechanics meets plasmonics: new devices
and sensors (/nvited Paper)

Ertugrul Cubukcu, Univ. of Pennsylvania (United States)

In this talk, we will discuss our recent result on new types of devices

and sensors enabled by on chip integration of plasmonic resonators and
mechanical microresonators. In the first part, we will talk about low noise
infrared thermal optomechanical detectors based on nanoantenna light
absorbers. In the second part, we will present our work on hybrid multimode
optomechanical biosensors with an ultra large dynamic sensing range. In
the last part, voltage tunable Fano resonances arising from the coupling

of Fabry-Perot and nanoantenna resonances in a metamaterial perfect
absorber that supports strong optomechanical coupling will be introduced.

9544-59, Session 12

Design theory of thin film hyperbolic
metamaterial collimators

Daniel B. Fullager, Michael A. Fiddy, The Univ. of North
Carolina at Charlotte (United States)

Hyperbolic metamaterial (HMM) research has led to the fabrication of
devices which have unbounded k-space ellipsoids. Alternating layers of
films with alternating signs of relative permittivity or permeability in a given
direction enable multi-layer surfaces that are, in theory, either perfectly
reflective or transmissive at an angle dependent upon the free space

wave vector and ratios of the permittivity or permeability in the normal
and transverse directions. By having knowledge of the electromagnetic
properties of the constituent materials of a multi-layer HMM over a given
bandwidth, the functionality of these structures can be altered by changing
the fill fraction of the constituents. One potential device design that results
is that of a flat electromagnetic wave collimator. The degree to which a
multi-layer HMM collimates comes from the contrast in the magnitudes

of the relative permeability or permittivity in the normal and transverse
directions. With large material parameter contrast at a given frequency, the
transverse wave vectors that allow for successful EM wave propagation at
the HMM/atmosphere interface approach zero. This leads to propagation
of a narrow angular cone of waves relative to the surface normal of the
HMM. Herein we show that the transfer matrix method is in relatively

good agreement with finite element method electromagnetic simulations
performed in COMSOL’s RF module and compare dispersion relations of
known materials to the resulting collimation generated in a corresponding
HMM. We thereby use existing material data and predictive theories show
how to tailor the frequency response of HMMs.

9544-60, Session 12

Engineering optical systems using
transformation optics

Saul Wiggin, Queen Mary, Univ. of London (United
Kingdom)

This paper presents a method for calculating theZernike aberrations in a lens
design using transformation opticsin FDTD. Currently there is no literature
on calculating imageaberrations in FDTD. In this paper | divulge the methods
tocalculate the Zernike aberration using a polynomial fitting fora wavefront.
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The results are shown to match very well with theZernike aberrations in an
equivalent lens in ZEMAX

9544-61, Session 12
Plasmonic photocathodes

Rosa A. Lukaszew, Zhaozhu Li, Kaida Yang, Jose Riso, The
College of William & Mary (United States)

Surface Plasmon polaritons (SPPs) on patterned surfaces have drawn
attention since this approach enables enhancement of the electric field
intensity near the patterned surface, which may be important for specific
applications,such as photoemission. Due to interaction of the incident

light with the nanopatterm, SPPs can exhibit a different response as
consequence of the choice of the pattern parameters. This may offer
improved performance in certain applications, for example increased
quantum efficiency in metallic photocathodes exploiting this phenomenon.
In the present case we utilized conformal growth of metallic layers onto
optical gratings but applying oblique shadow thin film deposition to modify
the conformal growth compared to normal incidence, leading to an increase
of the grating amplitude while also reducing emittance compared to other
designs. We have carried out measurements and simulations of the surface
plasmon resonance (SPR) response of such sample and compared it with
that of a film grown at normal incidence. The comparison of the SPR dip

in reflectivity for each type of sample shows a significant change, with a
narrower and deeper response for the obliquely deposited one compared
to the normal deposition. The observed results are attributed to lower
radiative damping of the SPP in the latter. Previous reports associate lower
damping with enhanced electric fields in SPR excitations, thus, the observed
narrower SPR feature in the obliquely deposited sample measurements

and simulations reported is also correlated with enhancement of the SPPs
localized electric field. Measurements of the photocurrent in the two types
of samples will also be presented and discussed in this context.

This project is funded under Department of Energy (DOE) and the award #
is DE-SC0008546

9544-62, Session 12

Stripe-teeth metamaterial Al- and Nb-
based rectennas

Richard M. Osgood lll, Stephen A. Giardini, Joel B. Carlson,
U.S. Army Natick Soldier Research, Development and
Engineering Ctr. (United States); Prabhuram Joghee, Ryan
P. O’Hayre, Colorado School of Mines (United States);
Kenneth Diest, Mordechai Rothschild, MIT Lincoln Lab.
(United States)

Unlike a semiconductor, where the absorption is limited by the band gap,

a “microrectenna array” could theoretically very efficiently rectify any
desired portion of the infrared frequency spectrum (25 - 400 THz). We
investigated vertical metal-insulator-metal (MIM) diodes that rectify vertical
high-frequency fields produced by a metamaterial planar stripe-teeth Al or
Au array (above the diodes), similar to stripe arrays that have demonstrated
near-perfect absorption in the infrared due to critical coupling [1]. Using
our design rules that maximize asymmetry (and therefore the component
of the electric field pointed into the substrate, analogous to Second
Harmonic Generation), we designed, fabricated, and analyzed these
metamaterial-based microrectenna arrays. NoOx and Al203 were produced
by anodization and ALD, respectively. Smaller visible-light Pt-NbOx-Nb
rectennas have produced output power when illuminated by visible (514
nm) light [2].

The resonances of these new Au/NbOx/Nb and Al/AI203/Al microrectenna

arrays, with larger dimensions and more complex nanostructures than in Ref.

1, were characterized by microscopic FTIR microscopy and agreed well with
FDTD models, once the experimental refractive index values were entered
into the model. Current-voltage measurements were carried out, showed
that the Al/AI203/Al diodes have very large barrier heights and breakdown
voltages, and were compared to our model of the MIM diode. We calculate
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expected THz-rectification using classical [3] and quantum [4] rectification
models, and compare to measurements of direct current output, under
infrared illumination.

[1] C. Wu, et. al., Phys. Rev. B 84 (2011) 075102.

[2] R. M. Osgood lll, et. al., Proc. SPIE 8096, 809610 (2011).

[3] A. Sanchez, et. al., J. Appl. Phys. 49 (1978) 5270.

[4] J. R. Tucker and M. J. Feldman, Rev. of Mod. Phys. 57, (1985)1055.

9544-63, Session 13

Understanding of increased diffuse
scattering in regular arrays of fluctuating
resonant particles (/nvited Paper)

Andrei Andryieuski, DTU Fotonik (Denmark); Mihail Petrov,
National Research Univ. of Information Technologies,
Mechanics and Optics (Russian Federation); Andrei
Lavrinenko, DTU Fotonik (Denmark); Sergei Tretyakov,
Aalto Univ. School of Science and Technology (Finland)

In this presentation we will discuss the analytical and numerical approaches
to modeling electromagnetic properties of geometrically regular
subwavelength 2D arrays of random resonant plasmonic particles.

Amorphous metamaterials and metasurfaces attract interest of the scientific
community due to promising technological implementations with cost-
efficient methods of large-scale chemical nanoparticles synthesis as well
as their self-organization. Random fluctuations of the particles size, shape,
and/or composition are inevitable not only in the bottom-up synthesis,
but also in conventional electron beam and photolithography fabrication.
Despite the significant progress in large-scale fabrication, modeling and
effective properties prediction of random/amorphous metamaterials

and metasurfaces is still a challenge, which we address here. We present
our results on analytical modelling of metasurfaces with regular periodic
arrangements of resonant nanoparticles of random polarizability/size/
material at normal plane-wave incidence. We show that randomness of
the polarizability is related to increase in diffused scattering and we relate
this phenomenon to a modification of the dipoles’ interaction constant.
As a result, we obtain a simple analytical formula which describes diffuse
scattering in such amorphous metasurfaces. Employing the supercell
approach we numerically confirm the analytical results.

The proposed approach can be easily extended from electrical dipole arrays
and normal wave incidence to more general cases of electric and magnetic
resonant particles and oblique incidence.

9544-64, Session 13

Giant field fluctuations in dielectric
metamaterials and SERS sensors

Andrey K. Sarychev, Konstantin N. Afanasiey, Irina

A. Boginskaya, Institute for Theoretical and Applied
Electrodynamics (Russian Federation); Igor A. Budashov,
N.M. Emanuel Institute of Biochemical Physics (Russian
Federation); Igor V. Bykov, Institute for Theoretical and
Applied Electrodynamics (Russian Federation); llya

N. Kurochkin, N.M. Emanuel Institute of Biochemical
Physics (Russian Federation); Andrey N. Lagarkov,
Institute for Theoretical and Applied Electromagnetics
(Russian Federation); llya A. Ryzhikov, Andrey V. lvanov,
Alexander V. Vaskin, Institute for Theoretical and Applied
Electrodynamics (Russian Federation)

Sensor for the detecting and analyzing bio and chemical substances is the
important practical application for the modern metamaterials. We suggest
the new dielectric metamaterials with special structure, where the local
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electromagnetic field is much enhanced in comparison with the amplitude
of the incident light. The metamaterial has facet structure, where each
elementary cell separate by the gaps from the rest of the material. Each
facet operates as a micro resonator of Fabry-Perot type. The incident light
excites these micro resonators that have various resonance frequencies. The
em field oscillations in the facets interact and form the collective modes.

In spite of the collective nature, the modes are spatially localized in so
called hot spots, where local field has maxima. The incident light pumps
energy in the localized mode increasing the local em field. The local field
enhancement is mainly restricted by the radiation loss. The scale of the
local field localization is about few microns in the proposed metamaterials.
The metal nanoparticles, being placed at the surface of the dielectric
metamaterial, are excited by the giant local field. The strong local electric
field in the metamaterial excites surface plasmon in the metal nanoparticle,
placed at the surface of the metamaterial. The enhancement factor of

the local field is multiplied by the enhancement factor of the plasmon
resonance. The cascade enhancement results in the strong SERS in the
analyte molecules adsorbed at the surface of the metal nanoparticles.

9544-65, Session 13

Opto-mechanical interactions in split ball
resonators

Yue Sun, Sergey V. Suchkov, Andrey E. Miroshnichenko,
Andrey A. Sukhorukov, The Australian National Univ.
(Australia)

We demonstrate that a gold split-ball resonator (SBR) in the form of a
spherical nanoparticle with a cut supports both optical magnetic and
acoustic modes, which have strong field confinement around the cut. Such
localization away from the bottom is expected to lead to an immunity to
anchor loss and thus potentially high quality factors of acoustic oscillations
when positioned on a substrate. As a result, when a planewave pulse excites
the optical resonance, it can then efficiently drive the acoustic vibration
through laser heating and/or optical forces. We estimate the overall heat
variation by modelling the optical energy dissipation inside the SBR due

to the dispersive and absorbing nature of gold at optical wavelengths.

The optically induced force is given by the time averaged Lorentz force
density. We simulate the mechanical vibrations under the optical excitation
through time-dependent simulations using solid mechanics module of
COMSOL software. Assuming a moderate quality factor of 10, under a
plane wave pulsed laser pump which gives 100K temperature change to
the SBR, both the laser heating and optical forces lead to the excitation

of the acoustic mode at the same frequency with different magnitudes of
200pm and 10pm, resulting 10% and 0.5% modification of the total optical
scattering, respectively. These results show that the SBRs support strong
opto-mechanical coupling and are promising in applications such as surface-
enhanced Raman spectroscopy and detection of localised strain.

9544-66, Session 13

Ultrahigh-capacity non-periodic photon
sieves operating in visible light

Cheng-Wei Qiu, Shengtao Mei, National Univ. of Singapore
(Singapore); Hong Liu, A*STAR Institute of Materials
Research and Engineering (Singapore); Kun Huang,
National Univ. of Singapore (Singapore); Jinghua Teng,
A*STAR Institute of Materials Research and Engineering
(Singapore)

Miniaturization of optical structures makes it possible to control light at
the nanoscale, but on the other hand imposes a challenge of accurately
handling numerous unit elements in the miniaturized devices. Up to date,
photonic structures of periodic or quasi-periodic arrangement have been
predominantly developed and investigated. Breaking such a convention
by engineering aperiodic and random nanophotonics to govern complex
optical responses, we can go for technological innovations in light
manipulation, optical microscopy, and nanolithography. Here, we report
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both the new analytical model and experimental demonstration of the
photon sieves made of ultrahigh capacity of subwavelength holes (over 34
thousands) arranged in two different structural orders of randomness and
aperiodicity. The random photon sieve produces uniform optical hologram
with high diffraction efficiency and free from twin-images usually seen in
conventional holography while the aperiodic photon sieve manifests far-
field sub-diffraction limit focusing in air. A hybrid approach resulting in an
analytical solution is developed to make the design of random and aperiodic
photon sieve viable for high-accuracy control of the amplitude, phase and
polarization of visible light beyond the evanescent range. The polarization
independence of the photon sieve will also greatly benefit its applications in
optical imaging and spectroscopy.

9544-67, Session 13

A non-Monte Carlo approach to analyzing
1D Anderson localization in dispersive
metamaterials

Glen J. Kissel, Univ. of Southern Indiana (United States)

Monte Carlo simulations have been used to study Anderson localization in
models of one-dimensional random stacks. Because such simulations can
use substantial computational resources and because the randomness of
random number generators used in such simulations has been called into
question, a non-Monte Carlo approach is of interest. This paper makes use
of a non-Monte Carlo methodology, limited to discrete random variables,
to determine the Lyapunov exponent, or its reciprocal, frequently known
as the localization length, for a one-dimensional random stack model,
proposed by Asatryan, et al., consisting of alternating and non-alternating
layers of positive and negative index materials that include the effects of
dispersion and absorption, as well as previously studied off-axis incidence
and polarization effects. In the paper, Furstenberg’s integral formula is
used to calculate the Lyapunov exponent of an infinite product of random
matrices modeling the one-dimensional stack. The integral formula requires
integration with respect to the probability distribution of the randomized
layer parameters, as well integration with respect to the so-called invariant
probability measure of the direction of the vector propagated by the long
chain of random matrices. The non-Monte Carlo approach is made possible
by a numerical procedure of Froyland and Aihara which calculates the
invariant measure as the left eigenvector of a certain sparse row-stochastic
matrix, thus avoiding the use of any random number generator. The results
show excellent agreement with the Monte Carlo generated simulations
which made use of continuous random variables, while also frequently
providing dramatic reductions in computation time.

9544-68, Session 14
Tunable metasurfaces (/nvited Paper)

Harry A. Atwater Jr., California Institute of Technology
(United States)

Metasurfaces composed of sub-wavelength artificial structures show
promise for extraordinary light-manipulation and development of ultrathin
optical components such as lenses, wave plates, orbital angular detection,
and holograms over a broad range of the electromagnetic spectrum.
However structures developed to date do not allow for post-fabrication
control of antenna properties. We have investigated the integration of

the transparent conductor indium tin oxide (ITO) active elements to

realize gate-tunable phased arrays of subwavelength patch antenna in a
metasurface configuration to enable gate tunable permittivity. The magnetic
dipole resonance of each patch antenna interacts with the carrier density-
dependent permittivity resonance of the ITO to enable phase and amplitude
tunability. Operation of patch antennas and beam steering phased arrays
will be discussed.
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9544-69, Session 14

Vertical split-ring resonators for plasmon
coupling, sensing, and metasurface
(Invited Paper)

Din Ping Tsai, Academia Sinica (Taiwan) and National
Taiwan Univ. (Taiwan); Pin Chieh Wu, Wei-Lun Hsu, Wei
Ting Chen, Yao-Wei Huang, Chun Yen Liao, Wei-Yi Tsai,
National Taiwan Univ. (Taiwan); Ai Qun Liu, Nanyang
Technological Univ. (Singapore); Nikolay |. Zheludev,
Optoelectronics Research Ctr. (United Kingdom); Greg
Sun, Univ. of Massachusetts Boston (United States)

Plasmonic metamaterials composed of artificial structures in subwavelength
scale exhibit many unconventional properties for light manipulation, and it
is also very promising for photonic devices, high-sensitivity optical sensor,
etc. Split-ring resonator (SRR), one kind of building block of metamaterials,
has attracted wide attentions due to the resonance excitation of electric
and magnetic dipolar response. Here, the fundamental plasmon properties
and potential applications in novel three dimensional vertical split-ring
resonators (VSRRs) are designed and discussed.

The resonant properties arose from the electric and magnetic interactions
between the VSRR and light are theoretically and experimentally studied.
Tuning the configuration of VSRR unit cells is able to generate various novel
coupling phenomena in VSRRs, such as plasmon hybridization and Fano
resonance. The magnetic resonance plays a key role in plasmon coupling in
VSRRs. The VSRR-based refractive-index sensor will be demonstrated. Due
to the unique structural configuration, the enhanced plasmon fields localized
in VSRR gaps can be lifted off from the dielectric substrate, allowing for

the increase of sensing volume and enhancing the sensitivity. We perform

a VSRR based metasurface for light manipulation in optical communication
frequency. By varying the prong heights, the 2w phase modulation can

be achieved in VSRR for the design of metasurface. Because the phase
shift is changed via the upright configuration rather than the one parallel

to the substrate, it can be used for high area density integration of metal
nanostructures and opto-electronic devices.

9544-70, Session 14

Cascaded meta-surfaces for broadband
antenna isolation

Joseph A. Miragliotta, David Shrekenhamer, Robert Scott,
Allan Jablon, Jerry Friedman, Derek Harshbarger, Johns
Hopkins Univ. Applied Physics Lab., LLC (United States);
Daniel F. Sievenpiper, Univ. of California, San Diego (United
States)

We report a computational and experimental study using meta-surfaces to
enhance isolation between antennas that share a common ground plane.
Our current emphasis is on the development of a high-impedance surface
(HIS) that enables broadband isolation between transmit and receive
antennas. The unit cell geometry in each of the arrays is the Sievenpiper
mushroom, which contains a band gap that inhibits the propagation of
surface waves within a very specific frequency region. In addition to its
ease of fabrication, this simple unit cell structure is quite amenable to
tailoring the frequency of the band gap through subtle changes to the
geometric parameters such as via radius. For our specific HIS, we have
formed a cascade of HIS unit cells and have thus expanded the isolation
bandwidth to provide greater than 1 octave isolation relative to the bare
ground plane. In addition to bandwidth, the HIS was designed to exhibit a
10 dB enhancement to isolation relative to an uncoated ground plane for
operation between the X- through Ku-band (~ 8 to 18 GHz). Computational
optimization was performed on the cascaded structure when selecting the
unit cell and array parameters to assure maximum isolation amplitude and
bandwidth.
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9544-71, Session 14

Anisotropic meta-surfaces for enhanced
antenna isolation

Joseph A. Miragliotta, David Shrekenhamer, Johns Hopkins
Univ. Applied Physics Lab., LLC (United States); Daniel F.
Sievenpiper, Univ. of California, San Diego (United States)

Electromagnetic band gap structures, also referred to as high impedance
surfaces (HIS), inhibit the propagation of surface electromagnetic waves
within a given frequency range and are an effective means to enhance
the isolation between antenna that share a common ground plane. To
date, the majority of HIS structures that have been designed, fabricated
and tested for antenna isolation applications have relied on an isotropic
distribution of unit cells within the overall surface structure, which results
in a corresponding isotropic impedance profile. Although this type of
impedance profile is sufficient for antenna systems on flat ground plane
surfaces, they have limited performance when incorporated onto surfaces
that have significant curvature. In this report, we discuss results from our
computational and experimental investigation associated with enhanced
antenna isolation on a non-planar ground plane via an anisotropic HIS. Unit
cell anisotropy within the array was created by a number of approaches,
including a variation in the aspect ratios of both rectangular and diamond
shape profiles. Data associated with the isolation performance of the
anisotropic impedance surface is compared to the corresponding results
from an isotropic HIS in the 8 to 18 GHz microwave region.

9544-72, Session 14

Plasmon drag effect in plasmonic
metasurfaces

Vincent Rono, Norfolk State Univ. (United States); Matthew
LePain, Georgia Southern Univ. (United States); Rabia
Hussain, Norfolk State Univ. (United States); David Keene,
Maxim Durach, Georgia Southern Univ. (United States);
Natalia Noginova, Norfolk State Univ. (United States)

Plasmon drag effect (PLDE) is the generation of dc electric currents
associated with the excitation and propagation of surface plasmon
polaritons in metal nanostructured systems. In order to better understand
the mechanism of the effect and explore its properties, we experimentally
study PLDE in the dependence on light intensity, wavelength and angle of
incidence in hyperbolic metasurfaces of different periodicity and surfaces
with random roughness. The results are discussed theoretically in a frame of
the hydrodynamic loss approach.

9544-73, Session 14

Cramér-Rao bounds for metasurfaces
susceptibilities

Thomas Lepetit, Boubacar Kante, Univ. of California, San
Diego (United States)

Over the past fifteen years, a lot of efforts have been focused on
understanding the effective properties of metamaterials [1]. In the last few
years, metasurfaces in particular have been widely investigated [2]. Several
homogenization methods dedicated to them have been proposed but, due
to the topic’s complexity, none have yet to be widely accepted.

We considered a specific homogenization method dedicated to
metasurfaces, namely Generalized Sheet Transition Conditions (GSTC,

[3]). This method was chosen because it is compatible with retrieval from
reflection and transmission coefficients. In this method, metasurfaces are
characterized by electric and magnetic susceptibilities. In the literature,
retrieved effective parameters have been shown to violate causality around
resonances and this has been attributed to spatial dispersion [4]. In order
to determine if spatial dispersion is the only source of this phenomenon,
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we have investigated the statistical properties of estimators that have been
put forward for these susceptibilities. We have thus computed the Cramér-
Rao lower bounds on the variance of these estimators. We have shown
that this bound increases substantially around resonances making retrieval
possible only for very high Signal-to-Noise Ratio (SNR, [5]). Therefore, in
experiments, issues arising from spatial dispersion and noise compound
and result in non-physical effective parameters. To mitigate this, we have
proposed a least-squares estimator for susceptibilities that has a better
performance with respect to noise.

Sensitivity to noise is particularly acute for low-loss metasurfaces. It often
results in required SNRs that are unachievable in practice. The present work
is thus relevant to the development of loss-compensated metasurfaces for
which the issues posed by retrieval will have to be closely considered for
accurate and robust device characterization.

References

1. D. R. Smith et al., “Determination of effective permittivity and permeability
of metamaterials from reflection and transmission coefficients”, Phys. Rev. B
65, 195104 (2002).

2. N. Yu et al,, “Light propagation with phase discontinuities: Generalized
laws of reflection and refraction”, Science 334, 333 (2011).

3. C. L. Holloway et al., “An overview of the theory and applications of
metasurfaces: The two-dimensional equivalents of metamaterials”, IEEE
Antennas Propag. Mag. 54, 10 (2012).

4. C. R. Simovski, “On electromagnetic characterization and homogenization
of nanostructured metamaterials”, J. Opt. 13, 1 (2011).

5. T. Lepetit and B. Kanté, “Cramér-Rao bounds for determination of electric
and magnetic susceptibilities in metasurfaces”, accepted for publication in
Optics Express.

9544-95, Session PWed

Hybrid plasmonic nanosandwich structures

Soad Alsheheri, Marjan Saboktakin, Mohammed Matin,
Univ. of Denver (United States)

Plasmonic properties of gold and silver nanoparticles has several
applications in the last decade. Of the several shapes of nanoparticles,
triangular nanoprisms are of significant interest to us. In this study, Ag and
Au nanoprisms with different edge length and thicknesses were simulated
by using Finite- difference time-domain (FDTD) simulation technique.

The edge length are varied between 90 to 150 nm and thicknesses are
between 10 to 50 nm of Ag and Au nanoprisms. The increase in edge
length and thicknesses were found red shift to the plasmonic peak of the
nanostructures. The dipole resonance peak occurs at ~700 nm for an Au
nanoprism with an edge length of 90 nm and a thickness of 10 nm while it
occurs at ~800 nm for an Ag nanoprism of the same size and shape. The
plasmonic dipole resonance of these Ag nanoparticles varied between 725
nm and 913 nm with varying nanoprism thickness from 10 nm to 50 nm.
Similarly, the dipole resonance peak for Au nanoparticles have experienced
a blue shift from 721 nm corresponding to the thickness of 10 nm to 636
nm corresponding to the thickness of 50 nm. After studying the plasmonic
resonance of individual Au and Ag nanoprisms, we constructed hybrid
plasmonic nanoprisms in the form of gold (Au)-dielectric- silver (Ag)
sandwich structures. Moreover, by creating the sandwich structure (Au/
dielectric/ Ag), the ability to tune the plasmonic resonance will be by having
two peaks that can control the strength of each of them depending on the
application.

9544-96, Session PWed

Adjustment characteristics in terahertz
transmission through a split ring
resonator-based metamaterial

Jun Luo, Yehua Bie, Xinyu Zhang, Hongshi Sang,

Changsheng Xie, Huazhong Univ. of Science and
Technology (China)
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The artificially structured metamaterials has led to many potential
applications in terahertz regime, but the role in adjusting the terahertz
transmission still needs to be carefully investigated. Currently, designs with
split ring resonator (SRR) based metamaterials can provide a promising
approach for understanding the terahertz transmission characteristics. In
the experiments, a SRR-based metamaterial is proposed for presenting
terahertz transmission characteristics. The substrate of the metamaterial

is an n-type gallium arsenide (n-GaAs) film grown over a semi-insulating
GaAs wafer. Then, the metallic film, fabricated on n-GaAs, is patterned

into an arrayed four-gap microstructure according to traditional ultraviolet
photolithography methods. The metal film and n-GaAs film form a Schottky
contact. In the experiments, the transmission frequency spectrum of the
metamaterial has an obvious fluctuation with a frequency interval of f = 0.15
THz in the 0.6-1.23 THz and 1.52-2.4 THz range, and the experimental results
show that the frequency region of the intensive oscillatory signal essentially
agrees with that of the metamaterial characteristic transmission spectrum
in the 0.5-2.5 THz range. The terahertz characteristic transmission spectrum
of the fabricated metamaterial are measured at the central frequency of
~1.0 THz and ~1.5 THz, this oscillation characteristics can be explained by
dipole resonance. The measured time-domain transmission signals and
corresponding frequency responses based on the metamaterial agree well
with simulation results, including resonance frequency, surface current and
electric field. Therefore, our research shows a potential application of the
transmission adjusting roles in terahertz regime.

9544-97, Session PWed

Plasmon coupling in vertical split-ring
resonator magnetic metamolecules

Mu Ku Chen, Pin Chieh Wu, Wei-Lun Hsu, Wei Ting Chen,
National Taiwan Univ. (Taiwan); Din Ping Tsai, Academia
Sinica (Taiwan); Yi-Teng Huang, Yao-Wei Huang, Chun Yen
Liao, National Taiwan Univ. (Taiwan)

Vertical split-ring resonators (VSRRs) were fabricated which behave as
magnetic metamolecules sensitive to both incident electric and magnetic
fields with the stronger induced magnetic dipole moments upon excitation
in comparison to planar SRRs. Using these metamolecules with different
spacing in VSRR dimers, we investigate the hybridization of the magnetic
plasmon modes associated with each constituent VSRRs. We found that
plasmon coupling can be precisely controlled by varying the gap separation
between VSRRs. The resulting wide tuning range of these hybrid modes
offers the possibility of developing frequency selective functional devices
such as sensors and filters based on plasmon coupling with high sensitivity.

9544-98, Session PWed

Active metasurface grating for broadband
electronic modulation of free space
terahertz waves

Muhammad Tayyab Nouman, Jae Hyung Jang, Sungbae J.
Lee, Gwangju Institute of Science and Technology (Korea,
Republic of)

Terahertz frequency band promises applications in vast number of areas.
To actively control and manipulate terahertz waves, various devices based
on active metasurfaces have been demonstrated. However, they all exhibit
narrowband nature. In this paper, design of a broadband electronic terahertz
modulator, using an active metasurface, is proposed and numerically
evaluated. The proposed design exploits the small slits in a metallic plate
that modify its Drude like response to a Lorentzian response. The design
consists of a metallic grating on a doped gallium arsenide substrate, where
the grating bars form a Schottky contact with the substrate. Application

of voltage bias across Schottky contact permits control of the carrier
concentration in the slits. Under zero bias the carrier concentration in the
slits is large so that whole surface acts as a metal plate exhibiting a Drude
like response. Upon application of a large negative voltage to the Schottky
contact, the charge carriers in the slits are depleted and the metasurface
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exhibits a Lorentzian response, thus achieving the modulation. Grating
dimensions are optimized for maximum modulation depth and bandwidth
using an electromagnetic simulation tool. Simulation results promise
superior performance in terms of modulation depth and insertion loss,
compared to the previously demonstrated broadband electronic modulators.
This work is supported by National Research Foundation of Korea through a
grant (No. 20110017603).

9544-99, Session PWed

Shaping the light distribution of strongly
focused systems for efficient excitation of
optical nano-circuits

Boris Okorn, Jordi Sancho-Parramon, Institut Ruder
Bo?kovic (Croatia); Silvio Hrabar, Univ. of Zagreb (Croatia)

Optical nano-circuits and metatronics have emerged as a promising
alternative to classical electronic circuits that could enable operations at
higher frequencies. Large efforts have been devoted to investigation of
optical nano-circuits but so far all studies either bypass the problem of
excitation of the metatronic system. In the present study we theoretically
investigate how shaping the light distribution that illuminates a high
numerical aperture lens can be used to efficiently couple light to given
elements of optical nano-circuits located at the focal plane of the lens.

In addition to standard plane waves, we consider illumination schemes
that provide peculiar light distributions at focus, such as cylindrical vector
beams. These results show that light excitation may be included as an
additional degree of freedom in the optimization of optical nano-circuits
and metatronics designs.

9544-100, Session PWed

Quantum toroidal moments of nanohelix
eigenstates

Johnny Williamson, Mario R. Encinosa, Florida Agricultural
and Mechanical Univ. (United States)

Developments in the area of metamaterial research have generated
interest in toroidal moments and their treatment in the quantum regime.

A quantum mechanical method of determining toroidal moments due to
current circulating on a toroidal helix is presented. The Laplacian of the
toroidal helix manifold is determined and used to develop the Hamiltonian
of a negatively charged spinless particle constrained to motion in the
vicinity of a toroidal helix having loops of arbitrary eccentricity. In the

limit that the particle is constrained to the toroidal helix, the particle’s
wave function is assumed to decouple into components tangential and
normal to the toroidal helix. Once confined to the toroidal helix, only the
motion along the manifold is nontrivial. An additional term arises in the
Hamiltonian that depends on the curvature of the toroidal helix. Using

this resulting Hamiltonian, the three dimensional Schrodinger equation

is effectively reduced to a one dimensional form inclusive of curvature
effects. The curvature term that arises from the dimensional reduction
procedure is periodic over the azimuthal angle of the system. Thus a Bloch-
type formalism is utilized to define a basis set which is used to find the
Hamiltonian matrix. This Hamiltonian matrix is diagonalized and the energies
and low-lying eigenfunctions of the toroidal helix system are calculated.
The eigenfunctions are used to calculate probability currents which in turn
are used to calculate corresponding toroidal moments. A disagreement,
not predicted by a classical treatment, arises between toroidal moments of
elliptic toroidal helix systems when vertical and horizontal eccentricity are
transposed.
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9544-101, Session PWed

Mie resonance in the arrays of dielectric
rods in air

Ravindra K. Sinha, Reena Dalal, Yogita Kalra, Delhi
Technological Univ. (India)

Mie resonance in square arrays of dielectric rods has been reported. Arrays
in square lattice of dielectric rods with very high permittivity in air have
been considered. Light of transverse electric mode has been launched on
the square arrays of cylindrical dielectric rods. Mie resonance of first two
orders has been observed in the dielectric rods, due to which electric and
magnetic dipoles are generated in the rods. At optimized parameters the
electric field is confined in the dielectric rods and magnetic field is rotating
around the dielectric rods. Simulations are done for different values of
permittivity from 40 to 100. Materials like titanium dioxide and strontium
titanate have very high permittivity. We observe better results at the
permittivity ?r= 60 in our design. Negative value of effective permittivity
and effective permeability at different frequencies in the range of 0.1 THz
to 2.5 THz has been obtained. Thus, electric resonance and magnetic
resonance at different frequencies has been observed.

9544-102, Session PWed

Taming microwave propagation with
hyperbolic and chiral metal-dielectric
metamaterials

Brittany Bates, Brandon Allison, Nicole Greene, Vincent
Rono, Natalia Noginova, Norfolk State Univ. (United
States)

Bulk lamellar metal-dielectric structures as well as layers of wires arranged
in aligned or chiral manner have been fabricated and studied in microwave
free space propagation experiments. We have shown that a ~10 cm x 10

cm x 10 cm cube of a planar metamaterial has properties of a focusing

lens and a polarizer. Rotation of polarization (optical activity) has been
demonstrated in chiral structures. We have further explored use of natural
magnetic materials as constituent ingredients of metamaterials as well as
the possibility to tune material parameters at microwave range with external
magnetic fields.

9544-103, Session PWed

Simulation of space-time cloaking using
FDTD for terahertz frequency range

Egor A Gurvitz, Mikhail V Sharaevsky, ITMO University
(Russian Federation); Mikhail K. Khodzitky, National
Research Univ. of Information Technologies, Mechanics
and Optics (Russian Federation)

Recently, investigation of metamaterials gave new turn of scientific
development. Their unigue properties design devices which can control
wave in space and time. Metamaterials already have been applied in the
field of antennas, cloaking, high resolution imaging, etc [1]. Generally
these applications require spatial distribution of constitutive parameters.
This work is based on the theory of transformation optics [2] and field
theory [3] and these theories extend the mathematical apparatus of object
concealment for time applications [4]. Using FDTD numerical simulation
of the electromagnetic fields distribution in the cloaking medium with non
ordinary constitutive parameters for two space dimensions and time was
shown. The work is focused on magneto-electric interactions of incident
wave and the medium, which possesses constitutive parameters tensors
with non diagonal components.

1. Filippo Capolino, Metamaterials Handbook, CRC Press, 2007
2. UIf Leonhardt, Thomas Philbin, Geometry and Light: The Science of
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Invisibility, Dover Books on Physics, 2010
3. L D Landau, E.M. Lifshitz, Theory of Fields, Nauka, 1973

4. Moti Fridman, Alessandro Farsi, Yoshitomo Okawachi & Alexander L.
Gaeta, Demonstration of temporal cloaking, Nature 481, 62-65, 2012

9544-104, Session PWed

Temperature-controlled infrared
broadband cloaking with the bilayer of
semiconductor and superconductor

Xiaohua Wang, Nanjing Univ of Aeronautics and
Astronautics (China); Youwen Liu, Nanjing Univ. of
Aeronautics and Astronautics (China)

From the beginning of this century, metamaterial has attracted more

and more attention owing to its unique properties and many potential
applications. Among these applications, electromagnetic cloaking is
undoubtedly paid more attention. Up to now, many research groups have
investigated electromagnetic cloaking using the following approaches:
transformation optics and scattering cancellation. Usually, the latter is
relatively easy to realize, because the cloaking is obtained by using isotropic
and homogeneous plasmonic materials, whilst the former may achieve
perfect cloaking with the use of the anisotropic and inhomogeneous
metamaterials.

Superconductor is a good plasmonic material because of low loss and
temperature-tunability in THz and infrared band. In this contribution, we
design the invisibility cloak made of the two materials of semiconductor
(n-type germanium) and high-temperature superconductor (YBa2Cu307).
Based on the Mie theory, we derive the formula of total scattering cross-
section and the cloaking condition of the composite structure under the
long-wavelength approximation. This invisibility cloak may reduce the
total scattering cross-section of the composite structure of 90% over a
broadband frequency of near 20 THz and the cloaking frequency may be
tuned by the applied temperature. Further, we discuss numerically the effect
of the structure parameters on the cloaking performance of the composite
structure. The results show that the cloaking frequency may be tuned by
changing the thickness of the outer semiconductor layer, and the tuning
range of this bilayer structure is wider than that of single superconductor
layer. It can provide a feasible way to design a broadband tunable cloak.

9544-105, Session PWed

A new type of metamaterial panel for
invisible using

Hongwei Sun, Fei Yan, Jari Tooling Technology Co. (China)

This paper presents modeling, analysis techniques and experiment of
metamaterial panel for Broadband Vibration Absorption. For a unit cell

of an infinite fmetamaterial panel, governing equations are derived using
the extended Hamilton principle. The concepts of negative effective

mass and stiffness and how the spring-mass-damper subsystems create

a stopband are explained in detail. Numerical simulations reveal that

the actual working mechanism of the proposed metamaterial panel is
based on the concept of conventional mechanical vibration absorbers.

It uses the incoming elastic wave in the panel to resonate the integrated
membrane-mass-damper absorbers to vibrate in their optical mode at
frequencies close to but above their local resonance frequencies to create
shear forces and bending moments to straighten the panel and stop the
wave propagation. Moreover, a two-dimension acoustic metamaterial panel
consisting of lumped mass and elastic membrane is proposed in the lab.
We do experiments on the model and The results validate the concept and
show that, for two-dimension acoustic foam metal metamaterial panel do
exist two vibration modes. For the wave absorption, the mass of each cell
should be considered in the design. With appropriate design calculations,
the proposed two-dimension acoustic foam metal metamaterial panel can
be used for absorption of low-frequency waves and hence expensive micro-
manufacturing techniques are not needed for design and manufacturing of
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such foam metal metamaterial panel for low-frequency waves absorption/
isolation.

9544-106, Session PWed

Controlling the bandwidth of metamaterial
properties

Morteza Karami, Michael A. Fiddy, The Univ. of North
Carolina at Charlotte (United States)

We have studied meandering wire or S-shaped resonators which are well
known for exhibiting overlapping negative permittivity and permeability

to achieve negative and zero index bulk metamaterials. The resonators are
continuously connected in one direction and their dimensions are readily
chosen so that resonant frequencies lie in the frequency range of choice, e.g.
5-10 GHz. Two sets of S-elements are placed on either side of a substrate
(FR4). The bulk properties of this metamaterial are determined from
scattering parameters and the retrieval method assumes an infinite array
of meta-atoms in the plane perpendicular to the plane of incidence and
periodic boundary conditions in the other two dimensions. The retrieved
refractive index values are consistent with expectations, do not arise from
diffraction phenomena, and their dependence on the collective resonant
properties of the metamaterial is clear. Moreover, predictable properties
are found when the S elements, originally made from copper, are made
from a high permittivity dielectric such as barium strontium titanate.
Inserting rod-like structures in the FR4 substrate has the effect of shifting
and broadening/smearing the electrical resonance, with little change to
the magnetic resonance. Addition of more rods can eventually shift and
suppress the magnetic resonance while shift the bulk plasma frequency to
higher frequencies. This combination of effects, now understood, allows one
to design an index value with a prescribed bandwidth, to some extent. By
replacing the metal with a high permittivity dielectric, the associated losses
are reduces as we will show.

9544-107, Session PWed

Full control of light using plasmonic
metasurfaces

jianxiong li, Nankai university (China); Shuqgi Chen, Nankai
Univ. (China); Jianguo Tian, Nankai university (China)

Harnessing light for modern photonic applications often involves the
control and manipulation of light polarization and phase. The polarization
and phase are among the basic properties of light, and their manipulation
enables many optical applications and plays an increasingly important

role in investigating light-matter interactions. However, so far it is still
challenging to simultaneously manipulate the polarization state into an
arbitrary direction and a phase variation spanning over the entire 2w range.

Here, we propose and validate dual-layer plasmonic metasurfaces that can
provide simultaneous manipulation of the phase and polarization of the
transmitted light. An arbitrary spatial field distribution of the optical phase
is obtained by using plasmonic metasurfaces consisting of six sub-units,
where the orientation of these sub-units can be tuned to further control the
polarization. We have proposed and experimentally validated plasmonic
metasurfaces achieving simultaneous control of the phase and polarization
direction of light. For linearly polarized incident light, the metasurface
enables near-perfect anomalous refraction without converting the
polarization to its cross-direction; while for circularly polarized incident light,
the out-coupling polarization can be further controlled by the orientation of
the nano-apertures. This capability also allowed us to create arbitrary vector
optical fields, and as an example we generated a radially polarized beam
from the circularly polarized incident light. The demonstration is in the near-
infrared wavelength range, which indicates that the approach can be easily
translated to mid-infrared, terahertz, and microwave frequency regimes. The
new degrees of freedom of metasurfaces facilitate arbitrary manipulation of
light and will profoundly affect a wide range of photonic applications.
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9544-108, Session PWed

Acoustic metamaterial panel for potential
invisible using based on multi-cells

Fei Yan, Hongwei Sun, Jari Tooling Technology Co.,
Ltd. (China); Guochang Lin, Ge He, Harbin Institute of
Technology (China)

This paper presents modeling, and analysis technigues of acoustic
metamaterial panel for Invisible Using. For a unit cell of an infinite
metamaterial panel, governing equations are derived using the extended
Hamilton principle. Numerical simulations reveal that the actual working
mechanism of the proposed metamaterial panel is based on the concept of
conventional mechanical vibration absorbers. It uses the incoming elastic
wave in the panel to resonate the integrated membrane-mass-damper
absorbers to vibrate in their optical mode at frequencies close to but
above their local resonance frequencies to create shear forces and bending
moments to straighten the panel and stop the wave propagation. Moreover,
we explain the negative effective mass and negative effective stiffness in
acoustic metamaterials.

9544-109, Session PWed

Paraxial cloaking: ray optics and full-field

Joseph S. Choi, John C. Howell, Univ. of Rochester (United
States)

We complete a paraxial cloaking formalism to include full-field (phase +
amplitude) matching of light fields. Omnidirectionality is the only remaining
property of what may be considered an “ideal” invisibility cloak that is
broadband for the visible spectrum. Interestingly, our design remains
isotropic, though some instances require metamaterials or anomalous
dispersion. This suggests that anisotropy may be a characteristic of cloaking
for all directions in three-dimensions. Our work also confirms the growing
literature on the exclusiveness between broadband versus zero scattering
cross-section.

9544-74, Session 15

Visible-frequency metasurfaces for
broadband anomalous reflection and high-
efficiency spectrum splitting

Zhongyang Li, Edgar Palacios, Serkan BUutUn, Koray Aydin,
Northwestern Univ. (United States)

Metasurfaces offer new degrees of freedom in moulding the optical
wavefronts by introducing abrupt and drastic changes in the amplitude,
phase and/or polarization of electromagnetic radiation at the wavelength
scale. By carefully arranging multiple subwavelength anisotropic or
gradient optical resonators, metasurfaces have been shown to enable
anomalous transmission, anomalous reflection, optical holograms

and spin-orbit interaction. However, experimental realization of high-
performance metasurfaces that can operate at visible frequency range

has been a significant challenge due to high optical losses of plasmonic
materials and difficulties in fabricating several subwavelength plasmonic
resonators with high uniformity. Here, we propose a highly-efficient yet a
simple metasurface design comprising of a single, anisotropic trapezoid-
shape antenna in its unit cell. We demonstrate broadband (450 - 850

nm) anomalous reflection and spectrum splitting at visible and near-

IR frequencies with 85% conversion efficiency. Average power ratio of
anomalous reflection to the strongest diffraction mode was calculated to be
on the order of 1000 and measured to be on the order of 10. The anomalous
reflected photons have been visualized using a CCD camera, and broadband
spectrum splitting performance has been confirmed experimentally using

a free space, angle-resolved reflection measurement setup. Metasurface
design proposed in this study is a clear departure from conventional
metasurfaces utilizing multiple, anisotropic and/or gradient optical
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resonators, and could enable high-efficiency, broadband metasurfaces for
achieving flat high SNR optical spectrometers, polarization beam splitters,
directional emitters and spectrum splitting surfaces for photovoltaics.

9544-75, Session 15

Metasurfaces for amplitude, phase, and
polarization control (/nvited Paper)

Uriel Levy, Boris Desiatov, Meir Grajower, Jonathan Bar
David, The Hebrew Univ. of Jerusalem (lsrael)

In this talk we present our recent work on dielectric metasurfaces for phase,
amplitude and polarization control. We show new results in the near IR and
the mid IR regime, in which the control over the properties of light can be
achieve by controlling the retardation of a subwavelength periodic structure
or by controlling the resonances of nano beams in semiconductors. We
discuss approaches for achieving broadband retardation of light by tailoring
the dispersion properties of the metasurface. Both guided mode and free
space configurations are considered. The effect of introducing metals is
also analyzed and demonstrated. Finally, we also discuss and demonstrate
tunable metasurfaces.

9544-76, Session 15

Light manipulation by resonant dielectric
nanostructures and metasurfaces (/nvited
Paper)

Arseniy |. Kuznetsov, A*STAR - Data Storage Institute
(Singapore)

Resonant nanostructures made of high-refractive index dielectric materials
offer a new way for manipulation of light at nanoscale. Due to their
inherently high magnetic and electric resonant response and low losses

at optical frequencies these nanostructures offers unique functionalities,
which are not achievable with conventional nanoscale plasmonics. Simple
examples are strong magnetic near-field enhancement and directional
scattering by nanoparticles of spherical shape, also known as a Kerker’s
effect. In this talk, | will review this new rapidly developing research
direction and present several new results of our team, which demonstrate
a huge potential of dielectric nanoantennas for various applications. Fist
will be experimental demonstration of highly localized magnetic and
electric fields in silicon nanodimer antennas, which can be excited at any
polarization of incoming light. Second will show low-loss light propagation
in silicon nanoparticle waveguides, which can be much longer than in
plasmonic waveguide of similar dimensions. Finally | will present how the
light can be manipulated with almost fully transparent resonant dielectric
metasurfaces having a full 2w control over the phase of incoming light at
visible and near-IR wavelengths.

9544-77, Session 15

Metasurface-enabled quantum vacuum
effects over macroscopic distances

Pankaj K. Jha, Xingjie Ni, Chihhui Wu, Yuan Wang, Xiang
Zhang, Univ. of California, Berkeley (United States)

Quantum vacuum engineering is an active field of research. Here we use
recent advances in the field of metasurface (2D-array of sub-wavelength
scale nano-antennas) to construct an anisotropic quantum vacuum (AQV)
in the vicinity of a quantum emitter located at some macroscopic distance
from the metasurface. Such AQV can induce quantum interference among
several atomic transitions, even when the transition dipole moment
corresponding to the decay channels are orthogonal.

Recently, there have been few theoretical proposal to use metamaterials
to engineer the back-action. All these approaches, which works in the near
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field (few tens of nanometers from the surface), suffers from trapping

an atom at these distance, surface interactions like quenching, Casimir
force etc. Hence it’s pivotal to construct the back-action over macroscopic
distance. We harness the polarization dependent response of a metasurface
to engineer the back-action of the spontaneous emission from the atom to
itself. We show strong anisotropy in the decay rate of a quantum emitter
which is a manifestation of AQV.

Engineering light-matter interaction over macroscopic distances opens
new possibilities for long-range interaction between quantum emitters for
quantum information processing, spin-optics/spintronics etc.

9544-78, Session 15

All-dielectric metasurfaces for structured
light generation

Mikhail Shalaev, Jingbo Sun, Univ. at Buffalo (United
States); Apra Pandey, CST of America, Inc. (United
States); Kirill Nikolsky, MV. Lomonosov Moscow State
Univ. (Russian Federation); Natalia M. Litchinitser, Univ. at
Buffalo (United States)

Recent progress in nanostructured optical materials has enabled new ways
of manipulating intensity, polarization and phase distribution of light beams.
Metamaterials and metasurfaces facilitate a new class of ultra-compact
optical elements. In particular, optical metasurfaces allow precise control

of phase and wave-front properties of light beams. To date, most work has
been focused on metal-dielectric structures relying on resonant response

of metallic nanoantennas. There are several challenges associated with this
approach, including anisotropic and polarization-dependent properties of
the structures and ohmic losses introduced by metals. These problems can
be addressed using all-dielectric metasurfaces instead of more conventional
metal-dielectric counterparts. Here, we demonstrate subwavelength-thick
efficient all-dielectric matasurfaces enabling generation/conversion of light
beams with orbital angular momentum (OAM) operating in transmission
mode. We utilize the strong resonant response of high-permittivity dielectric
meta-atoms in the near-IR spectral range. Such nanostructures support both
electric and magnetic dipolar Mie-type resonances and possess very low
intrinsic losses. Such all-dielectric metasurfaces having both electric and
magnetic responses can be designed to be polarization independent, enable
high transmission and are compatible with existing complementary metal-
oxide-semiconductor (CMOS) processes, which makes them attractive for
practical applications in optoelectronics and communication industries.

9544-79, Session 15

Dynamically reconfigurable metasurfaces

Prasad P. lyer, Nikita A. Butakov, Jon A. Schuller, Univ. of
California, Santa Barbara (United States)

Recently, the use of phased array metasurfaces to control the phase and
amplitude of electromagnetic waves at subwavelength dimensions have led
to large number of devices ranging from flat optical elements to holographic
projections. Here we analytically (& numerically using FDTD techniques)
develop a design principle to form reconfigurable metasurfaces that control
the phase of transmitted beam between 0 and 2w in a lossless manner.

For a linearly polarized plane wave incident on a sub-wavelength array

of dielectric resonators, we engineer the size of the individual resonators
and the array periodicity such that the fundamental Electric and Magnetic
dipole resonances of the device cross each other. This mode crossing
caused by coupling of individual resonator modes with the surface lattice
resonances, constructively interferes with the incident plane wave enabling
us to form lossless metasurfaces. By optically pumping charge carriers into
the resonators, we can tune the refractive index of the individual resonators
leading to arbitrary control over the phase of the transmitted beam between
0 and 2w with less than 3dB loss in intensity. Further, we extend these
strategies by redesigning the resonator elements by forming core-shell
(metal-dielectric) resonators to cause the resonance matching within

each resonator. This enables the mode crossing to be independent of the
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periodicity of the resonator elements while preserving the arbitrary control
over the phase through charge carrier modulation. Such metasurfaces
with spectrally overlapping electric and magnetic dipole modes may form
the basis for a range of metadevices with unprecedented control over the
Electromagnetic wave front.

9544-80, Session 16

Metagratings for tunable unidirectional
steering and focusing of surface plasmons
(Invited Paper)

Federico Capasso, Daniel Wintz, Harvard School of
Engineering and Applied Sciences (United States); Patrice
Genevet, Singapore Institute of Manufacturing Technology
(Singapore) and Harvard School of Engineering and
Applied Sciences (United States); Antonio Ambrosio,
Harvard School of Engineering and Applied Sciences
(United States) and Univ. degli Studi di Napoli Federico

Il (Italy); Alex Woolf, Harvard School of Engineering and
Applied Sciences (United States)

In this paper, we present new results on the controlled directional

steering and focusing of surface plasmon polaritons (SPPs) via 1D and 2 D
metagratings by changing the angle of incidence, the incident wavelength
and polarization. These findings build on previous work of our group on
polarization controlled steering of SPPS using fishbone meta gratings and
greatly expand on the functionality of the latter using novel designs.

First we show that by creating a running wave of polarization along a one
dimensional metallic metagrating consisting of subwavelength spaced
rotated apertures that propagates faster than the SPP phase velocity,

we can generate surface plasmon wakes, which are the two-dimensional
analogue of Cherenkov radiation. The running wave of polarization travels
with a speed determined by the angle of incidence and the photon spin
angular momentum. We utilize this running wave of polarization to
demonstrate controlled steering of the wakes by changing both the angle of
incidence and the polarization of light, which we measure through near-field
scanning optical microscopy.

Next we report a simple 2D metagrating design strategy that can be used
for focusing, polarization beam splitting, waveguide coupling, and even
phase control at the focus of an SPP beam. We experimentally verify our 2D
metasurface by creating a four wavelength plasmonic demultiplexer, which
also has polarization selectivity (on/off). The wavelength demultiplexer is
designed such that each of the four wavelengths is focused to a different
spot outside of the structure. Coupling of free space light to SPPs is
achieved by milling subwavelength apertures into a thin gold film. This
methodology can be easily extended to any wavelength where SPPs exist,
for an arbitrary number of wavelengths, and with polarization selectivity
and phase control at the focus as well.

9544-81, Session 16

Metasurfaces and epsilon-near-zero modes
in semiconductors (/nvited Paper)

lgal Brener, Salvatore Campione, Sandia National Labs.
(United States); Francois Marquier, Institut d’Optique
(France)

Thin layers of semiconductors where the permittivity crosses zero, support
a particular polariton mode called epsilon-near-zero (ENZ) mode. This zero
crossing can be obtained near optical phonon resonances in dielectrics

or the plasma frequency in doped semiconductors. The coupling of
metamaterial resonators to these ENZ modes leads to particularly large
Rabi splittings. ENZ layers can be added to metamaterial-based strongly
coupled systems to increase this coupling even further. | will discuss several
examples of these coupled systems that include metasurfaces, phonons,
intersubband transitions and ENZ modes.
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9544-82, Session 16

Carpet cloak with graded dielectric
metasurface

LiYi Hsu, Thomas Lepetit, Boubacar Kante, Univ. of
California, San Diego (United States)

We demonstrate a method to hide a Gaussian-shaped bump on a

ground plane from an incoming plane wave. In essence, we use a graded
metasurface to shape the wavefronts like those of a flat ground plane[1,2].
The metasurface provides additional phase to the electromagnetic field

to control the reflection angle. To mimic a flat ground plane, the reflection
angle is chosen to be equal to the incident angle. The desired phase
distribution is calculated based on generalized Snell’s laws[3]. We design
our metasurface in the microwave range using sub-wavelength dielectric
resonators. We verify the design by full-wave time-domain simulations and
show that the result matches our theory well. This approach can be applied
to hide any object on a ground plane not only at microwave frequencies but
also at higher frequencies up to the infrared.

1. Jensen Li and J. B. Pendry, Hiding under the Carpet: A New Strategy for
Cloaking. Phys. Rev. Lett. 101, 203901 (2008)

2. Andrea AlU, Mantle cloak: Invisibility induced by a surface. Phys. Rev. B
80, 245115 (2009)

3. Yu N, et al. Light propagation with phase discontinuities: Generalized laws
of reflection and refraction. Science 334(6054):333-337 (2011)

9544-83, Session 16

Ultra-thin metasurface carpet cloak

Xingjie Ni, Zi Jing Wong, Michael Mrejen, Yuan Wang,
Univ. of California, Berkeley (United States); Xiang Zhang,
Univ. of California, Berkeley (United States) and Lawrence
Berkeley National Lab. (United States)

We experimentally demonstrate a three-dimensional ultra-thin metasurface
carpet cloak can cover on an arbitrary-shaped object and make it
undetectable by the visible light. Our metasurface cloak consists of
subwavelength-scale nanoantennas which provide a distinct phase shift to
the reflected electromagnetic waves. Based on this phase control capability,
we design a metasurface so that at each local point on the interface of the
cloaked region the phase of the light scattered by the interface is the same
as that reflected from a flat mirror. One of the most significant problem of
the plasmonic metasurface designs resides in their poor overall efficiency. In
our carpet cloak case, we adapt an ultrathin dielectric space layer to create
a gap plasmon resonance. The overall reflectivity can be close to 90% with
proper optimization.

9544-84, Session 16

Flat optical beam shapers based on all-
dielectric Huygens’ metasurfaces

Katie E. Chong, Isabelle Staude, The Australian National
Univ. (Australia); Anthony James, Jason Dominguez,
Sheng Liu, Salvatore Campione, Ganapathi S. Subramania,
Ting S. Luk, Sandia National Labs. (United States); Manuel
Decker, Dragomir N. Neshev, The Australian National Univ.
(Australia); lgal Brener, Sandia National Labs. (United
States); Yuri S. Kivshar, The Australian National Univ.
(Australia)

Functional optical metasurfaces have gained a lot of attention in the

last couple of years for their potential in ultra-thin flat optics; however
their practicality has been restricted by their low efficiencies caused by
reflection losses, undesired polarization conversion or the intrinsic loss of
metals at optical frequencies, for example. Here, we study highly efficient
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polarization-independent beam shapers based on all-dielectric Huygens’
metasurfaces [1]. Our beam shapers consist of subwavelength arrays of
silicon nanodisks fabricated using electron-beam lithography and reactive-
ion etching on silicon-on-insulator wafers. Each nanodisk radiates as a

pair of crossed electric and magnetic dipoles in the forward direction into
the farfield [2], thereby emulating the behavior of a Huygens’ source. As

a result, they can impose local phase shifts on the arbitrarily polarized
incident light field and allows for wavefront control of the incident wave.
By systematically varying the geometry of the nanodisks in the arrays and
arranging them in four quadrants, a phase shift of 0, w/2, w or 3w/2 radians
is imposed onto the incident light in each quadrant. Therefore a spatial
phase gradient in the azimuthal direction is produced, covering the full 2w
range and leading to the generation of a vortex beam. Our beam shapers
can achieve transmittance efficiencies close to the theoretical limit of 100%,
thereby paving a way to practical lossless flat optics that are compatible
with standard and well-established nanofabrication procedures, making
mass production of such meta-devices achievable.

[1] M. Decker, . Staude, et al. Adv. Opt. Mat. Accepted.
[2] I. Staude, et al. ACS Nano, 7, 7824 (2013)

9544-85, Session 17

An atom/metamaterial hybrid system
(Invited Paper)

David Wilkowski, Nanyang Technological Univ.
(Singapore); Eng Aik Chan, Syed Abdullah Aljunid, Giorgio
Adamo, Centre for Disruptive Photonic Technologies
(Singapore); Martial Ducloy, Centre for Disruptive
Photonic Technologies (Singapore) and Laboratoire de
physiques des Lasers (France); Nikolay Zheludeyv, Centre
for Disruptive Photonic Technologies (Singapore) and
Optoelectronics Research Centre & Centre for Photonic
Metamaterials (United Kingdom)

We report recent studies on an atom/surface Metamaterial Hybrid device.
The plasmonic resonance of the Metamaterial is designed to cover a
transition of Caesium atom. We use the selective reflection spectroscopy
to probe the system. This technic reveals the sub-Doppler structure of the
atomic line. Thus we succeed to couple two systems, where those resonance
linewidths differ by more than 6 orders of magnitude. As a consequence
we observe Fano-like resonance shapes which we interpret as a mixing of
the reactive and the dissipative response of the atomic dipole operator.
On top of it, the selective reflection spectroscopy probes atoms which are
located at the vicinity of metamaterial. Hence Casimir-Polder interaction
can observe and tune through the surface plasmonic resonance of the
metamaterial.

Several interesting applications of this new type of hybrid system are
envisioned. First, taking advantage of the strong nonlinearity of the atom
response, efficient nanophotonic devices like optical switch at few photons
level could be in principle implemented. Second, surface metamaterials
may provide a new platform to cool and manipulate atoms for nano sensing
devices.

9544-86, Session 17

Metamaterial models of curved spacetime

Tom G. Mackay, The Univ. of Edinburgh (United Kingdom);
Akhlesh Lakhtakia, The Pennsylvania State Univ. (United
States)

In the early 20th century, Igor Tamm established a formal equivalence
between the electromagnetic properties of vacuous curved spacetime and
a certain fictitious material in flat spacetime. This fictitious medium - known
as the Tamm medium - is generally bianisotropic and nonhomogeneous.
The Tamm medium offers the possibility of exploring the electromagnetic
properties of certain curved spacetime scenarios that may be impractical
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to explore by direct methods. The realization of various Tamm mediums

as metamaterials is considered here. The approach taken is based on

the homogenization of relatively simple component materials, with

the inverse Bruggeman formalism exploited to determine appropriate
constitutive parameters. The bianisotropic nature of Tamm mediums

can be accommodated via the homogenization of chiral (or otherwise
magnetoelectric) component materials. Typically, Tamm mediums are highly
anisotropic in regions corresponding to relatively large spacetime curvature
(e.g., in the vicinity of spacetime singularities). In principle at least, such
high degrees of anisotropy may be achieved by homogenizing component
particles that are highly elongated. The nonhomogeneous nature of Tamm
mediums can be accommodated by adopting a piecewise homogeneous
approach, which is valid for sufficiently-long wavelength regimes. The
spacetime scenarios considered include those of gravitational plane waves,
Schwarzschild-(anti-)de Sitter, and cosmic strings.

9544-87, Session 17

Electron beam excitation of CSRR loaded
waveguide for Cherenkov radiation

Emmy Sharples, The Cockcroft Institute (United Kingdom)
and Lancaster Univ. (United Kingdom); Rosa Letizia,
Lancaster Univ. (United Kingdom) and The Cockcroft
Institute (United Kingdom)

An electron beam is used to excite a unique electromagnetic response
from a complementary split ring resonator (CSRR) metasurface loaded
waveguide and investigate it as a backward propagating Cherenkov
radiation source. This novel structure comprises of a metallic WR-284
waveguide loaded with four layers of CSRR-metasurface T mm thick, with
sufficient spacing between the metasurface layers for electron beam
propagation. The loaded waveguide exhibits left handed behaviour around
5.86 GHz where a TM-like mode exists. The transverse confinement of

this mode between the closely lying metasurface layers and the strong
electrical response of the CSRRs leads permeability and permittivity to be
simultaneously negative. The structure has been optimised to reduce the
surface current on the metasurface, improve the fabrication suitability and
minimise the effect of hybrid modes.

The structure is suitable for beam-based applications as it exhibits strong
beam coupling parameters and excitation of longitudinal wake impedance at
the frequency of the TM-like mode. The beam coupling parameters exhibited
are high with R/Q of 36 ? and shunt impedance of 177 k?. Strong excitation
of the longitudinal wake impedance of 10 k?, with minimal transverse

wake impedance and minimal beam disruption, has been observed for this
mode. Results from particle-in-cell simulations will be shown to verify that
backward propagating Cherenkov is radiated when a suitable electron beam
propagates between the central layers of the waveguide. This investigation
can lead to new solutions for non-destructive beam detection and wakefield
acceleration which can potentially be scaled to higher frequency ranges.

9544-88, Session 17

Synchrotron infra-red spectral microscopy
of metal-dielectric-metal cavity
metamaterial absorbers

Janardan Nath, Deep Panjwani, Mehmet Yesiltas, Univ.

of Central Florida (United States); Carol J. Hirschmugl,
Univ. of Wisconsin-Milwaukee (United States); Farnood K.
Rezaie, Robert E. Peale, Univ. of Central Florida (United
States)

Metamaterial absorbers typically comprise a periodically-structured metal
surface, a dielectric spacer, and a metal ground plane, which together give
rise to strong absorption resonances. Using diffraction-limited synchrotron-
based infrared spectral microscopy in the 2-8 micron wavelength range, we
succeeded in measuring the spatial distribution of absorption for a single
unit cell of such an absorber, for which the surface structure comprised a

Return to Contents +1 360 676 3290

SPIE.

NANOSCIENCE+
ENGINEERING

single isolated 2 micron x 2 micron square of 100 nm thick gold on a 100
nm thick electron-beam evaporated layer of SiO2. The ground-plane was an
optically thick Au film on a Si substrate. The reflectance spectrum revealed
a fundamental absorption band at 6.4 micron wavelength and a higher-
order resonance at 2.5 microns. For comparison, a reflectance spectrum for
a device comprising a 2D 3-micron-period array of such squares on similar
layers revealed similar resonances, which differed only by being about
twice stronger and red shifted by less than 2%. These experiments confirm
a waveguide standing wave resonance model, which is independent of the
periodicity of the 2D array, where resonances and their harmonics depend
on the lateral dimension of the squares and the thickness of the dielectric
and on no other geometrical parameters. Specifically, interaction among the
neighboring cavities is unimportant. Devices of the type considered have
application to infrared bolometers and potentially for localization of heat in
medical therapy.

9544-89, Session 17

Double Fano resonances in a composite
metamaterial possessing tripod plasmonic
resonances

Jeong-Weon Wu, VY. U. Lee, E. Y. Choi, E. S. Kim, J. H. Woo,
B. Kang, J. Kim, Ewha Womans Univ. (Korea, Republic of);
Byung Cheol Park, T. Y. Hong, Jae Hoon Kim, Yonsei Univ.
(Korea, Republic of)

We experimentally demonstrate a classical analogue of double Fano
resonances in a planar composite metamaterial possessing tripod plasmonic
resonances, where a common subradiant dipole corresponding to the

dark mode is coupled with two superradient dipoles corresponding to two
bright modes. The composite metamaterial is structured such that four-rod
resonators (FRR) are embedded inside double-split ring resonators (DSRR)
superlattice. Two dipole resonances of DSRR are superradiant modes and
one dipole resonance of FRR is subradiant mode. Proximity of the inner
diameter of DSRR and the rod-length of FRR permits near field coherent
couplings, and the composite metamaterial is a tripod metamaterial system
possessing two superradiant dipole resonances of DSRR coupled coherently
with one common subradiant dipole resonance of FRR in near field, similar
to a tripod atomic system with four atomic levels coupled coherently by
coherent optical fields. Important finding is that double Fano resonances

in the composite metamaterial are correlated, showing up as a transfer of
the absorbed power from one superradiant dipole to the other superradient
dipole in DSRR. The general feature of plasmonic Fano resonance is
examined where both superradiant and subradiant oscillators are externally
driven. Analysis based on two coupled oscillators model leads to the fact
that the characteristic asymmetric Fano resonance formula of plasmonic
structure is kept the same with a modication in the asymmetry parameter q.

9544-92, Session 18

Polarization and angle dependent
electromagnetic response of microwave
metamaterials

David A. Lee, The MITRE Corp. (United States); James

L. Vedral, Univ. of Colorado at Colorado Springs (United
States); Randall Musselman, U.S. Air Force Academy
(United States); Anatoliy O. Pinchuk, Univ. of Colorado at
Colorado Springs (United States)

Microwave metamaterials are of interest for antenna applications, such as
Radome shielding. In this work we present experimental and theoretical
results on angle dependent transmission through a slab of microwave
negative index metamaterials. We used S-shaped Split Ring Resonator
(SSRR) as a unit cell to design, fabricate, and test a negative index
metamaterial slabs in the X-Ku and K microwave bands. We tested the
negative index of refraction by cutting the slabs into prisms and measuring
the refraction of a plane electromagnetic wave in an anechoic chamber.
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Angle dependent transmission through a uniform slab of microwave
metamaterial was measured for a linear polarized incident electromagnetic
wave. Theoretical simulations by using the HFSS package showed a good
agreement between the theory and experiments. We then fabricated a

set of single axis boards (1 D metamaterial) and a set of two-dimensional
interlocked metamaterial slabs (2D metamaterial), and tested them in

the anechoic chamber. The transmission spectra S21 were measured as a
function of the orientation of the metamaterial slabs within the incoming
linearly polarized electromagnetic waves. The single axis board (1D
metamaterial) exhibited a strong anisotropic response with respect to the
incoming linearly polarized electromagnetic wave. The dual interlocked
metamaterial slab, however, did not exhibit this response. We conclude that
the dual axis 2D metamaterial slab is isotropic with respect to the linearly
polarized incoming electromagnetic wave.

9544-93, Session 18

Extraordinary terahertz transmission
through electrically small particles

Mohammed R. AlShareef, King Abdulaziz City for Science
and Technology (Saudi Arabia); Omar M. Ramahi, Univ. of
Waterloo (Canada)

An array composed of six electrically small resonators and a transmission
line is proposed to enhance terahertz (THz) waves’ transmittance. Silver is
the metal of choice for the proposed array. 3000 of the proposed array are
fabrication on an intrinsic double-side polished silicon wafer using nano-
technology tools, followed by a THz time-domain spectroscopy (THZ-TDS)
measurement, to validate the numerical findings experimentally.

In detail, Transmission mode THz-TDS experimental setup was applied.

This setup mainly consisted of Ti:sapphire femtosecond laser, transmitter
and receiver photoconductive antennas and four off-axis mirrors. First, the
femtosecond laser pulses excite the THz emitter (transmitter antenna) which
in turns generates THz pulses. The THz pulses are then collimated by the
first off-axis mirror followed by focusing the beam on the sample with aid of
the second off-axis mirror. The transmitted THz beam that passes through
the sample is collimated again by the third off-axis mirror and then focused
by the fourth off-axis mirror on the THz detector.

The silicon wafer with and without the metallic structure were at the focus
of THz beam. The measured THz temporal pulses, in transient mode, of the
sample and the reference (pure silicon) were Fourier transformed to THz
spectrums. Next, the transmission was obtained from the ratio between the
sample and reference spectrums.

At the resonance frequency of the structures (around 0.4 THz), an extra-
ordinary transmission was observed. This phenomenon is attributed mainly
to the periodic structure composed of the sub-wavelength unit cells.
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9544-94, Session 18

Two layer metamaterials for selective
frequency transmission in the terahertz
region

Mayer A. Landau, Air Force Research Lab. (United States)

We have fabricated a metamaterial tunable filter for dynamic frequency
selection in the terahertz region. The metamaterial consists of a sandwich
of two meta-surfaces grown on high resistivity silicon wafers. The first
meta-surface consists of a two-dimensional array of gold double split ring
resonators and the second meta-surface consisits of an array of gold cut
rods. Both meta-surfaces are fabricated for a response in the terahertz
region. Our terahertz pulses are produced using the standard Austin switch
technique. The terahertz pulse is focused onto the two meta-surfaces which
are sandwiched together to produce a transmission window. Together, with
the right orientation, translation, and parallelism of the two meta-surfaces,
we achieve filtering of terahertz pulses. Since the unit cells for the inclusions
are on the order of 100 microns, control of the translation, orientation, and
parallelism of the two meta-surfaces with respect to each other and with
respect to the orientation and direction of the impinging terahertz field is a
challenge. We describe our technique for doing this and present data on our
frequency filtering in the terahertz.
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9545-2, Session 1

Surface functionalized spherical
nanoparticles: an optical assessment of
local chirality

Jamie M. Leeder, David L. Andrews, Henryk T. Haniewicz,
Univ. of East Anglia (United Kingdom)

Electromagnetic radiation propagating through any molecular system
typically experiences a characteristic change in its polarization state as a
result of light-matter interaction. Circularly polarized light is commonly
absorbed or scattered to an extent that is sensitive to the incident
circularity, when it traverses a medium whose constituents are chiral. This
research assesses specific modifications to the properties of circularly
polarized light that arise on passage through a system of surface-
functionalized spherical nanoparticles, through the influence of chiral
molecules on their surfaces. Non-functionalized nanospheres of atomic
constitution are usually inherently achiral, but can exhibit local chirality
associated with such surface-bound chromophores. The principal result of
this investigation is the quantification of functionally conferred nanoparticle
chirality, manifest through optical measurements such as circularly polarized
scattering and emission.

The relative position of chiral chromophores fixed to a nanoparticle sphere
are first determined by means of spherical coverage co-ordinate analysis.
For both emission and scattering, the total electromagnetic field received
by a spatially fixed, remote detector is determined. It is shown that bound
chromophores will accommodate both electric and magnetic dipole
transition moments, whose scalar product represents the physical and
mathematical origin of chiral properties identified in the detected signal.
Results are reported for both oriented and isotropically averaged systems,
the latter accounting for solutions (or randomly oriented) cases where

the associated transition moments are uncorrelated with the detector. The
analysis concludes with discussion of the magnitude of circular differential
optical effects, and their potential significance for the characterization of
surface-functionalized nanoparticles.

9545-3, Session 1

Semiconductor nanoplatelets: a new
colloidal system for low-threshold, high-
gain stimulated emission

Matthew A. Pelton, Univ. of Maryland, Baltimore County
(United States) and Argonne National Lab. (United States);
Chunxing She, Univ. of Chicago (United States); Igor Fedin,
Dmitriy Dolzhnikov, Sandrine Ithurria, The Univ. of Chicago
(United States); Erfan Baghani, Stephen K. O’Leary, The
Univ. of British Columbia (Canada); Arnaud Demortiere,
[llinois Institute of Technology (United States); Richard D.
Schaller, Argonne National Lab. (United States); Dmitri V.
Talapin, The Univ. of Chicago (United States) and Argonne
National Lab. (United States)

Quantum wells (QWSs) are thin semiconductor layers than confine electrons
and holes in one dimension. They are widely used for optoelectronic
devices, particularly semiconductor lasers, but have so far been produced
using expensive epitaxial crystal-growth techniques. This has motivated
research into the use of colloidal semiconductor nanocrystals, which can be
synthesized chemically at low cost, and can be processed in the solution
phase. However, initial demonstrations of optical gain from colloidal
nanocrystals involved high thresholds.

Recently, colloidal synthesis methods have been developed for the

production of thin, atomically flat semiconductor nanocrystals, known as
nanoplatelets (NPLs). We investigated relaxation of high-energy carriers
in colloidal CdSe NPLs, and found that the relaxation is characteristic of a
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QW system. Carrier cooling and relaxation on time scales from picoseconds
to hundreds of picoseconds are dominated by Auger-type exciton-exciton
interactions. The picosecond-scale cooling of hot carriers is much faster
than the exciton recombination rate, as required for use of these NPLs as
optical gain and lasing materials.

We therefore investigated amplified spontaneous emission using close-
packed films of NPLs. We observed thresholds that were more than 4 times
lower than the best reported value for colloidal nanocrystals. Moreover,
gain in these films is 4 times higher than gain reported for other colloidal
nanocrystals, and saturates at pump fluences more than two orders

of magnitude above the ASE threshold. We attribute this exceptional
performance to large optical cross-sections, relatively slow Auger
recombination rates, and narrow ensemble emission linewidths.

9545-5, Session 1

Manipulating the spatial extent of the
exciton diffusion through QDs assembly
by controlling dimensionality, energy
landscape, and exciton density (/nvited
Paper)

Keiko Munechika, Jiye Lee, Dimitrios Simatos, Mauro Melli,
Steve Whitelam, Alexander Weber-Bargioni, The Molecular
Foundry (United States)

Semiconductor quantum dots are considered a promising material class with
the potential of highly tunable and novel optoelectronic properties. Recent
research efforts have shown that quantum dots, assembled in well-ordered
1D, 2D and 3D geometries have the potential to funnel excitons via Forster
Resonance Energy Transfer (FRET) through the nanocrystal composite.
Understanding the inter quantum dot coupling and the spatial extend of
exciton diffusion is key to design material for the deliberate control of
energy transport through them. In this regard, we study Forster Resonance
Energy Transfer (FRET) between CdSe quantum dots in a well-defined 2D
assembly with different interparticle distances. We then examine the spatial
extent of FRET coupling between quantum dots using confocal fluorescence
hyperspectral imaging. We spatially map out the degree of the coupling
between the neighboring quantum dots by exciting the quantum dots

at a known location and collect fluorescence signals at various distances
relative to the excitation. We show that by varying the dimensionality,
energy landscape, and exciton density, we are able to manipulate the spatial
extent of exciton diffusion through the QDs assembly. Modeling was done

in conjunction the experiments and well described our observations in each
case. The results provide in-depth understanding into the spatial extent of
exciton diffusion via FRET through ordered quantum dot assemblies and
provide useful insights in engineering nano-building structures to direct and
enhance the direction of the exciton transport to a preferred sites.

9545-6, Session 2

Nitride semiconductor nanostructures for
classical and quantum light generation
(Invited Paper)

Yong-Hoon Cho, KAIST (Korea, Republic of)

No abstract available
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9545-7, Session 2

Carrier localization in In-rich InGaN/GaN
multiple quantum wells for green light-
emitting

Hyun Jeong, Univ. de Technologie Troyes (France); Mun
Seok Jeong, Sungkyunkwan Univ. (Korea, Republic of);
Gilles Lerondel, Univ. de Technologie Troyes (France)

Carrier localization of In-rich InGaN/GaN MQWs was investigated via
spatially resolved optical characterization using NSOM and confocal TRPL.
To assess the correlation between carrier localization and crystal quality,
sapphire and GaN have been used as substrates for the growth of InGaN/
GaN MQWs. We found a strong correlation between the carrier localization
and the crystal quality based on temperature dependent PL results. The
distribution of luminescent clusters on both samples was shown to be quite
different as revealed by the NSOM analysis. The clear relation between the
luminescent clusters and the longer PL decay time regions strongly support
the claim that carrier localization is strongly affected by the crystal quality.
Accurate understanding of the optical characteristics of In-rich InGaN/GaN
MQWs is the way to overcome the “green gap” issue, which would ultimately
lead to pure white LEDs.

9545-8, Session 2

CdTe quantum dots fluorescent probes
for determination of 2,4-dichlorophenol
compounds based on the Fe(lll)PcTs-
BuOOH catalysis system

Tong Yilin, Hongqi Li, Haiging Chen, Hankou Univ. (China)

A new fluorescent probe based on the fluorescence of CdTe quantum

dot was established and studied for the determination of contaminant
2,4-dichlorophenol(DCP) compounds. In the presence of 4-AAP, DCP

was catalyzed by iron(ll) phthalocyanine (Fe(ll)Pc), the reaction product
dye was generated, which quenched the fluorescence of CdTe quantum
dots. t-BuOOH was added in the system to be as oxidizing agent, greatly
accelerated the oxidation effect of DCP. The water soluble CdTe quantum
dot was prepared. The effects of reaction conditions on the fluorescence
and catalysis oxidation of DCP were studied and the optimal reaction
conditions were obtained. In the concentration range of 1.0?10-6mol/
L~9.0?10-6mol/L and 1.0?10-5mol/L ~1.3?10-4mol/L, there is a good linear
relationship between the change value of CdTe quantum dot Fluorescence
intensity PO/P and DCP concentration. This method has good repeatability
and ability of resisting disturbance.

9545-9, Session 2

Nanostructured organosilicon
luminophores as a new concept of
nanomaterials for highly efficient down-
conversion of light

Sergey A. Ponomarenko, Institute of Synthetic Polymeric
Materials (Russian Federation) and Moscow State Univ.
(Russian Federation) and LumInnoTech LLC (Russian
Federation); Nikolay M. Surin, Oleg V. Borshchev, Maxim
S. Skoroteckiy, Institute of Synthetic Polymeric Materials
(Russian Federation) and LumlInnoTech LLC (Russian
Federation); Aziz M. Muzafaroy, Institute of Synthetic
Polymeric Materials (Russian Federation) and A.N.
Nesmeyanov Institute of Organoelement Compounds
(Russian Federation)
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Organic luminophores are widely used in various optoelectronic devices,
which serve for photonics, nuclear and particle physics, quantum
electronics, medical diagnostics and many other fields of science and
technology. Improving their spectral-luminescent characteristics for
particular technical requirements of the devices is a challenging task. In this
work we report on a new concept to universal solution of this problem by
creation of nanostructured organosilicon luminophores (NOLs), which are
a particular type of dendritic molecular antennas. A NOL consists of two
types of covalently bonded via silicon atoms organic luminophores with
efficient Forster energy transfer between them (Sci. Rep. 2014, 4, 6549).
They combine the best properties of organic luminophores and inorganic
quantum dots: high absorption cross-section, excellent photoluminescence
quantum yield, fast luminescence decay time, good processability and low
toxicity. A smart choice of organic luminophores allowed us to design and
synthesize a library of NOLs, absorbing from VUV to visible region and
emitting at the desired wavelengths having maxima varying from 390 to
650 nm. Using NOLs in plastic scintillators, widely utilized for radiation
detection and in elementary particles discoveries, led to a breakthrough

in their efficiency, which combines both high light output and fast decay
time. Moreover, for the first time plastic scintillators, which emit light in the
desired wavelength region ranging from 370 to 700 nm, have been created.
Thin films of NOLs themselves or their composites with optical plastics are
transparent, which leads to efficient down-conversion of light useful for
different types of optical detectors.

9545-10, Session 3

Terahertz devices based on carbon
nanomaterials (/nvited Paper)

Junichiro Kono, Rice Univ. (United States)

Carbon nanomaterials attract much attention due to novel electronic,
photonic, and mechanical properties that can find application in a variety
of devices. In particular, they have promising properties for developing
optoelec-tronic devices at long wavelengths, i.e., in the mid-infrared (MIR)
and terahertz (THz) ranges, including polarizers, modulators, detectors, and
sources. It has been predicted that they have superior performance over
existing devices in these ranges. In this talk, after reviewing the past, cur-
rent, and future of the THz science and technology of gra-phene and carbon
nanotubes, we will present some of our latest results on THz dynamic
conductivity and ultrafast carrier dynamic as well as THz devices including
polarizers, modulators, and detectors.

9545-11, Session 3

Theoretical design of nano-layered Al/
SiO2 metamaterial with hyperbolic
dispersion with minimum losses

Priscilla N. Kelly, Daniel White, Lyuba Kuznetsova, San
Diego State Univ. (United States)

Motivated by a greater need for increased performance in modern-day
technology, this paper will show the results of theoretical calculations for
the optical properties of Al/SiO2 nanolayered metamaterial with hyperbolic
dispersion. Our main focus is on finding the conditions for low losses since
losses might outweigh any increase in speed for use of metamaterial devices
today. Using the Effective Medium approximation (EMA) with non-local
corrections, we have investigated effect of three major variables (number
and thickness of the Al layers and Al fill fraction) on inherent losses and
hyperbolic dispersion. Our model predicts a variation of the dielectric
permittivity only in the perpendicular direction as the number of Al layers
changes. This is an important factor to consider when reducing losses. The
first of the trends is to find the saturation limit of non-local corrections

in Al/SiO2 layers. This will tell us when the number of layers reaches the
EMA, therefore the full range of optical effects Al/SiO2 layers is capable of.
The second and third effects, Al fill fraction with a fixed layer height and
thickness of a single layer in a sample of 20 layers, will be investigated to
minimize losses. Both of these effects determine the transition wavelength
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to hyperbolic dispersion which allows for fine tuning of this dispersion
for future applications. The paper will also discuss the repercussions
these properties will have on the manufacturing technigues and future
applications of Al/SiO2 devices.

9545-12, Session 3

Spectral tunability of the spacer layer in
metasurface absorbers

Kai Liu, Nan Zhang, Dengxin Ji, Haomin Song, Xie Zeng,
Qiaogiang Gan, Univ. at Buffalo (United States)

Potential solar energy applications of metamaterial absorbers require
spectrally tunable resonance to ensure the overlap with intrinsic absorption
profiles of active materials. Although those resonance peaks of metamaterial
absorbers can be tuned precisely by lithography-fabricated nanopatterns
with different lateral dimensions, they are too expensive for practical
large-area applications. In this work, we will report another freedom to
tune the spectral position of the super absorbing resonance, i.e. the spacer
thickness. The structure was fabricated by evaporating an optically opaque
metallic ground plate, a dielectric spacer layer, and a top metallic thin film
followed by thermal annealing processes to form discrete nanoparticles.
As the spacer thickness increases from 10-90 nm, two distinct shifts of

the absorption peak can be observed [i.e. a blue-shift for thinner (10-30
nm) and a red-shift for thicker spacer layers (30-90 nm)]. To understand
the physical mechanism, we characterized effective optical constants

of top nanopattern layer and loaded them into numerical simulation
models. A good agreement with experimental data was only observed in
the thick spacer region (i.e. 30-90 nm). The optical behavior for thinner
spacers cannot be explained by effective medium theory and interference
mechanism. Therefore, a microscopic study has to be performed to reveal
strongly coupled modes under metallic nanopatterns, which can be
interpreted as separate antennas strongly coupled with the ground plate.
Since the resonant position is sensitive to the spacer thickness, a tunable
super absorbing metasurface is realizable by introducing spatial tunable
materials like stretchable chemical/biomolecules.

9545-13, Session 3

Highly efficient excitonic emission of CBD
grown ZnO micropods

Roy Aad, Anisha Gokarna, Komla Nomenyo, Univ. de
Technologie Troyes (France); Patrice Miska, Univ. de
Lorraine (France); Wei Geng, Christophe Couteau, Gilles
Lérondel, Univ. de Technologie Troyes (France)

Due to its wide direct band gap and large exciton binding energy allowing
for efficient excitonic emission at room temperature, ZnO has attracted
attention as a luminescent material in various applications such as UV-light
emitting diodes, chemical sensors and solar cells. While low-cost growth
techniques, such as chemical bath deposition (CBD), of ZnO thin films and
nanostructures have been already reported; nevertheless, ZnO thin films and
nanostructures grown by costly techniques, such as metalorganic vapour
phase epitaxy, still present the most interesting properties in terms of
crystallinity and internal quantum efficiency.

In this work, we report on highly efficient and highly crystalline ZnO
micropods grown by CBD at a low temperature (< 90°C). XRD and low-
temperature photoluminescence (PL) investigations on as-grown ZnO
micropods revealed a highly crystalline ZnO structure and a strong UV
excitonic emission with internal quantum efficiency (IQE) of 10% at room
temperature. Thermal annealing at 900°C of the as-grown ZnO micropods
leads to further enhancement in their structural and optical properties.
Low-temperature PL measurements on annealed ZnO micropods showed
the presence of phonon replicas, which was not the case for as-grown
samples. The appearance of phonon replicas provides a strong proof of the
improved crystal quality of annealed ZnO micropods. Most importantly, low-
temperature PL reveals an improved IQE of 15% in the excitonic emission
of ZnO micropods. The ZnO micropods IQE reported here are comparable
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to IQEs reported on ZnO structures obtained by costly and more complex
growth technigues. These results are of great interest demonstrating that
high quality ZnO microstructures can be obtained at low temperatures using
a low-cost CBD growth technique.

9545-14, Session 3

High-speed tip-enhanced Raman imaging
(Invited Paper)

Marc Chaigneau, HORIBA Jobin Yvon S.A.S. (France);
Andrey V. Krayez, AIST-NT Inc. (United States); Ophélie
Lancry, HORIBA Jobin Yvon S.A.S. (France); Sergey A.
Saunin, AIST-NT Inc. (United States)

Tip Enhanced Raman Scattering (TERS), a technique that provides
molecular information on the nanometer scale, has been a subject of great
scientific interest for 15 years. But regardless of the recent achievements and
applications of TERS, ranging from material science and nanotechnology,
strain measurement in semiconductors, to cell biological applications, the
TERS technique has been hampered by extremely long acquisition times,
measured in hours, required for collection of reasonably high pixel density
TERS maps.

In this talk, specifics of the TERS setup that enable fast, high pixel density
nano-Raman imaging will be discussed: The innovative integration of
technologies brings high-throughput optics and high-resolution scanning
for high-speed imaging without interferences between the technigues.
The latest developments in near-field optical probes also provide reliable
solutions for academic and industrial researchers alike to easily get started
with nanoscale Raman spectroscopy. Thanks to those latest instrumental
developments, we will present the nanoscale imaging of chemical and
physical properties of graphene, carbone nanotubes and self-assembled
monolayers of organic molecules, with a spatial resolution routinely
obtained in TERS maps in the 15 - 20 nm range and a best resolution
achieved being of 7 nm

9545-15, Session 4

Design of metal/dielectric/nanocrystals
core/shell/shell nano-structures for the
fluorescence enhancement of cadmium-
free semiconductor nanocrystals (/nvited
Paper)

Théo Chevallier, G’illes Le Blevennec, Frederic Chandezon,
Commissariat a I’'Energie Atomique (France)

AgInS2-ZnS (ZAIS) quaternary semiconductors nanocrystals are versatile
cadmium-free luminescent nanomaterials that are ideal for the development
of innovative white-LED devices. By grafting ZAIS nanocrystals to carefully
chosen metal@dielectric core@shell nanoparticles, both the absorption and
emission processes can be tuned and enhanced. A simulation was used to
predict the nano-optical behavior of a silver@oxide@nanocrystals structures
and find the most efficient structures before synthesizing and testing them.

This study shows the potential of silver@oxide@ZAIS nanocrystals
nanostructures and highlights the use of simulation as a guiding tool for the
design of efficient photonic nanostructures targeting specific applications.

9545-16, Session 4

Adiabatic mode coupler on ion-exchanged
waveguides for the efficient excitation of
surface plasmon modes

Josslyn Beltran Madrigal, Univ. de Technologie Troyes
(France); Martin Berthel, Institut NEEL (France); Florent

help@spie.org 29



Conference 9545: Nanophotonic Materials XII

Gardillou, Teem Photonics S.A. (France); Ricardo Tellez
Limon, Christophe Couteau, Univ. de Technologie Troyes
(France); Denis Barbier, Teem Photonics S.A. (France);
Aurelien Drezet, Institut NEEL (France); Rafael Salas-
Montiel, Univ. de Technologie Troyes (France); Serge
Huant, Institut NEEL (France); Sylvain Blaize, Wei Geng,
Univ. de Technologie Troyes (France)

Several works have already shown that the excitation of plasmonic
structures through waveguides enables a strong light confinement and low
propagation losses [1]. This kind of excitation is currently exploited in areas
such as biosensing [2], nanocircuits[3] and spectroscopy[4].

The efficient excitation of surface plasmon modes (SPP) with guided
modes supported by high-index-contrast waveguides, such as silicon-on-
insulator waveguides, had already been shown [1,5]. However, the use of
weak-confined guided modes of a glass ion exchanged waveguide as a
SPP excitation source represents a technological challenge, because the
mismatch between the size of their respective electromagnetic modes

is so high that the resultant coupling loss is unacceptable for practical
applications.

In this work, we describe how an adiabatic taper structure formed by

an intermediate high-index-contrast layer placed between a plasmonic
structure and an ion-exchanged waveguide decreases the mismatch
between effective indices, size, and shape of the guided modes. This hybrid
structure concentrates the electromagnetic energy from the micrometer

to the nanometer scale with low coupling losses to radiative modes. The
electromagnetic mode confined to the high-index-contrast waveguide then
works as an efficient source of SPP supported by metallic nanostructures
placed on its surface.

We theoretically studied the modal properties and field distribution

along the adiabatic coupler structure. In addition, we fabricated a high-
index-contrast waveguide by electron beam lithography and thermal
evaporation on top of an ion-exchanged waveguide on glass. This structure
was characterized with the use of near field scanning optical microscopy
(NSOM). Numerical simulations were compared with the experimental
results.

[11 N. Djaker, R. Hostein, E. Devaux, T. W. Ebbesen, and H. Rigneault, and J.
Wenger, J. Phys. Chem. C 114, 16250 (2010).

[2] P. Debackere, S. Scheerlinck, P. Bienstman, R. Baets, Opt. Express 14,
7063 (2006).]

[3] A. A. Reiserer, J.-S. Huang, B. Hecht, and T. Brixner. Opt. Express 18(11),
11810-11820 (2010).

[4] R. Salas-Montiel, A. Apuzzo, C. Delacour, Z. Sedaghat, A. Bruyant et al.
Appl. Phys Lett 100, 231109 (2012)

[5] A. Apuzzo M. Févier, M. Salas-Montiel et al. Nano letters, 13, 1000-1006

9545-17, Session 4

Multiscale modeling of the plasmonic
and light trapping response of random
nanostructured TiO2-photoelectrodes

I[vonne Carvajal, George P. Demopoulos, Raynald Gauvin,
McGill Univ. (Canada)

Random nanostructured materials possess electromagnetic properties that
greatly differ from those of ordinary bulk materials. The capacity to control
the optical response of the material by tuning its internal structure has
rendered these architectures into a promising light trapping technology

for solar energy conversion and photocatalytic applications. However, a
rigorous electromagnetic computation of these structures in large-scale
systems is computationally demanding and impractical. Here, we present

a multiscale optical model approach to study random nanostructured
TiO2-photoelectrodes for solar cell applications. In this approach, Maxwell’s
electromagnetic equations are solved with the generalized-multiparticle-Mie
theory for a system of aggregated TiO2 nanoparticles in a subwavelength
volume. The results are then implemented in a Monte Carlo algorithm to
simulate the propagation of light within the photoelectrode. We investigate
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the influence of the TiO2 crystal phase, porosity, and pore and particle size
distributions on the photoelectrode transmitted, reflected and absorbed
spectra. Results of the simulations agree with the observed experimental
data. We show that careful engineering of the internal structure and of the
photoelectrode gives accurate control on the coupling of incident light with
the nanostructured film over the UV to near-IR spectrum range that can
lead to enhanced solar energy conversion efficiency. Our approach provides
for the first time insight into the spatial distribution of electron generation
within the photoelectrode that is of great importance for the design and
optimization of the photoelectrode. Finally, we show the potential of this
model to investigate randomly structured materials composed of nanowires.

9545-18, Session 4

New design of photonic band gap filter:
the random dimer effect

Brezini Abderrahmane, Univ. d’Oran (Algeria); Fares
Kanouni, Ctr. de Recherche (Algeria); Qin Zou, Institut
Telecom Sud Paris (France)

A new type of optical filter using photonic band gap materials is suggested.
We consider photonic superlattices composed of two alternating photonic
crystals. The structure is denoted as A/B/A/B......A/B, where photonic
crystals A and B act as photonic wells and barriers, respectively. The
propagation of electromagnetic waves in such one dimensional disordered
photonic crystal is investigated by means the transfer matrix formalism.

In particular the presence of short range correlation in disorder into the
sample induces the suppression of localization. By introducing a short range
intentionally binary disorder provides predicted resonance breaking down
the Anderson localization. By properly adjusting the intrinsic dimer unit cell
parameter i.e. dimer dielectric constants ?d, light can be transmitted over
the whole sample with a very large localization length ? through a ballistic
canal. Such findings open up possibilities in performing new design optical
filter. Moreover with increasing the degree of disorder, by means the dimer
concentration cd and the period number N, the quality in transmitting

light around the resonance is significantly improved with the smoother
corresponding allowed mini band.

9545-19, Session 4

Optical properties of polyaniline-coated
silica spheres: aging effect in acetone

Byeong-Wu Kim, Sang-Jo Kim, So-Yeon Kang, Sang-Hyeon
Moon, Eun-Hye Park, Kwang-Sun Kang, Kyungil Univ.
(Korea, Republic of)

Polyaniline (PAn)-coated silica spheres have been synthesized by attaching
various amounts of N-[3-(trimethoxysilyDpropyl]aniline (TMSPA) and
polymerizing with ammonium persulfate. The ratios of tetraethoxy
orthosilicate and TMSPA were 10:1 (PAn-A), 5:1 (PAn-B), and 3:1 (PAn-C).
After polymerization of the aniline moieties the -OH absorption peak
drastically reduced and the new sharp peaks appeared at 1398 cm-1 and

617 cm-1 representing C-N and C-S stretching vibrations, respectively. The
polymerized spheres were soaked into the acetone for three months. New
absorption peak at 1712 cm-1 representing C=0 stretching vibration of an
ester appears after three months storage in acetone and becomes stronger
with the smaller amount of PAn. Although the sphere film color is gray
when it is dried, the color turned to dark when it was wetted with methanol.
Complicated solvatochromic behavior was observed for whole UV-visible
range depending on the solvent. The solution color changed from clear to
dark brown, brown, and yellow for the PAnA, PAnB and PANC, respectively.
The absorption peaks of the dried solution for PAn-A and PAn-B at 3230,
2972, 2926, 1712, 1434/1377, and 1051 cm-1 represent C-OH, R-CH3, R2-CH2,
-C=0, C-H, and Si-O-Si absorption, respectively. Photoluminescence peak of
the solution shifted toward longer wavelength with the decrease the amount
of PAn. The sequence of the amount of new material formation is PAn-A >
PANn-B > PAn-C.
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9545-30, Session PWed

Investigation of Ta nanoparticles
characteristics produced by laser ablation
method

Fariba Azadi Kenari, Mohammad Reza Hantehzadeh,
Islamic Azad Univ. (Iran, Islamic Republic of)

In this paper the characteristics of Tantalum nano particles produced by
laser ablation method is investigated experimentally with a first harmonic of
a Q-switched Nd:YAG laser of 1064 nm wavelengths at 6 ns pulse. Spherical
nano particles of Ta have been produced successfully by using a 17cm?"2

Ta bulk plate in Ethanol.The fluency of laser is 105 j/?cm?"(-2) .By using
some molecular-scale devices such as transmission Electron Microscopy
(TEM),photo luminescence (PL), X-ray diffraction (XRD) and absorption
spectroscopy we determined the optical characteristic, size, band gap
energy,crystlline characteristics and size of nano particles.And at the end,
some applications of Ta have been noticed.

9545-31, Session PWed

Resonant tunneling in 2D-photonic
superlattices

Fares Kanouni, Ctr. de Développement des Téchnologies
Avancées (Algeria); abderrahmane Brezini, Thin films

and nanostructures Laboratory LaMiN, Polytechnic
School, Oran, 31000, Algeria (Algeria); fahima arab,
radouane graine, Ctr. de Développement des Téchnologies
Avancées/ research unit in optics and photonics (Algeria)

Transmissions and resonant tunneling of two-dimensional (2D) photonic
superlattices (PhSLs) are discussed. We consider PhSL composed of two
alternating 2D-photonic crystals. The structure is denoted as A/B/A/B......
A/B, where photonic crystals A and B act as photonic wells and barriers,
respectively. The transmission coefficient is calculated using the Transfer
Matrix Method (TMM) in combination with Bloch theorem. The transmission
spectra of the PhSLs indicate that the formation of photonic minibands and
minigaps inside the wells. The positions and number of the minibands can
be artificially tuned by varying the well width. By appropriately choosing the
structure parameters, these interesting results can be used to develop new
photonic devices.

9545-32, Session PWed

Broadband ENZ metamaterials based on
metal-polymer composite films

Pavlo Pinchuk, Ke Jiang, Univ. of Colorado at Colorado
Springs (United States)

Epsilon-near-zero metamaterials are of interest for a broad range of
potential applications in photonics, photovoltaics, and communications.

In this work we present the experimental and theoretical results on

a broadband ENZ metamaterial composite film based on gold metal
nanoparticles of different sizes embedded in a polymer thin film. Gold
metal nanoparticles of the sizes ranges 10 - 50 nm were synthesized using
chemical reduction of gold chloride with borohydride. The solutions of the
nanoparticles were characterized by using the UV-VIS spectroscopy, DLS,
and SEM microscopy. The nanoparticles were then mixed and embedded
into composite thin polymer films. The thin films were characterized by UV-
VIS spectroscopy. The optical absorption spectra were then used to retrieve
the complex dielectric permittivity of the solutions of the nanoparticles and
the composite thin films by using Kramers-Kronig integrals. The Maxwell-
Garnett effective medium theory was then used to calculate the effective
complex dielectric permittivity of the composite polymer films.
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9545-33, Session PWed

Using of radiation intensity dependence
on excitation level for the analysis of
surface plasmon resonance effect on ZnO
luminescence

Stepan I. Rumyantsev, Mikhail V. Ryzhkov, Charus

M. Briskina, Valery M. Markushey, Institute of Radio
Engineering and Electronics (Russian Federation); Andrey
P. Tarasov, Moscow Institute of Physics and Technology
(Russian Federation) and Institute of Radio Engineering
and Electronics (Russian Federation); Andrey A. Lotin,
Institute on Laser and Information Technologies (Russian
Federation)

For the analysis of surface plasmon (SP) resonance effect on ZnO
luminescence the system of rate equations (SRE) is proposed. It contains

a set of parameters that characterizes processes participating in
luminescence: zone-zone excitation, excitons formation and recombination,
formation and disappearance of photons and SP. It is shown that utilizing
SRE experimental ZnO microstructure radiation intensity dependence

on photoexcitation level can be approximated. Thus the values of these
parameters can be estimated and used for luminescence analysis.

This approach was tested on ZnO microfilms with different thickness of Ag
island film covering. It was revealed that the increase of cover thickness
leads to the increase of losses and probability of photons to SP conversion
decrease.

Based on SRE parameters dependence of luminescence intensity of ZnO
microstructures covered by Ag with MgO spacer on its thickness was
simulated. It turns out that it is possible to obtain the result near to the
experimental one if we assume exponential decrease of probability of
photons hit in Ag-cover with the increase of spacer thickness.

In order to take into account visible emission rate equations for levels
populations in energy gap and for corresponding photons and SP

were added to SRE. Using such SRE it is shown that the form of visible
luminescence intensity dependence on excitation level (P) like (P) raised to
the power of 1/3 as obtained elsewhere (Studenikin et al., J.Appl.Phys.91,
5060, 2002) is possible only for emission of donor-acceptor pairs.

9545-34, Session PWed

Visible-light response of TiO2
photocatalysts introduced by annealing

Fangzhou Liu, The Univ. of Hong Kong (Hong Kong,
China); Mu Yao Guo, Alan Man Ching Ng, South Univ. of
Science and Technology of China (China) and The Univ.

of Hong Kong (Hong Kong, China); Aleksandra B. Djuri?i?,
Wai Kin Chan, The Univ. of Hong Kong (Hong Kong, China)

TiO2 has been one of the most investigated photocatalysts for its high
effectiveness and efficiency for degradation of various organic compounds.
Several major crystal phases of TiO2, such as anatase and rutile, as well as
the commercially available form with mixed phases, all exhibit considerable
photocatalytic activities. However, due to their large band-gaps, these TiO2
forms are primarily active under UV illumination which only accounts for a
very small portion of solar energy.l To overcome this restriction, efforts have
been made by doping TiO2 with metal or non-metal atoms, coupling with
narrow band-gap materials, oxygen deficiency, as well as the investigation
of carbon-titania composites.] Oxygen deficient TiO2 has been reported

as a visible-light-active photocatalyst due to the midgap states below

the conduction band introduced by oxygen vacancies.2 Based on this
understanding, various techniques can be utilized to enable visible-light
photoactivity of TiO2 materials.

In this work, we proposed a simple approach to obtain visible-light-
responsive TiO2 photocatalysts. TiO2 nanoparticles with different crystal
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phases (anatase, rutile, and anatase-rutile mixture) were annealed together
with Cu foil in vacuum at specified temperatures. The as-fabricated samples
exhibited enhanced photocatalytic activities under solar illumination with
UV block filter compared to initial materials. Other characterizations were
performed to detect the changes of the materials corresponding to visible-
light activation. Possible mechanisms were explained in detail.

References
1. Fujishima, A., Zhang, X., Tryk, D. A., Surf. Sci. Rep. 63, 515-582 (2008).

2. Lin, Z., Orlov, A., Lambert, R. M., Payne, M. C,, J. Phys. Chem. B 109,
20948-20952 (2005).

9545-35, Session PWed

Photovoltaic study of dye sensitized
solar cells based on TiO2, ZnO:Al3+
nanoparticles

Ruben A. Rodriguez-Rojas, Humberto E. Sanchez, Jesus
Castafieda-Contreras, Virginia F. Marafion-Ruiz, Héctor
Pérez Ladrén de Guevara, Univ. de Guadalajara (Mexico);
Tzarara Lépez-Luke, Elder De la Rosa-Cruz, Ctr. de
Investigaciones en Optica, A.C. (Mexico)

A technigue to fabricate dye (rhodamine B) sensitized solar cells based

on titania oxide and zinc oxide nanoparticles is reported. The TiO2 was
synthesized using the sol-gel method and the ZnO was synthesized

by hydrolysis method to obtain nanoparticles of ~ 5 nm and 150 nm
respectively. ZnO was doped with Al3+ in order to enhance the photovoltaic
efficiency in order to promote the electrons mobility. The photovoltaic
conversion characterization of films of TiO2, ZnO and ZnO:Al3+
nanoparticles is also reported. The generated photocurrent was measured
by two methods; one of those uses a three electrode electrochemical cell
and the other use an electronic array where the cells were exposed to UV
lamp and the sun light. The role of the TiO2, ZnO and Al3+ doped ZnO
nanoparticles is discussed to obtain a better efficiency in the generation of

photocurrent (PC). The results exhibited by the electrochemical cell method,

efficiencies of 0.55 (PC=187 uA/cm2) and 0.22 (PC=149 uA/cm?2) for Ti02
and undoped ZnO respectively. However, when ZnO is doped with Al3+ at
the higher concentration the efficiency was 0.44. While using the electronic
array the results exhibited efficiencies of 0.31 (PC=45 uA/cm2) and 0.09
(PC=16 uA/cm2) for TiO2 and undoped ZnO respectively. However, when
ZnO is doped with Al3+ at the higher concentration the efficiency was 0.44
and 0.48 for electrochemical cell and electronic array respectively. This
shows that Al3+ enhances the photogenerated charge carriers increasing
the mobility of electrons.

9545-36, Session PWed

Photodisaggregation of silver
nanoparticles suspended in ethanol

Gabriel J. Ortega, Alfonso Padilla-Vivanco, Carina Toxqui-
Quitl, Univ. Politécnica de Tulancingo (Mexico); Placido
Zaca, Fernando Chavez, Benemérita Univ. Auténoma de
Puebla (Mexico); O. Goiz, Instituto Politécnico Nacional
(Mexico)

An experimental study about of aggregation and disaggregation of silver
nanoparticles suspended in ethanol is presented. Disaggregate process is
implemented when a non-colloidal solution of silver nanoparticles whose
size are less than 100 nm is irradiated with a pulsed laser via an optical
fiber. Results show that, it is possible to disaggregate and aggregate
nanoparticles with certain sizes only by controlling the laser energy. A
colloidal solution with a spectrum extinction characteristic and particular
color is obtained when a non-colloidal solution is irradiated with a laser
energy greater than 100 nJ. Furthermore, we also show that, the laser light
also provokes aggregation of silver nanoparticles with certain sizes when
a colloidal solution is irradiated with an energy laser greater than 100 nJ.
Experimental results are presented.
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9545-37, Session PWed

Suppressing spontaneous polarization
of p-GaN by graphene oxide passivation:
augmented light output of GaN UV-LED

Hyun Jeong, Univ. de Technologie Troyes (France); Mun
Seok Jeong, Sungkyunkwan Univ. (Korea, Republic of)

GaN-based ultraviolet (UV) LEDs are widely used in numerous applications,
including white light pump sources and high-density optical data storage.
However, one notorious issue is low hole injection rate in p-type transport
layer due to poorly activated holes and spontaneous polarization, giving
rise to insufficient light emission efficiency. Therefore, improving hole
injection rate is a key step towards high performance UV-LEDs. Here, we
report a new method of suppressing spontaneous polarization in p-type
region to augment light output of UV-LEDs. This was achieved by simply
passivating graphene oxide (GO) on top of the fully fabricated LED. The
dipole layer formed by the passivated GO enhanced hole injection rate by
suppressing spontaneous polarization in p-type region. The homogeneity
of electroluminescence intensity in active layers was improved due to band
filling effect. As a consequence, the light output was enhanced by 60% in
linear current region. Our simple approach of suppressing spontaneous
polarization of p-GaN using GO passivation disrupts the current state of the
art technology and will be useful for high-efficiency UV-LED technology.

9545-38, Session PWed

A simple method for p-type doping of
monolayer MoS2 using graphene oxide

Hye Min Oh, Young Hee Lee, Mun Seok Jeong,
Sungkyunkwan Univ. (Korea, Republic of)

We propose a novel and simple method for p-type doping of monolayer
MoS2 by spin-casting of graphene oxide sheet (GO). The GO sheets act

as a p-type dopant because of their large number of functional groups,
which exhibit electron-withdrawing characteristics. Increased PL intensity
and shifted peak positions in the PL and Raman spectra, which served

as evidence of the p-type doping of the MoS2, were clearly observed.
Moreover, the current versus voltage curves recorded for backward

and forward bias also confirmed the rectifying behavior of a MoS2 p-n
junction diode. The observed p-type doping effect can be explained by the
numerous electron-withdrawing groups present on GO sheets. Moreover,
using confocal PL/Raman spectroscopic analysis, we observed that the
p-type doping of MoS2 is extremely sensitive to the thickness of the
coated GO sheets. Our technique for the p-type doping of MoS2 through
contact with GO sheets offers remarkable advantages for optoelectronic
applications; the process is simple and low in cost, and it allows the large-
scale fabrication and the modulation of doping concentration by controlling
the thickness of the coated GO sheets.

9545-39, Session PWed

Determination of refractive index

and absorbance modulation
amplitudes from angular selectivity of
holograms in polymer material with
phenanthrenequinone

Vladimir N Borisov, Andrey N Veniaminov, ITMO University
(Russian Federation)

Amplitude and phase contributions to mixed volume holographic gratings
were extracted from measured contours of angular selectivity. Holograms
for the investigation were recorded in the glassy polymer material with
phenanthrenequinone (PQ) using the DPSS CW laser (532 nm) and then
self-developed due to molecular diffusion of PQ, reaching diffraction
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efficiency about 40%. Refractive index and absorbance modulation
amplitudes of those holograms were obtained as adjustable parameters
from theoretical equations by fitting angular dependences of zeros and

1st orders diffraction efficiency measured at 450, 473, 532, and 633 nm at
the different stages of hologram development. Mixed gratings manifest
themselves in asymmetrical transmittance selectivity contours with one
minimum and one maximum shifted with respect to the Bragg angle, while
symmetrical contours with a minimum or a maximum are characteristic of
pure phase and amplitude gratings, respectively. In the course of hologram
development, it converts from a predominantly amplitude-mixed to almost
purely phase one in the case of readout using a light within the absorption
band of PQ and maintains the phase nature besides it. The value of
refractive index amplitude is ranging from 5?10-6 to 10-4 and the value of
absorbance amplitude is up to 140 m-1.

9545-40, Session PWed

Synthesis, characterization, and electrical
properties of Pd doped ZnO nanoparticles
with enhanced visible light phtocaralytic
activity

Omar Abdullah Al-Hartomy, Mohammad Mujahid, Univ. of
Tabuk (Saudi Arabia)

Synthesis of pure and Pd doped ZnO has been carried out using easy
hydrothermal method which is less time-consuming, inexpensive and

give high yields. The synthesized materials are characterized by standard
analytical techniques, such as X- ray Diffraction analysis (XRD), Scanning
Electron Microscopy (SEM), Transmission Electron Microscopy (TEM) and
UV-Visible Spectroscopy. The XRD analysis shows no change in crystal
structure of ZnO after doping with different concentration of Pd indicating
single phase polycrystalline material. The SEM images confirm that Pd

are well incorporated on the surface of ZnO. The UV-Visible absorption
analysis technique indicate that the doping of Pd into the ZnO lattice shift
the absorption band towards the visible region. The electrical properties of
the synthesized particle have been performed by monitoring the dielectric
constant (?), dielectric loss (tan ?) and ac conductivity with respect to
frequency. The dielectric constant and dielectric loss decreases with the
increase in frequency upto certain limit, after then on further increase in
frequency, they became independent. The a.c. conductivity increases with
the increase of frequency. The dielectric property also decreases by increase
of the dopant concentration.

9545-20, Session 5

Rh6G released from solid and nanoporous
SiO2 spheres prepared by sol-gel route

Jorge A. Garcia-Macedo, Pedro Francisco-Santiago,
Alfredo Franco, Univ. Nacional Auténoma de México
(Mexico)

Porous silica nanoparticles are considering good systems for drug cargo and
liquid separation. In this work we studied the release of rhodamine 6G from
solid and porous silica nanoparticles. Solid SiO2 spheres were prepared by
sol-gel method. Nanoporous channels were produced by using a surfactant
that was removed by chemical procedure. Rh6G was incorporated into

the channels by impregnation. The hexagonal structure of the pores was
detected by XRD and confirmed by HRTEM micrographs. N2 adsorption-
desorption isotherm Type V, was obtained by BET in the nanoporous
particles. Surface area was bigger in the nanoporous spheres than in the
solid ones. Rh6G released from the particles by stirring them in water at
controlled speed was studied as function of time by photoluminescence.
Released ratio was faster in the solid nanoparticles than in the porous ones.
In the last case, a second release mechanism was observed. It was related
with rhodamine coming out from the porous.
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9545-21, Session 5

Fabrication and characterization of
p-Zn0:(P,N)/n-ZnO:Al homojunction ultra-
violet (UV) light emitting diodes

Amiruddin Rafiudeen, T. Srinivasa Reddy, Shaheer
Cheemadan, M.C. Santhosh Kumar, National Institute of
Technology, Tiruchirappalli (India)

Zn0 possess distinctive characteristics such as low cost, wide band gap
(3.36 eV) and large exciton binding energy (60meV). As the band gap lies
in ultra violet (UV) region, ZnO is considered as a novel material for the
fabrication of ultra violet light emitting diodes (UV-LEDs). However, ZnO
being intrinsic n-type semiconductor the key challenge lies in realization of
stable and reproducible p-type ZnO. In the present research dual acceptor
group-V elements such as P and N are simultaneously doped in ZnO films to
obtain the p-type characteristics. The deposition is made by programmable
spray pyrolysis technique upon glass substrates at 697K. The optimum
doping concentration of P and N were found to be 0.75 at% which exhibits
hole concentration of 4.48 x 10*18 cm-3 and resistivity value of 9.6 Q.cm.
The deposited p-ZnO were found to be stable for a period over six months.
Highly conducting n-type ZnO films is made by doping aluminum (3 at%)
which exhibits higher electron concentration of 1.52 x 10"19 cm-3 with lower
electrical resistivity of 3.51 x 10-2 Q.cm. The structural, morphological,
optical and electrical properties of the deposited n-ZnO and p-ZnO thin
films are investigated. An efficient p-n homojunction has been fabricated
using the optimum p-ZnO:(P,N) and n-ZnO:Al layers. The current-voltage
(I-V) characteristics show typical rectifying characteristics of p-n junction
with a low turn on voltage. Electroluminescence (EL) studies reveals the
fabricated p-n homojunction diodes exhibits strong emission features in
ultra-violet (UV) region around 378 nm.

9545-22, Session 5

Control of photoinduced fluorescence
enhancement of colloidal quantum dots
using metal oxides

Seyed M. Sadeghi, Waylin J. Wing, Kira Patty, The Univ. of
Alabama in Huntsville (United States)

It is well known that irradiation of colloidal quantum dots can dramatically
enhance their emission efficiencies, leading to so-called photoinduced
fluorescence enhancement (PFE). This process is the result of the
photochemical and photophysical properties of quantum dots and the

way they interact with the environment in the presence of light. In this
contribution we will discuss the results of our recent investigations
regarding the impact of metal oxides on PFE of quantum dots. For this,
using spectroscopic techniques, we investigated emission of different
types of quantum dots (with and without shell) in the presence of various
types of metal oxides while being irradiated with a laser field. We observed
significant increase of PFE when quantum dots are deposited on about
one nanometer of aluminum oxides, suggesting such oxide can profoundly
increase quantum yield of such quantum dots. On the other hand, copper
oxide can lead to significant suppression of emission of quantum dots,
making them nearly completely dark. We discovered for certain types of
guantum dots, aluminum oxide can be used to reduce the adverse impact
of photo-oxidation, allowing reduction of quantum dot core sizes without
significant increase of their non-radiative decay rates. We discuss these
results in terms of impact of aluminum oxide on coulomb blockade caused
by photo-ionization in quantum dots and the way laser intensity influence
this process. The results of this study show how metal oxides can be used to
induce or accelerate certain types of photo-induced processes in quantum
dots, providing us unique tools to explore and utilize their photophysics and
photochemistry.
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9545-23, Session 5

Optical thin film materials and devices
for harsh environment, high temperature
sensing applications

Paul R. Ohodnicki Jr., Zsolt Poole, Thomas Brown, John
Baltrus, National Energy Technology Lab. (United States);
Kevin Chen, Aidong Yan, Univ. of Pittsburgh (United
States)

Optical sensors display a number of advantages for extreme temperature,
harsh environment sensing applications. A research program has therefore
been established at the National Energy Technology Laboratory in the

area of functional optical sensor materials for harsh environment sensing
applications. The presentation will provide an overview of research technical
developments in the specific area of optical nanocomposite based sensing
layers consisting of metal oxides integrated with noble metal nanoparticles
for optical H2 sensing applications at ambient and elevated temperatures.

Two different types of functional sensor layers will be investigated, namely
(1) Pd and AuPd-alloy nanoparticle incorporated silica based sensing
layers as well as (2) Pd / nanostructured TiO2 based sensing layers. Film
characterization results will be presented for films deposited on planar
substrates and characteristic elevated temperature sensing responses for
fabricated prototype sensors will be presented at temperatures that are
relevant for typical fuel gas streams in solid oxide fuel cell applications,
for example. The results demonstrate that in the presence of oxidizing

gas species at elevated temperatures, oxidation and reduction reactions
of Pd-based nanoparticles can play a significant or even dominant role in
the measured sensing response. In the absence of oxidizing gas species,
responses are likely to be dictated by a combination of characteristic
absorption of the oxide matrix and/or the direct interaction of H2 with the
Pd-based nanoparticles. Theoretical modeling results that help to explain
the reported observations will also be discussed.

9545-24, Session 5

Enhanced luminescence excitation via
efficient optical energy transfer (/nvited
Paper)

Roy Aad, Komla D. Nomenyo, Univ. de Technologie Troyes
(France); Bogdan Bercu, Univ. de Reims Champagne-
Ardenne (France); Christophe Couteau, Univ. de
Technologie Troyes (France); Vincent Sallet, Univ. de
Versailles Saint-Quentin-en Yvelines (France); David J.
Rogers, Nanovation (France); Michael Molinari, Univ. de
Reims Champagne-Ardenne (France); Gilles Lérondel,
Univ. de Technologie Troyes (France)

Luminescent nanoscale materials (LNMs) have received widespread
interest in sensing and lighting applications due to their enhanced emissive
properties. For sensing applications, LNMs offer improved sensitivity and
fast response time which allow for lower limits of detection. Meanwhile,

for lighting applications, LNMs, such as quantum dots, offer an improved
internal quantum efficiency and controlled color rendering which allow

for better lighting performances. Nevertheless, due to their nanometric
dimensions, nanoscale materials suffer from extremely weak luminescence
excitation (i.e. optical absorption) limiting their luminescence intensity,
which in turn results in a downgrade in the limits of detection and external
quantum efficiencies. Therefore, enhancing the luminescence excitation is a
major issue for sensing and lighting applications.

In this work, we report on a novel photonic approach to increase the
luminescence excitation of nanoscale materials. Efficient luminescence
excitation increase is achieved via a gain-assisted waveguided energy
transfer (G-WET). The G-WET concept consists on placing nanoscale
materials atop of a waveguiding active (i.e. luminescent) layer with optical
gain. Efficient energy transfer is thus achieved by exciting the nanoscale
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material via the tail of the waveguided mode of the active layer emission.
The G-WET concept is demonstrated on both a nanothin layer of fluorescent
sensitive polymer and on CdSe/ZnS quantum dots coated on ZnO thin

film, experimentally proving up to an 8-fold increase in the fluorescence

of the polymer and a 3-fold increase in the luminescence of the CdSe/ZnS
depending of the active layer emission regime (stimulated vs spontaneous
emission). Furthermore, we will discuss on the extended G-WET concept
which consists on coating nanoscale materials on a nanostructured active
layer. The nanostructured active layer offers the necessary photonic
modulation and a high specific surface which can presumably lead to a more
efficient G-WET concept. Finally, the efficiency as well as the observation
conditions of the GWET will be discussed and compared with more
conventional charge transfer or dipole-dipole energy transfer.

9545-25, Session 6

Optical property tuning of bismuth
chalcogenides using chemical intercalation
(Invited Paper)

Jie Yao, Univ. of California, Berkeley (United States)

Two-dimensional (2D) materials with natural layer structures have been
proven to provide extraordinary physical and chemical properties. Bismuth
chalcogenides are examples of such two-dimensional materials. They are
strongly bonded within layers and weak van der Waals interaction ties
those layers together. Such naturally layered structure allows chemical
intercalation of foreign atoms into the van der Waals gaps. Here, we show
that by adding large number of copper atoms into van der Waals gaps of
bismuth chalcogenides, we observed counter-intuitive enhancement of
optical transparency together with improved electrical conductivity, which
is on the contrary to most bulk materials in which doping reduces the light
transmission. This surprising behavior is caused by substantial tuning of
material optical property and nanophotonic anti-reflection effect unique to
ultra-thin nanoplates. With the intercalation of copper atoms, large number
of electrons have been added into the semiconducting material system and
effectively lift the Fermi level of the resulting material to its conduction
band, as proved by our density-functional-theory computations. Occupied
lower states in the conduction band do not allow the optical excitation

of electrons in the valence band to the bottom of the conduction band,
leading to an effective widening of optical band gap. Optical transmission is
further enhanced by constructive interference of reflected beams as bismuth
chalcogenides have large permittivity than the environment. The synergy
of these two effects in two-dimensional nanostructures can be exploited
for various optoelectronic applications including transparent electrode. The
reversible intercalation process allows potential dynamic tuning capability.

9545-26, Session 6

Utilizing homogenous FRET to extend
molecular photonic wires beyond 30 nm

Sebastian A. Diaz, Susan Buckhout-White, Mario G.
Ancona, Joseph S. Melinger, Igor L. Medintz, U.S. Naval
Research Lab. (United States)

Molecular photonic wires (MPWSs) present interesting applications in energy
harvesting, artificial photosynthesis, and nano-circuitry. MPWs allow the
directed movement of energy at the nanoscopic level. Extending the length
of the energy transfer with a minimal loss in efficiency would overcome an
important hurdle in allowing MPWs to reach their potential. We investigated
Homogenous Forster Resonance Energy Transfer (HomoFRET) as a

means to achieve this goal. We designed a simple, self-assembled DNA
nanostructure with specifically placed dyes (Alexa488-Cy3-Cy3.5-Alexa647-
Cy5.5) at a distance of 3.4 nm, a separation at which energy transfer should
theoretically be very high. The input of the wire was at 466 nm with an
output up to 697 nm. Different structures were studied where the Cy3.5
section of the MPW was extended from one to six repeats. We found that
though the efficiency cost is not null, HomoFRET can be extended up

to six repeat dyes with only a 22% efficiency loss when compared to a
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single step system. The advantage is that these six repeats created a MPW
which was 17 nm longer, almost 2.5 times the initial length. To confirm the
existence of HomoFRET between the Cy3.5 repeats fluorescence lifetime
and fluorescence lifetime anisotropy was measured. Under these conditions
we are able to demonstrate the energy transfer over a distance of 30.4 nm,
with an end-to-end efficiency of 2.0%, by utilizing a system with only five
unique dyes.

9545-27, Session 6

TiO2 membranes for concurrent
photocatalytic organic degradation and
corrosion protection

Robert Liang, Melisa Hatat, Horatio He, Y. Norman Zhou,
Univ. of Waterloo (Canada)

Organic contaminants and corrosion products in water treatment effluents
are a current and emerging global problem and the development of
effective methods to facilitate the removal of organic contaminants and
create effective corrosion control strategies are required to mitigate this
problem. TiO2 nanomaterials that are exposed to UV light can generate
electron-hole pairs, which undergo redox reactions to produce hydroxyl
radicals from adsorbed molecular oxygen. They hydroxyl radicals are able
to oxidize organic contaminants in water. This same process can be used

in conjunction to protect metals from corrosion via cathodic polarization.
In this work, TiO2 nanomaterials were synthesized and deposited as films
on conductive substrates via electrophoretic deposition. These films

were characterized for their material and structural properties using XRD,
XPS, and SEM. An illuminated TiO2 film on a conductive surface served

as the photoanode and assisted in the cathodic protection of steel and

the degradation of organic pollutants, in this case glucose. This proof-of-
concept relied on photoelectrochemical experiments conducted using a
potentiostat and a xenon lamp illumination source to mimic solar radiation.
The open-circuit potential changes along with weight loss measurements
was measured and determined whether a metal was protected from
corrosion under illumination. The electrical characteristics of the TiO2 film or
membrane under dark and arc lamp illumination conditions were analyzed
using electrochemical impedance spectroscopy. Furthermore, the effect of
organic contaminants on the photocathodic protection mechanism and the
oxidation of glucose during this process were explored.

9545-28, Session 6

Optically active quantum dots
Yurii K. Gun’ko, Trinity College Dublin (lreland)

The main goal of our research is to develop new types of technologically
important optically active quantum dot (QD) materials, study their
properties and explore their applications. For the first time chiral 1I-VI

QDs (penicillamine stabilised) have been prepared by us using microwave
induced heating with the racemic (Rac), D- and L-enantiomeric forms of
penicillamine as stabilisers. Circular dichroism (CD) studies of these QDs
have shown that D- and L-penicillamine stabilised particles produced mirror
image CD spectra, while the particles prepared with a Rac mixture showed
only a weak signal. It was also demonstrated that these QDs show very
broad emission bands between 400 and 700 nm due to defects or trap
states on the surfaces of the nanocrystals. These QDs have demonstrated
highly specific chiral recognition of various biological species including
aminoacids and DNA. The utilisation of chiral stabilisers also allowed the
preparation of new water soluble white emitting CdS nano-tetrapods,
which demonstrated circular dichroism in the band-edge region of the
spectrum. Biological testing of chiral CdS nanotetrapods displayed a chiral
bias for an uptake of the D- penicillamine stabilised nano-tetrapods by
cancer cells. Then we have developed a range of ZnS and ZnSe based
chiral nanostructures have doped them by various metal ions. These
nanostructures have been used for in vitro photodynamic therapy studies.
It is expected that this research will open new horizons in the chemistry of
chiral nanomaterials and their application in nanobiotechnology, photonics,
medicine and optical chemo- and bio-sensing.
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9546-1, Session 1

Meta-infrared detectors for 4th generation
infrared imagers (/nvited Paper)

Sanjay Krishna, The Univ. of New Mexico (United States)

There is an increased emphasis on obtaining detectors with spectro-
polarimetric functionality at the pixel level. Meta-infrared detectors in
which infrared detectors are combined with metamaterials are a promising
way to realize this. The infrared region is appealing due to the low metallic
loss, large penetration depth of the localized field and the larger feature
sizes compared to the visible region. We will discuss approaches to realize
multicolor detectors using these approaches.

9546-2, Session 1

Wideband and wide angle thermal
emitters for use as lightbulb filaments

Christopher H. Granier, Simon G. Lorenzo, Jonathan P.
Dowling, Georgios Veronis, Louisiana State Univ. (United
States)

Lighting is a field that has been widely researched. Recently this research
has been focused on creating energy-efficient visible light sources. One of
the most recently commercially introduced products is the light emitting
diode (LED) bulb, which is highly energy efficient; however, these bulbs are
extremely expensive. Compact fluorescent bulbs (CFL) are energy-efficient
and less expensive. While CFL bulbs are cheaper than LED bulbs, they
contain toxic mercury and are more expensive than traditional tungsten-
filament based bulbs. Tungsten bulbs are extremely cheap to mass produce
and contain no poisonous elements; however, they are the most energy
inefficient of any bulb used today. Here, we present optimized aperiodic
structures for use as broadband, broad-angle thermal emitters which are
capable of drastically increasing the efficiency of tungsten lightbulbs. One-
dimensional layered structures without texturing are preferable to more
complex two- and three-dimensional structures because of the relative
ease and low cost of fabrication. These aperiodic multilayer structures
designed with alternating layers of tungsten and air or tungsten and silicon
carbide on top of a tungsten substrate exhibit broadband emittance peaked
around the center of the visible wavelength range. We design structures
using a genetic optimization algorithm coupled to a transfer matrix code
which computes thermal emittance. We investigate the properties of these
genetic-algorithm-optimized aperiodic structures for use as filaments in
lightbulbs, and compare their performance with conventional lightbulbs.
We find that the genetic-algorithm-optimized structures greatly enhance
the emittance over the visible wavelength range, while also increasing the
overall efficiency of the bulb.

9546-3, Session 1

Intensity tunable mid-wavelength infrared
broadband absorbers based on planar
nanometric film coatings employing
thermochromic phase change material

Hasan Kocer, Turkish Military Academy (Turkey);
Serkan BUtUn, Edgar Palacios, Zizhuo Liu, Koray Aydin,
Northwestern Univ. (United States)

Spectrally selective resonant absorption can be achieved using plasmonic
and metamaterial based nano/micro-structured materials, where the
resonant bandwidth and absorption intensity can be engineered by
controlling the size and geometry of nanostructures. Here, a simple,
lithography-free approach was demonstrated for obtaining a resonant
and dynamically tunable broadband absorber based on vanadium dioxide
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(VO2) thermochromic phase transition. Using metal-insulator-metal planar
nanometric film coatings, where top layer is chosen to be an ultrathin (20
nm) VO2 film, broadband, angular and polarization-independent IR light
absorption tuning (from ~90 % to ~30 % in measured absorption intensity)
was demonstrated over the entire mid wavelength infrared spectrum. VO2
undergoes a structural transition from an insulating phase to a metallic
phase at 68 °C. This reversible phase change occurs on a sub-picosecond
timescale. In order to better understand the absorption mechanism in VO2
based absorbers for two different phases, local electric field intensities
and absorbed powers were calculated for insulator VO2 and metal VO2
based absorbers at 4 um wavelength using finite difference time domain
simulations. The numerical and experimental results indicate that the
bandwidth of the absorption bands can be controlled by changing the
dielectric spacer layer thickness. Broadband tunable absorbers can find
applications in absorption filters, thermal emitters, thermophotovoltaics and
sensing.

9546-4, Session 1

Optimization of Er and Yb dopant
concentrations and ratios for efficient
high-brightness mid-infrared light sources

Behsan Behzadi, Mani Hossein-Zadeh, Ravi Jain, The Univ.
of New Mexico (United States)

We will describe our experimental and theoretical studies on the
optimization of the Er and Yb concentrations for high-brightness mid-
infrared light sources. Although many aspects of these studies apply to
numerous host crystals and glasses, our initial studies have focused on
ZBLAN glasses as hosts, and the impact of this data on the design of next-
generation mid-infrared fiber and microresonator lasers and luminescent
sources in the 3 um spectral region. High doping densities (> 5 mol%) of Er
and Yb are preferred for high pump absorption, particularly for the small
dimensions of the doped 3 um microresonator lasers, but the density and
ratio of these dopants have to selected carefully for optimization of the
Yb-Er forward energy transfer, and appropriate optimization of the energy
transfer upconversion processes and the upper and lower laser lifetimes and
their ratios.

9546-5, Session 1

Phased arrays based on second harmonic
generation from metamaterials coupled to
semiconductor heterostrustures (/nvited
Paper)

Omri Wolf, Salvatore Campione, Alexander Benz, Sandia
National Labs. (United States); Arvind P. Ravikumar,
Princeton Univ. (United States); Sheng Liu, Ting S. Luk,

Emil A. Kadlec, Eric A. Shaner, John F. Klem, Michael B.
Sinclair, lgal Brener, Sandia National Labs. (United States)

No Abstract Available

9546-6, Session 2

Hybrid optical-thermal nanoantennas for
enhanced light focusing and radiative
cooling (/nvited Paper)

Svetlana V. Boriskina, Gang Chen, Massachusetts Institute
of Technology (United States)
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Metallic nanoparticles supporting localized surface plasmon resonances
have become an indispensable tool in sensing and nanoscale imaging
applications. However, the high plasmon-enhanced electric field intensity

in the visible and near-IR range that enables the above applications also
causes excessive heating of metal nanoparticles, which is a major drawback
in plasmonics. In my talk | will discuss the design of hybrid optical-thermal
nano-antennas that simultaneously enable intensity enhancement at

the operating wavelength in the visible and reduction of the operating
temperature via a combination of reduced absorption and radiative cooling.

9546-7, Session 2

Broadband nonresonant funneling of light
via ultrasubwavelength channels

Ganapathi S. Subramania, Sandia National Labs. (United
States); Stavroula Foteinopoulou, The Univ. of New Mexico
(United States); lgal Brener, Sandia National Labs. (United
States)

Efficient control of light-matter interaction at deeply subwavelength

scales is key to many photonics applications such as detectors, sensors
and novel light sources. Enhancing and funneling light efficiently through
nanoscale channels can dramatically improve the performance of such
devices by making them compact and more efficient. Currently, this

is accomplished by utilizing the extraordinary optical transmission
phenomenon wherein structural surface plasmon resonances are excited

in perforated nanostructured metal films. As a result the phenomenon is
inherently narrowband with low transmission. Here, we introduce a new
paradigm structure consisting of a double-grooved metallic nanostructure
platform that can outperform extraordinary optical transmission structures
while operating nonresonantly across broadband (Phys. Rev. Lett. 107,
163902(2011)). Our platform consists of a continuous periodic metallic
nanostructure composed of an array of connected large (-100-200nm) and
small (~ 15-20nm) rectangular slits. The key feature of our platform is that
the optical power can be channeled through an area as small as ~ (?/500)2
associated with optical field enhancement and high transmission while
operating across a broad wavelength band in the mid-infrared (- 2- 20 ?m).
We will discuss the nonresonant mechanism underlying this phenomenon
based on a simple quasistatic picture that shows excellent agreement with
our numerical simulations.

We will also show experimental implementations of this platform and
discuss pertinent results.

Sandia National Laboratories is a multi-program laboratory managed and
operated by Sandia Corporation, a wholly owned subsidiary of Lockheed
Martin Corporation, for the U.S. Department of Energy’s National Nuclear
Security Administration under contract DE-AC04-94AL85000.

9546-8, Session 2

Mid-IR phonon-polaritonics:
superabsorpion and super-steering (/nvited
Paper)

Ganga C. R. Devarapu, Univ. of St Andrews (United
Kingdom); Stavroula Foteinopoulou, The Univ. of New
Mexico (United States)

Plasmonics has been a growing field in the last decade, exploring strong
light control by resonant coupling between light and free electron
oscillations at nanostructured metal surfaces. However, metals respond only
poorly to mid-IR light, as the light penetration depth, known as skin-depth,
is very small at such frequencies. The exciting physics and capabilities of
plasmonics is transferrable to the mid-IR regime with materials of strong
phonon-resonant response to EM radiation. We discuss here judicious
designs of such phonon-polaritonic microstructures that can demonstrate
near-perfect absorption within a thin material layer as thick as one-
thousandth the impinging lights wavelength, highly asymmetric absorption
as well as super-steering of a light beam beyond 90 deg.
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9546-9, Session 3

Recent progress in photonic crystals and
their device applications (/nvited Paper)

Susumu Noda, Kyoto Univ. (Japan)
No Abstract Available

9546-10, Session 3

Photonic crystal enhanced light emission
from silicon (/nvited Paper)

Liam O’Faolain, Univ. of St. Andrews (United Kingdom)

Realising efficient light emission from silicon is a major challenge for silicon
photonics due to the material’s indirect band gap. Overcoming this barrier
would enable a host of important applications ranging from low power
optical interconnects to biosensing. In this work, we take both a material
and device engineering route. We deposit the optically active ytterbium
disilicate on top of a silicon photonic crystal nanocavity. We demonstrate
an enhancement of the Erbium emission due to the coupling with the cavity
fundamental modes and show that the concentration in the excited state is
about 30%

9546-11, Session 3

Exploiting lossy resonances for arbitrary
nonlinear power response (/nvited Paper)

Michelle L. Povinelli, Roshni Biswas, The Univ. of Southern
California (United States)

No Abstract Available

9546-12, Session 3

Near thresholdless laser operation at room
temperature (/nvited Paper)

Pablo A. Postigo, Instituto de Microelectrénica de Madrid
(Spain)

We report a near-thresholdless laser operating at room temperature under
continuous wave excitation [1]. Our laser is based on a two-dimensional
photonic crystal cavity on GaAs material [2] coupled to a single embedded
layer of self-assembled InAsSb quantum dots (QDs), which provides
efficient luminescence at room temperature [3]. Laser emission centered
at the 1.3 ?m telecommunications window is obtained with a spontaneous
coupling factor ?=0.85 and a threshold of 861 nW in net absorbed power.
Our results demonstrate the feasibility to produce near thresholdless laser
operation at room temperature for on-chip applications.

[1] I. Prieto et al., “Near thresholdless laser operation at room temperature”
Optica, Vol. 2 Issue 1, pp.66-69 (2015)

[2] I. Prieto et al., “Fabrication of high quality factor GaAs/InAsSb photonic
crystal microcavities by inductively coupled plasma etching and fast wet
etching,” J. Vac. Sci. Technol. B 32, 011204 (2014).

[3] A. G. Taboada et al., “Effect of Sb incorporation on the electronic
structure of InAs quantum dots,” Phys. Rev. B 88, 085308 (2013).
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9546-13, Session 4

Transverse Anderson localization and
image transport through disordered fibers
(Invited Paper)

Arash Mafi, The Univ. of New Mexico (United States);
Salman Karbasi, Univ. of California, San Diego (United
States); John Ballato, Clemson Univ. (United States); Karl
Koch, Corning Incorporated (United States)

Disordered optical fibers show novel waveguiding properties that can be
used for various device applications, such as beam-multiplexed optical
communications and endoscopic image transport. The quality of the
transported image is shown to be comparable with or better than some of
the best commercially available multicore image fibers with less pixelation
and higher contrast. Design, fabrication, characterization, and on-going
efforts on the best practices for image transport in disordered optical fibers
will be discussed. Novel nonlinear behavior of these fibers will also be
covered.

9546-14, Session 4

Hyperuniform photonic slabs for high-Q
cavities and low-loss waveguides

Timothy Amoah, Marian Florescu, Univ. of Surrey (United
Kingdom)

Hyperuniform disordered photonic structures are a new class of photonic
solids, which display large, isotropic photonic band gaps (PBG) comparable
in size to the ones found in photonic crystals. The existence of large band
gaps in HUD structures contradicts the long-standing intuition that Bragg
scattering and long-range translational order is required in PBG formation,
and demonstrates that interactions between “Mie-like” local resonances and
multiple scattering can induce on their own PBGs.

The HUD structures combine advantages of both statistical isotropy

due to disorder character and controlled scattering properties due to
hyperuniformity (due to constraints imposed on the disorder) and uniform
local topology.

Using FDTD and band structure simulations, we demonstrate efficient
confinement of TE radiation and high-Q optical cavities and low-loss
waveguides, in a trihedrally coordinated “relaxed” network lattice obtained
from a centroidal tessellation protocol. For two-dimensional structures,
quality factors exceeding Q > 10”9 are achieved. We further show that for
3D finite-height photonic slab high quality factors exceeding Q > 20, 000
can be maintained. Moreover, a multitude of cavity modes can be obtained,
which can be classified according to their symmetry (monopole, dipole,
quadrupole, etc.) of the confined electromagnetic wave pattern.

Our results put to rest the presumption that disorder would induce
significant out of plane scattering in disordered structures as compared to
their periodic counterparts and demonstrate the ability of disordered HUD
PBG materials to serve as a general-purpose design platform for integrated
optical micro-circuitry, including active devices such as optical microcavity
lasers and modulators.

9546-15, Session 4

Periodic, quasiperiodic, aperiodic, and
random plasmon particle array lasers
(Invited Paper)

A. Femius Koenderink, Hinke Schokker, FOM Institute for
Atomic and Molecular Physics (Netherlands)

No Abstract Available
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9546-16, Session 4

Engineering active aperiodic
nanostructures (/nvited Paper)
Luca Dal Negro, Boston Univ. (United States)

Efficient approaches to electromagnetic field localization and enhancement
are essential for optoelectronic components that leverage broadband
enhancement of optical cross sections, such as optical biosensors,
photodetectors, light sources and on-chip nonlinear elements. In this
context, the ability to tailor light-matter interactions by aperiodic order in
metal-dielectric nanostructures can provide exciting opportunities. In this
talk, I will discuss recent work on the development of aperiodic structures
with enhanced radiation rates over broad frequency spectra. Tuning light
propagation and diffusion in aperiodic metamaterials will be discussed,
and applications to solar harvesting and broadband lasers with structured
emission will be presented.

9546-17, Session 5

Understanding disordered materials for
new unconventional light sources (/nvited
Paper)

Cefe Lopez, Consejo Superior de Investigaciones
Cientificas (Spain)

No Abstract Available

9546-18, Session 5

High Q photonic crystal cavities realized
using deep ultraviolet lithography

Liam O’Faolain, Univ. of St. Andrews (United Kingdom)

As extremely precise fabrication processes are required for the realisation
of high performance PhCs, Ultra-high Q PhC cavities demonstrated to date
have been patterned using electron beam lithography because not only
must the etched sidewalls be vertical and smooth but positioning accuracies
at the nanometre level are also. To date, tThihis combination has prevented
the realisation of high Q-factor devices using Deep-UV Photolithography
(DUV), a key prerequisite for the mass manufacturing of silicon based
optical devices. For example, DUV photomasks typically have a 5-10nm
design grid (minimum increment in feature position), which prevents the
nanometer scale positioning required for most ultra-high Q cavity designs.
In this work, we use a recently developed 2D PhC resonator design that
shows increased tolerance to fabrication imperfections and improved
compatibility with DUV patterning to realise high optical Q-factors of
~200,000.

9546-19, Session 5

3D optical metamaterials formed by
holographic assembly and directed
solidification of eutectics (/nvited Paper)

Paul V. Braun, Univ. of lllinois at Urbana-Champaign
(United States)

Nanoscale integration of materials in three dimensions is critical for

the realization of a number of highly functional optical metamaterials.
Starting with structures enabled via eutectic solidification and holographic
lithography, our team is applying unique template-based and post-synthetic
materials transformations in conjunction with powerful computational
design tools to develop the scientific underpinnings of, and to produce, 3D
metamaterials derived from directionally solidified eutectics. Our approach
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involves close interactions among computational design, photonic theory,
eutectic materials development, template fabrication, materials chemistry,
and optical characterization.

9546-20, Session 6

Highly-nonlinear quantum-engineered
polaritonic metasurfaces (/nvited Paper)

Mikhail A. Belkin, The Univ. of Texas at Austin (United
States)

Intersubband transitions in n-doped semiconductor heterostructures
provide the possibility to quantum engineer one of the largest known
nonlinear optical responses in condensed matter systems, limited however
to electric field polarized normal to the semiconductor layers. We have
recently integrated these nonlinearities into laser waveguides to produce
room-temperature terahertz quantum cascade laser sources based on
efficient intra-cavity difference-frequency mixing [1,2]. Here we show

that by coupling of electromagnetic modes in plasmonic metasurfaces
with quantum-engineered intersubband transitions in semiconductor
heterostructures one can create ultra-thin highly-nonlinear polaritonic
metasurfaces for normal light incidence. Experimentally, we realized mid-
infrared metasurfaces with giant electro-optic effect that display ultra-
fast electrical tuning of reflectivity [3] and giant nonlinearity for second
harmonic generation [4]. Structures discussed here represent a novel

kind of hybrid metal-semiconductor metamaterials in which exotic optical
properties are produced by coupling electromagnetically-engineered modes
in dielectric and plasmonic nanostructures with quantum-engineered
intersubband transitions in semiconductor heterostructures.

[1] K. Vijayraghavan, Y. Jiang, M. Jang, A. Jiang, K. Choutagunta, A. Vizbaras,
F. Demmerle, G. Boehm, M. C. Amann, and M. A. Belkin, “Broadly tunable
terahertz generation in mid-infrared quantum cascade lasers,” Nature
Commun. 4, 2021 (2013).

[2] S. Jung, A. Jiang, Y. Jiang, K. Vijayraghavan, X. Wang, M. Troccoli, and
M.A. Belkin “Broadly tunable monolithic room-temperature terahertz
quantum cascade laser sources,” Nature Comm., 5, 4267 (2014).

[3] J. Lee, S. Jung, P. Y. Chen, F. Lu, F. Demmerle, G. Boehm, M. C. Amann, A.
Alu, and M.A. Belkin, “Ultrafast electrically tunable polaritonic metasurfaces,”
Adv. Opt. Matt., 2, 1057-1063 (2014).

[4] J. Lee, M. Tymchenko, C. Argyropoulos, P. Y. Chen, F. Lu, F. Demmerle,
G. Boehm, M. C. Amann, A. Alu, and M.A. Belkin, “Giant nonlinear response
from plasmonic metasurfaces coupled to intersubband transitions,” Nature,
511, 65 (2014).
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9546-21, Session 6

Alternative materials lead to practical
nanophotonic components (/nvited Paper)

Nathaniel Kinsey, Purdue Univ. (United States); Marcello
Ferrera, Purdue Univ. (United States) and Heriot-Watt
Univ. (United Kingdom); Clayton DeVault, Jongbum Kim,
Alexander V. Kildishev, Vladimir M. Shalaev, Alexandra
Boltasseva, Purdue Univ. (United States)

Recently, there has been a flurry of research in the field of alternative
plasmonic materials, but for telecommunication applications, CMOS
compatible materials titanium nitride and doped zinc oxides are among the
most promising materials currently available. TiN is a gold-like ceramic with
a permittivity cross-over near 500nm. In addition, TiN can attain ultra-thin,
ultra-smooth epitaxial films on substrates such as c-sapphire, MgO, and
silicon. Partnering TiN with CMOS compatible silicon nitride enables a fully
solid state waveguide which is able to achieve a propagation length greater
than 1cm for a ~8?m mode size at 1.55?m.

Utilizing doped zinc oxide films as a dynamic material, high performance
modulators can also be realized due to the low-loss achieved by the TiN/
Si3N4 waveguide. Simply by placing a thin layer of aluminum doped zinc
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oxide (AZO) on top of the waveguide structure, a modulator with very low
insertion loss is achieved. Our recent work has investigated optical tuning
of AZO films by the pump-probe method, demonstrating a change in the
refractive index of -0.17+0.25i at 1.3?m with an ultrafast response of 1ps.
Assuming this change in the refractive index for the AZO film, a modulation
of ~0.7dB/?m is possible in the structure with ~0.5dB insertion loss and an
operational speed of 1THz. Further optimization of the design is expected to
lead to an increased modulation depth without sacrificing insertion loss or
speed.

Consequently, nanophotonic technologies are reaching a critical point where
many applications including telecom, medicine, and quantum science can
see practical systems which provide new functionalities.

9546-22, Session 6

Understanding carrier injection effects
upon the Reststrahlen band of SiC using
transient infrared spectroscopy

Bryan T. Spann, Ryan Compton, Adam D. Dunkelberger,
James P. Long, U.S. Naval Research Lab. (United States);
Paul Klein, Sotera Defense Solutions, Inc. (United States);
Daniel Ratchford, Josh D. Caldwell, Jeff C. Owrutsky, U.S.
Naval Research Lab. (United States)

Sub-diffractional confinement of light has led to advancements in imaging,
metamaterials, nano-manufacturing, plasmonics, and other fields. One
potential route to sub-diffractional confinement is via stimulated surface
phonon polaritons (SPhPs). SPhPs couple infrared photons with optical
phonons and consequently their lifetimes can be longer than surface
plasmon polaritons (SPPs), whose lifetimes are dominated by electron
scattering events. Thus, materials capable of generating SPhPs are of
general interest to study. SPhPs are activated by photons with energies
near the Reststrahlen band of semiconductors such as SiC. In this work

we examine aspects of carrier dynamics by photo-injecting electrons

into the SiC conduction band using a pulsed 355 nm laser and probe the
resulting dynamics near the Reststrahlen band using a tunable CO2 laser.
The fluence of the pump laser was varied to provide photo-injection levels
ranging from ~1x10"17 to 1x10*19 free carriers. Probing the excited-state
dynamics near the blue-edge of the Reststrahlen band resulted in complex
transient behavior, showing both positive and negative changes in transient
reflectance depending on the level of photo-injected carriers and probe
energy. Numerical calculations of the SiC reflectance spectra with different
doping levels were done to simulate the initial photo-injection level provided
by the transient experiment. The computed spectra and the experimentally
measured excited spectra for different photo-injection levels were compared
and resulted in qualitative agreement.

9546-23, Session 6

Ultrafast dynamics of Al-doped zinc oxide
under optical excitation

Nathaniel Kinsey, Clayton T. DeVault, Jongbum Kim,
Purdue Univ. (United States); Marcello Ferrera, Purdue
Univ, (United States) and Heriot-Watt Univ. (United
Kingdom); Alexander V. Kildishev, Vladimir M. Shalaev,
Alexandra Boltasseva, Purdue Univ. (United States)

There is a continual need to explore new and promising dynamic materials
to power next-generation switchable devices. In recent years, transparent
conducting oxides have been shown to be vital materials for such systems,
allowing for both optical and electrical tunability. Using a pump-probe
technique, we investigate the optical tunability of CMOS-compatible, highly
aluminum doped zinc oxide (AZO) thin films. The sample was pumped at
325 nm and probed with a weak beam at 1.3 ?m to determine the timescale
and magnitude of the changes by altering the temporal delay between the
pulses with a delay line.
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For an incident fluence of 3.9 mJ/cm2 a change of 40% in reflection and
30% (max 6.3dB/?m modulation depth) in transmission is observed which
is fully recovered within 1ps. Using a computational model, the experimental
results were fitted for the given fluence allowing the recombination time
and induced carrier density to be extracted. For a fluence of 3.9 mJ/cm2
the average excess carrier density within the material is 0.7?10"20cm-3 and
the recombination time is 88fs. The ultrafast temporal response is the result
of Auger recombination due to the extremely high carrier concentration
present in our films, ~10"21 cm-3. By measuring and fitting the results at
several incident fluence levels, the recombination time versus carrier density
was determined and fitted with an Auger model resulting in an Auger
coefficient of C = 1.03210"20cm6/sec. Consequently, AZO is shown to be

a unique, promising, and CMOS-compatible material for high performance
dynamic devices in the near future.

9546-24, Session 6

Advanced electrodynamic mechanisms
for the nanoscale control of light by light
(Invited Paper)

David L. Andrews, Univ. of East Anglia (United Kingdom)

A wide range of mechanisms is available for achieving rapid optical
responsivity in material components. Amongst them, some of the most
promising for potential device applications are those associated with

an ultrafast response and a short cycle time. These twin criteria for
photoresponsive action substantially favor optical, over most other, forms
of response such as those fundamentally associated with photothermal,
photochemical or optomechanical processes.

The engagement of nonlinear mechanisms to actively control the
characteristics of optical materials is not new. Indeed, it has been

known for over fifty years that polarization effects of this nature occur

in the optical Kerr effect - although in fluid media the involvement of a
molecular reorientation mechanism leads to a significant response time.

It has more recently emerged that there are other, less familiar forms of
optical nonlinearity that can provide a means for one beam of light to
instantly influence another. In particular, major material properties such as
absorptivity or emissivity can be subjected to instant and highly localized
control by the transmission of light with an off-resonant wavelength.

This presentation introduces and compares the key electrodynamic
mechanisms, discussing the features that suggest the most attractive
possibilities for exploitation. The most significant of such mechanistic
features include the off-resonant activation of optical emission, the control
of excited-state lifetimes, the access of dark states, the inhibition or re-
direction of exciton migration, and a coupling of stimulated emission with
coherent scattering. It is shown that these offer a variety of new possibilities
for ultrafast optical switching and transistor action, ultimately providing all-
optical control with nanoscale precision.

9546-25, Session 7

Photonic quantum technologies (/nvited
Paper)
Jeremy L. O’Brien, Univ. of Bristol (United Kingdom)

The impact of quantum technology will be profound and far-reaching:
secure communication networks for consumers, corporations and
government; precision sensors for biomedical technology and environmental
monitoring; quantum simulators for the design of new materials,
pharmaceuticals and clean energy devices; and ultra-powerful quantum
computers for addressing otherwise impossibly large datasets for machine
learning and artificial intelligence applications. However, engineering
quantum systems and controlling them is an immense technological
challenge: they are inherently fragile; and information extracted from

a quantum system necessarily disturbs the system itself. Of the various
approaches to quantum technologies, photons are particularly appealing
for their low-noise properties and ease of manipulation at the single qubit
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level. We have developed an integrated waveguide approach to photonic
quantum circuits for high performance, miniaturization and scalability.
We will described our latest progress in generating, manipulating and
interacting single photons in waveguide circuits on silicon chips.

9546-26, Session 7

Deterministic placement of fabricated
InGaN quantum dots in photonic structures
(Invited Paper)

Arthur J. Fischer, Xiaoyin Xiao, Ping Lu, Ganapathi S.
Subramania, Jeffrey Y. Tsao, Daniel D. Koleske, Sandia
National Labs. (United States)

InGaN quantum dots (QDs) are desired for a wide variety of applications
including emitters for full-color compact projectors, solid state lighting,
and single photon sources. InGaN QDs can be fabricated using a process
called quantum-size-controlled photoelectrochemical (PEC) etching where
quantum size effects enable a self-terminated etch process. The process
starts with InGaN quantum wells (QWs) which are PEC-etched to form layers
of QDs. QW emission at ~500 nm can be blue-shifted by almost 100 nm

via PEC etching showing a dramatic increase in confinement when going
from QWs to QDs. Photoluminescence linewidths as narrow as 6 nm FWHM
have been observed at low temperature for ensembles of PEC-etched QDs
showing an improved size distribution compared to Stranski-Krastanov
QDs. This process can potentially produce extremely uniform QD size
distributions which would be very beneficial for QD laser diodes. At the
same time, this process also has the potential to allow for deterministic
placement of QDs at specific locations, for example at a field maximum in a
photonic structure. Through careful device design, it is possible to perform
PEC etching and to leave a single InGaN QD inside a photonic crystal cavity
at the optimum position for efficient emitter-cavity coupling. This has clear
implications for use in single photon sources for quantum information
processing applications. Sandia National Laboratories is a multiprogram
laboratory managed and operated by Sandia Corporation, a wholly owned
subsidiary of Lockheed Martin Corporation, for the U.S. Department of
Energy’s National Nuclear Security Administration under contract DE-AC04-
94AL85000.

9546-27, Session 7

Towards scalable networks of solid
state quantum memories in a photonic
integrated circuit (/nvited Paper)

Dirk R. Englund, Massachusetts Institute of Technology
(United States)

A central goal of quantum information science is the entanglement of
multiple guantum memories that can be individually controlled. Here, we
discuss progress towards photonic integrated circuits designed to enable
efficient optical interactions between multiple spin qubits in nitrogen
vacancy (NV) centers in diamond. We describe NV-nanocavity systems in
the strong Purcell regime with optical quality factors approaching 10,000
and electron spin coherence times exceeding 200 ?s; implantation of NVs
with nanometer-scale apertures, including into cavity field maxima; hybrid
on-chip networks for integration of multiple functional NV-cavity systems;
and scalable integration of superconducting nanowire single photon
detectors on-chip.

9546-28, Session 7

Quantum optics in directional one-
dimensional photonic reservoirs (/nvited
Paper)

Immo Soliner, Peter Lodahl, Niels Bohr Institute (Denmark)
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We present a novel photonic crystal waveguide, engineered to support
broadband modes with circular in-plane polarization. We show experimental
evidence that for single-photon emitters with circular dipoles these
waveguides act as near-lossless unidirectional photonic reservoirs, where
the emission direction is given by the helicity of the dipole. This directional
coupling has a strong effect on the scattering of single photons transmitted
through the system and we discuss how counter-propagating photons
acquire a relative phase of w. Combining this effect with photonic structures
that can map a phase to a propagation path, we show how one can create
nonreciprocal photonic elements.

9546-29, Session 7

Integrated single photon detectors for
chip scale quantum key distribution
(Invited Paper)

Paul S. Davids, Chris DeRose, Nick Martinez, Douglas
Trotter, Andrew Starbuck, Andrew Pomerene, Ryan
Camacho, Anthony Lentine, Sandia National Labs. (United
States)

In this talk, we will present our recent progress in the development of
quantum key distribution (QKD) on a chip based on our integrated Si
photonics platform. An essential integrated building block in discrete
variable chip-scale QKD is a waveguide coupled single photon detector.
Our single photon detector is based on a compact separate absorption

and multiplication avalanche photodiode device design with integrated
waveguide coupling. Various device designs and experimental Geiger mode
device characteristics will be presented.

9546-30, Session 7

Integrated laser-written quantum
photonics (/nvited Paper)

Markus Grafe, René Heilmann, Armando Perez-Leija,
Maxime Lebugle, Diego Guzman-Silva, Matthias Heinrich,
Alexander Szameit, Friedrich-Schiller-Univ. Jena
(Germany)

No Abstract Available

9546-31, Session 8

Whispering-gallery-mode optical
resonators around an exceptional point
(Invited Paper)

Bo Peng, Sahin K. Ozdemir, Huzeyfe Yilmaz, Washington
Univ. in St. Louis (United States); M. Liertzer, Technische
Univ. Wien (Austria); Faraz Monifi, C. M. Bender,
Washington Univ. in St. Louis (United States); Franco Nori,
RIKEN (Japan) and Univ. of Michigan (United States); Lan
Yang, Washington Univ. in St. Louis (United States)

| will report our experiments on unconventional control of light flow in high-
quality whispering-gallery-mode (WGM) resonators around an exceptional
point (EP), which is characterized by the coalescence of the eigenvalues
and eigenstates of a system. The presence of an EP affects the system
significantly, leading to nontrivial physics with interesting counterintuitive
features. In the experiment, we show that when the resonator system

is operated in the vicinity of an EP, the effect of loss could be reversed.
Specifically, we demonstrate that the lasing power increases with increasing
the loss introduced to the system.
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9546-32, Session 8

Ultrafast plasmonic nanowire lasers near
the surface plasmon frequency (/nvited
Paper)

Themistoklis P. H. Sidiropoulos, Imperial College London
(United Kingdom); Robert Roder, Sebastian Geburt,
Friedrich-Schiller-Univ. Jena (Germany); Ortwin Hess,
Stefan A. Maier, Imperial College London (United
Kingdom); Carsten Ronning, Friedrich-Schiller-Univ. Jena
(Germany); Rupert F. Oulton, Imperial College London
(United Kingdom)

No Abstract Available

9546-33, Session 8
I11-V GaAs based plasmonic lasers

Lucas Lafone, Ngoc Nguyen, Imperial College London
(United Kingdom); Ed Clarke, Univ. of Sheffield (United
Kingdom); Paul Fry, The Univ. of Sheffield (United
Kingdom); Rupert F. Oulton, Imperial College London
(United Kingdom)

Plasmonics is a potential route to new and improved optical devices.

Many predict that sub wavelength optical systems will be essential in the
development of future integrated circuits, offering the only viable way

of simultaneously increasing speed and reducing power consumption.
Realising this potential will be contingent on the ability to exploit plasmonic
effects within the framework of the established semiconductor industry and
to this end we present IlI-V (GaAs) based surface plasmon laser platform
capable of effective laser light generation in highly focussed regions of
space. Our design utilises a suspended slab of GaAs with a metallic slot
printed on top. Here, hybridisation between the plasmonic mode of the

slot and the photonic mode of the slab leads to the formation of a mode
with confinement and loss that can be adjusted through variation of the
slot width alone. As in previous designs the use of a hybrid mode provides
strong confinement with relatively low losses, however the ability to print
the metal slot removes the randomness associated with device fabrication
and the requirement for etching that can deteriorate the semiconductor’s
properties. The deterministic fabrication process and the use of bulk GaAs
for gain make the device prime for practical implementation.

9546-34, Session 8

Time-resolved lasing dynamics for
plasmonic system with gain

Jieran Fang, Jingjing Liu, Zhuoxian Wang, Xiangeng Meng,
Ludmila J. Prokopeva, Vladimir M. Shalaev, Alexander V.
Kildishev, Purdue Univ. (United States)

To study the light-matter interaction between plasmonic systems and gain
media, numerous theoretical and numerical methods have been proposed.
Among them, because of its accurate treatment of the quantum property of
gain media, the time domain (TD) multi-physics approach is viewed as the
most powerful method, especially for analysis of transient dynamics. Even
though the finite difference, finite-volume and finite element TD methods
can be readily coupled to a multi-level atomic system through auxiliary
differential equations, for each of them however there is limited information
on accurate TD kinetic parameters fitted with experimental measurements.
In this work, we develop a multi-physics time domain model to inspect

our most recent lasing experiment with a silver nanohole array. We use a
classical finite difference time-domain (FDTD) model coupled to the rate
equations of a 4-level gain system. To retrieve kinetic energy parameters for
accurate modeling, we first fit 1-D simulations with pump-probe experiments
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studying Rhodamine-101 (R-101) dye embedded in epoxy on an indium

tin oxide silica substrate. The retrieved parameters are then fed into a 3-D
model to study the lasing behavior of the R-101-coated nanohole array. The
simulated emission intensity shows a clear lasing effect, which is in good
agreement with the experimental measurements. By tracing the population
inversion and polarization dynamics, the amplification and lasing regimes
inside the nanohole cavity can be clearly distinguished. With the help of

our systematic approach, we can further improve understanding of the time-
resolved physics of active plasmonic nanostructures with gain.

9546-35, Session 8

Single mode parity-time laser

Zi Jing Wong, Liang Feng, Renmin Ma, Yuan Wang, Xiang
Zhang, Univ. of California, Berkeley (United States)

In optoelectronics, optical loss is usually undesired, as it is responsible for
power dissipation and light attenuation. The concept of parity-time (PT)
symmetry, however, exploits the interplay between the material loss and
gain to attain novel optical phenomena such as exceptional point and
unidirectional light propagation. Here we experimentally demonstrate a

PT symmetry laser that allows unigue control of the resonant modes. In
contrast to conventional ring cavity lasers with multiple competing modes,
our on-chip InGaAsP/InP based PT microring laser exhibits intrinsic single-
mode lasing regardless of the gain spectral bandwidth. Thresholdless
parity-time symmetry breaking due to the rotationally symmetric structure
leads to stable single-mode operation with the selective whispering gallery
mode order. Our chip-scale semiconductor platform provides a unique route
towards fundamental exploration of PT physics and next-generation active
optoelectronic devices for optical communication and computing.

9546-36, Session 8

Simultaneous unidirectional lasing and
reflectionless modes in PT-symmetric
cavities (/nvited Paper)

Hamidreza Ramezani, Hao-kun Li, Yuan Wang, Univ. of
California, Berkeley (United States); Xiang Zhang, Univ. of
California, Berkeley (United States) and Lawrence Berkeley
National Lab. (United States)

We introduce a new family of spectral singularities with highly directional
response in parity-time (PT) symmetric cavities. These spectral singularities
support modes with infinite reflection from one side and zero reflection
from the other side of the cavity, results in simultaneous unidirectional
laser and unidirectional reflectionless parity-time symmetric cavity. Such
unidirectional spectral singularities emerge from resonance trapping
induced by the interplay between parity-time symmetry and Fano
resonances.

9546-37, Session 8

Cavity-free stopped-light nanolasing in
nanoplasmonic heterostructures (/nvited
Paper)

Ortwin Hess, Imperial College London (United Kingdom)

Going beyond traditional cavity-concepts, recently conceived nanolasers
employ plasmonic resonances for feedback, allowing them to concentrate
light into mode volumes that are no longer limited by diffraction [1]. The use
of localized surface plasmon resonances as cold-cavity modes, however, is
only one route to lasing on subwavelength scales. Lasing, in fact, does not
require modes predefined by geometry but merely a feedback mechanism
[2].

Here we demonstrate that the concept of dispersion-less stopped-light [3]
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allows by combination of nanoplasmonics with quantum gain materials [4]
stopped-light lasing in hybrid nanoplasmonic heterostructures. Thereby,
photons are trapped and amplified in space just at the point of their
emission. It will be discussed that, at the stopped-light point, a stable lasing
mode can form over a finite region of gain material due to the arising local
(cavity-free) feedback in the form of a sub-wavelength optical vortex.

We discuss the remarkable spatio-temporal dynamics of nanoplasmonic
stopped-light lasing is studied on the basis of a Maxwell-Bloch Langevin
approach [4]. Moreover, a new rate-equation framework is shown to grasp
the particular physics of stopped-light lasing involving [4]. The observed
high-? characteristics and picosecond relaxation oscillations of cavity-free
stopped-light lasing can potentially allow for the design of thresholdless
plasmonic laser diodes that can be modulated with THz speeds.

References
[1] O Hess and KL Tsakmakidis, Science 339, 654 (2013).
[2] J M Hamm and O Hess, Science 340, 1298 (2013).

[3] KL Tsakmakidis, TW Pickering, JM Hamm, AF Page and O Hess, Phys Rev
Lett 112, 167401 (2014).

[4]1 T Pickering, J M Hamm, A F Page, S Wuestner and O Hess, Nature
Communications 5, 4971 (2014).

9546-38, Session 9

Auger-decay engineering in quantum dots
in relation to applications in LEDs and
lasers (/nvited Paper)

Victor I. Klimov, Los Alamos National Lab. (United States)

Multicarrier dynamics in colloidal guantum dots (QDs) are normally
controlled by nonradiative Auger recombination wherein the energy of an
electron-hole pair is converted not into a photon but instead transferred

to a third carrier (an electron or a hole). Auger decay is extremely fast in
QDs (time scales of tens-to-hundreds of picoseconds) due to both close
proximity between interacting charges and elimination of restrictions
imposed by translational momentum conservation. Photoluminescence
(PL) quenching by nonradiative Auger processes complicates realization of
applications that require high emissivity of multicarrier states such as light-
emitting diodes (LEDs) and lasers. Therefore, the development of “Auger-
recombination-free” QDs is an important current challenge in the field of
colloidal nanostructures.

Previous single-dot spectroscopic studies have indicated a significant
spread in Auger lifetimes across an ensemble of nominally identical QDs.

It has been speculated that in addition to dot-to-dot variation in physical
dimensions, this spread is contributed to by variations in the structure of the
QD interface, which controls the shape of the confinement potential. Here
we directly evaluate the effect of the composition of the core-shell interface
on single- and multi-exciton dynamics via side-by-side measurements

of individual core-shell CdSe/CdS nanocrystals with a sharp vs. smooth
(graded) interface. We observe that while having essentially no effect on
single-exciton decay, the interfacial alloy layer leads to a systematic increase
in the biexciton lifetime indicating suppression of Auger recombination.

We demonstrate that using QDs with “engineered interfaces” we can
considerably improve the performance of QD LEDs and lasers.

9546-39, Session 9

Nanowire quantum dots for quantum
optics (/nvited Paper)

Valery Zwiller, Michael Reimer, Klaus Joens, Lucas
Schweickert, Technische Univ. Delft (Netherlands)

We demonstrate the generation of single photons as well as pairs of
entangled photons with quantum dots in semiconducting nanowires, we

show applications to quantum optics including generation, manipulation and
detection of light at the nanoscale.
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9546-40, Session 9

Redefining giant quantum dot
functionality through synthesis and
integration: from multifunctionality to
directed photoluminescence (/nvited
Paper)

Jennifer A. Hollingsworth, Los Alamos National Lab.
(United States)

Thick-shell or “giant” core/shell nanocrystal quantum dots (gQDs) are
efficient and stable emitters. Their characteristic properties of non-

blinking and non-photobleaching emission, as well as suppressed non-
radiative Auger recombination and minimal self-reabsorption (due to a
large effective Stokes shift) make them relevant to both single-emitter

and many-emitter applications, e.g., live-cell single-molecule tracking in

the biosciences and down-conversion phosphors for solid-state lighting.
Here, | will discuss how gQDs are also ideal “building blocks” for achieving
additive functionalities through synthesis and modified emission properties
through integration with fabricated photonic structures. gQDs have been
synthetically incorporated into the interior of a gold shell, resulting in
“plasmonic gQDs” that exhibit efficient photoluminescence combined with
efficient photothermal transduction and thermometry. Furthermore, through
direct patterning of gQDs into all-dielectric antennas, we show an approach
for realizing emitter-antenna couples (toward controlling the motion of
photons) that is both deterministic and reproducible.

9546-41, Session 9

Controlled growth of CdSe quantum dots
on silica spheres

Byoung-Ju Kim, Donghyun Jo, Se-Han Lim, Do-Kyoon Kim,
Jin-Young Park, Jong-Hwa Jeon, Kwang-Sun Kang, Kyungil
Univ. (Korea, Republic of)

Various sizes of CdSe quantum dots have been fabricated on the surface of
the monodisperse silica spheres and five different photoluminescence (PL)
peaks are observed from the CdSe quantum dots. The monodisperse silica
spheres were synthesized with Stéber synthetic method. The surface of

the spheres was modified with 100:1 ratio of phenylpropyltrimethoxysilane
(PTMS) and mercaptopropyltrimethoxysilane (MPTMS). The MPTMS works
as a covalent bond formation with CdSe quantum dots, and the PTMS acts
as a separating quantum dots to prevent PL quenching by neighboring
quantum dots. The Fourier transform infrared (FTIR) spectrum of the surface
modified spheres (SMSiO2) shows strong absorption peak at 2852 and 2953
cm-1 representing the characteristic absorption of -CH or -CH2. The FTIR
absorption peak at 1741 cm-1 represents the characteristic absorption of
CdSe quantum dots. The field emission scanning electron microscope image
shows the average diameter of the spheres ranging approximately 418 nm.
The ultraviolet-visible transmittance spectrum shows stop band at 880 nm.
The PL spectrum shows five different emission bands at 434, 451, 468, 492
and 545 nm, which indicates the formation of several different sizes of CdSe
quantum dots.

9546-42, Session 10

Collective properties and strong coupling
in the near-field of a meta-surface (/nvited
Paper)

Didier Felbacg, Emmanuel Rousseau, Univ. Montpellier 2
(France)

Meta-surfaces are the 2D analogues of metamaterials. Meta- surfaces are
generally seen as devices able to control the far-field behavior of light.
However, because of their resonant properties, meta-surfaces also have

Return to Contents +1 360 676 3290

SPIE.

NANOSCIENCE+
ENGINEERING

interesting properties in the near-field. In the present work, we aim at
initiating the study of the quantum electrodynamics of meta- surfaces.

In standard cavity quantum electrodynamics, one studies the coupling
between an emitter, such as an atom, or quantum dot or a superconducting
qubit, and the electromagnetic modes. Depending on the ratio between
the light-matter coupling and that to the irreversible mechanisms, two
regimes can occur: the weak coupling and the strong coupling. In the
strong coupling regime, the coupling dominates the losses, the emitter and
the meta-surface can exchange photons periodically in time, which leads
to hybrid excited states. From an experimental point of view, this regime
leads to the onset of a double peak in the emitted spectrum, due to the
anti-crossing of the dispersion curves of the light and matter modes. In the
present work, the coupling of a quantum emitter with the photonic surface
modes supported by a meta-surface is investigated. The meta-surface is
made of a periodic set of parallel nano wires. From a theoretical point of
view, the meta-surface can be described by an effective impedance model,
which allows to derive the density of electromagnetic modes due to the
meta- surface. Further, it allows to obtain the dressed susceptibility of the
quantum emitter and to exhibit the strong coupling regime.

9546-43, Session 10

Coherent coupling between a molecular
vibration and Fabry-Perot optical cavity
to give hybridized states in the strong
coupling limit

James P. Long, Jeff C. Owrutsky, Kenan P. Fears, Walter J.
Dressick, Adam D. Dunkelberger, Ryan Compton, Bryan T.
Spann, Blake S. Simpkins, U.S. Naval Research Lab. (United
States)

Coherent coupling between an optical-transition and confined optical mode,
when sufficiently strong, gives rise to new modes separated by the vacuum
Rabi splitting. Such systems have been investigated for electronic-state
transitions, however, only very recently have vibrational transitions been
considered. Here, we bring strong polaritonic-coupling in cavities from the
visible into the infrared where a new range of static and dynamic vibrational
processes await investigation.

First, we experimentally and numerically describe coupling between

a Fabry-Perot cavity and carbonyl stretch (<1730 cm 1) in poly-
methylmethacrylate. As is requisite for “strong coupling”, the measured
vacuum Rabi splitting of 132 cm 1is much larger than the full width of the
cavity (34 cm-1) and the inhomogeneously broadened carbonyl-stretch

(24 cm-1). Agreement with classical theories providea evidence that the
mixed-states are relatively immune to inhomogeneous broadening. Next,
we investigate strong and weak coupling regimes through examination of
cavities loaded with varying concentrations of urethane. Rabi splittings
increases from O to ~104 cm-1 with concentrations from 0-20 vol% and are in
excellent agreement to an analytical description using no fitting parameters.
Ultra-fast pump-probe measurements reveal transient absorption signals
over a frequency range well-separated from the vibrational band as well as
modifications of energy relaxation times. Finally, we demonstrate coupling
to liquids using the C-O stretching band (1985 cm-1) of Mo(CO)6 in an
aqueous solution.

Opening the field of polaritonic coupling to vibrational species promises to
be a rich arena amenable to a wide variety of infrared-active bonds that can
be studied statically and dynamically.

9546-44, Session 10
Applications of Fano resonances to active
photonic devices (/nvited Paper)

Andrey E. Miroshnichenko, The Australian National Univ.
(Australia)

The current surging interest in various applications of nanoscale light-
matter interactions, including biosensing, nanoantennas, photovoltaic
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devices and many others, has triggered enormous effort into the old

and fundamental problem of manipulation of a particle’s scattering and
absorption characteristics. In the recently emerging fields of nanophotonics,
various novel phenomena have been demonstrated involving interaction of
nanoparticles with light, such as super-scattering, control of the direction
of the scattered light by metasurface, coherent perfect absorption of light
by surface plasmons, Fano resonances in plasmonic and all-dielectric
oligomers . At the same time, the interest in artificial magnetic responses
that was fostered by the field of metamaterials has lead to the observation
of artificial magnetic modes in nanoparticles and, since then, many

related novel scattering features based on the interplay of both electric

and magnetic responses have been demonstrated. To make further
breakthroughs in different applications based on the particles scattering,
there is a fundamental challenge to overcome: polarization dependence.
The polarization-independent absorption is, then, quite counter-intuitive
because the near field profile of the electromagnetic field does depend on
the incident polarization yet the overall absorption cross-section does not.
It implies that the variation of the near field with the incident polarization
does not affect the overall integral absorption cross-section. It has the main
implication to the origin of the Fano resonance in oligomer-like structures.
By studying the near-field and discrete dipole modes distribution we reveal
the necessary conditions for the Fano resonance to occur in such structures.

9546-45, Session 10

Strong light matter coupling in two-
dimensional semiconductors (/nvited
Paper)

Vinod M. Menon, The City College of New York (United
States)

Transition metal dichalcogenides (TMDs) have emerged as an attractive
class of two-dimensional (2D) semiconductors that show unprecedented
strength in its interaction with light. Here we will discuss our recent work on
embedding such a 2D TMD layer of molybdenum disulphide in a dielectric
microcavity showing the forming of strongly coupled half-light half-matter
quasiparticles called microcavity polaritons. Realizing strong coupling at
room temperature in a disorder free landscape such as 2D materials offers a
practical and attractive route to realizing devices such as switches and logic
gates that exploit the benefits of the half-light half-matter composition of
the polaritons.

9546-46, Session 11

Phonon-modified spontaneous emission
from quantum dots in structured photonic
reservoirs: breakdown of Fermi’s golden
rule (/nvited Paper)

Stephen Hughes, Queen’s Univ. (Canada)

The spontaneous emission rate of a two-level atom coupled to a structured
photonic reservoir is determined by the local density of photonic states
(LDOS) at the emitter frequency, according to Fermi’s golden rule. Such

a relation is also supposed to hold true for semiconductor quantum dots
(QDs), which behave as artificial atoms in a solid state medium [1]. A sharp
atom-like transition along with an ability to couple to microcavity structures
such as photonic crystal reservoirs makes QDs promising as scalable qubits
at optical frequencies. However, coupling with phonons renders a QD
different compared to a simple two-level atom, as has been demonstrated in
a number of recent experiments [1].

In this talk, we will describe how the spontaneous emission rate of a QD
coupled to structured photonic reservoir is actually determined by the
broadband frequency dependence of the LDOS, in clear violation of Fermi’s
golden rule [2]. A self-consistent polaron master equation approach
including both a photon and a phonon reservoir is utilized in determining
the phonon-modified spontaneous emission rate. The theory makes no
specific assumption about the structure of the reservoirs and we will
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exemplify the cases of a microcavity and a coupled-cavity waveguide. In
particular, we find a significant breakdown of the Fermi’s golden rule when
the damping rates of the phonon bath and photon bath compare [2]. We
will also make a direct connection to recent experiments and show how the
broadband frequency dependence of the LDOS influences the PL spectra
from coherently excited QDs [3].

[11 e.g., see A. Ulhag, S. M. Ulrich, D. Richter, M. Jetteri, P. Michler, C. Roy, and
S. Hughes, Phys. Rev. B 86, 241304(R) (2012); A. Ulhaq, S. Weiler, C. Roy, S.
M. Ulrich, M. Jetter, S. Hughes, and P. Michler, Opt. Express 21, 4382 (2013).

[2] K. Roy-Choudhury and S. Hughes, e-print: arXiv:1406.3649 (2014).
[3] ibid., e-print: arXiv:1411.6050 (2014).

9546-47, Session 11

Improving emission in nanorod arrays
using quasi-aperiodic inverse design

P. Duke Anderson, Michelle L. Povinelli, The Univ. of
Southern California (United States)

Photonic structure plays a significant role in determining the brightness and
efficiency of nanoemitter systems. Using photonic crystal slabs it is possible
to affect these quantities in various ways. First, positioning a leaky mode
near the emission frequency allows more light to be extracted from within
the slab. Second, concentrating high electric field intensity near emitter
locations significantly enhances the spontaneous emission rate. However,

a large body of work has suggested these two contributing factors are in
competition, making it difficult to simultaneously achieve high electric field
intensity and light extraction. In previous work, we identified one mode in
an array of GaN nanorods which exhibited a 25X enhancement in extracted
power, relative to a uniform slab. However, the mode was uncoupled to
normal radiation and, consequently, produced a sharp dip in extraction
efficiency. Here, we improve upon the previous design by investigating a
new class of quasi-aperiodic nanorod array structures. Using an inverse
design algorithm, we identify one optimized structure which achieves
maximum theoretical light extraction while maintaining a high spontaneous
emission rate. Overall, the optimized structure achieves a 48% increase

in extracted power and a 20-48% increase in external quantum efficiency
relative to the previous periodic design.

9546-48, Session 11

Photonic and plasmonic nanoresonators: a
modal approach (/nvited Paper)

Christophe Sauvan, Jean-Paul Hugonin, Lab. Charles Fabry
(France); Philippe Lalanne, Lab. Photonigue Numérigue et
Nanosciences (France)

Photonic and plasmonic resonators are dielectric or metallic optical devices
that confine light at a scale smaller than the wavelength. The eigenmodes
of the system are obviously powerful and intuitive tools to describe light
scattering and light-matter interactions mediated by the resonant structure.
However, owing to the presence of energy dissipation (by radiation or
absorption), using the eigenmodes of nanoresonators is an open issue that
has been solved only recently. We have developed a modal formalism that
relies on the concept of quasinormal modes with complex eigenfrequencies.
The theory is capable of handling any photonic or plasmonic resonator

with strong radiation leakage, absorption and material dispersion. The
normalization of the quasinormal modes constitutes one of the key points of
the theory that we will discuss in this presentation. We will then show that
the modal formalism provides a powerful tool to calculate and understand
light-matter interactions in complex photonic or plasmonic systems. In
particular, it allows understanding the physical mechanisms at play in the
extremely large Purcell factors observed recently for emitters coupled to
plasmonic nanoantennas.
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9546-49, Session 12

Novel topological states in photonics
(Invited Paper)

Marin Soljacic, Massachusetts Institute of Technology
(United States)

Topologically non-trivial states have been raising a substantial interest in
the electronics community because of their novel and unique properties.
Similarly, topological states in photonics display an equally diverse range of
novel and surprising phenomena.

Some of our recent results in this area will be presented.

9546-50, Session 12

Gyromagnetically induced transparency of
metasurfaces (/nvited Paper)

Gennady B. Shvets, Hossein Mousavi, The Univ. of Texas

at Austin (United States); Alexander Khanikaev, Queens
College (United States); Jeffery W. Allen, Monica Allen, Air
Force Research Lab. (United States)

The concept of symmetry pervades modern physics. Through the
conservation laws derived from various symmetries, high-level restrictions
and selection rules can be derived for a variety of physical systems without
any need for detailed investigations of their specific properties. The spatial
symmetries of electric charge distribution on the metamaterial’s surface
determine whether the EM resonance is “bright” (radiatively coupled to) or
“dark” (radiatively de-coupled from) the EM continuum. As we demonstrate
in this talk, other (non-spatial) symmetries and their breaking can also

be crucial to determine the properties of EM resonances and enable their
mutual coupling, which in turn can give rise to EM Fano interferences.

| will consider a meta-surface formed by a two-dimensional array of
double-antenna meta-molecules resting on a gyromagnetic ferrite
substrate. In conclusion, | will use simple symmetry considerations to
predict and numerically demonstrate two phenomena that occur in meta-
surfaces when symmetry of the system is reduced by a gyromagnetic
substrate: gyromagnetically induced transparency and nonreciprocal Fano
interference. These phenomena hold significant promise for practical
applications such as the dynamic control of resonant EM interactions using
magnetic fields produced by the external currents, mitigation of co-site
interference and improving isolation. Spectral positions, radiative lifetimes
and quality factors of Fano resonances can be controlled by the magnitude
of the external magnetic field. This class of effects may lead to a new
generation of tunable and nonreciprocal Fano resonant systems for various
applications where strong field enhancement, tunability and nonreciprocity
are simultaneously required.

9546-51, Session 12

Using time-dependent effective gauge
field for photons to achieve dynamic
localization of light

Lugi Yuan, Shanhui Fan, Stanford Univ. (United States)

We study a problem of achieving three-dimensional dynamic localization

of light in a dynamically-modulated resonator lattice. An effective gauge
potential for photons has been previously shown to exhibit in such lattice.
Dynamic localization of light can be achieved by varying the effective gauge
potential sinusoidally in time. Furthermore, the rotating wave approximation
was used in previous works on such effective gauge potential for photons.
Here, we find that the effect of dynamic localization persists even in the
regime where the counter-rotating term has to be taken into count.
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9546-53, Session 12

Transport properties of pseudospin-1
photons (/nvited Paper)

Che Ting Chan, Anan Fang, Zhao-Qing Zhang, Hong
Kong Univ. of Science and Technology (Hong Kong,
China); Steven G. Louie, Hong Kong Univ. of Science and
Technology (Hong Kong, China) and Univ. of California,
Berkeley (United States) and Lawrence Berkeley National
Lab. (United States)

Pseudospin is of central importance in governing many unusual transport
properties of graphene and other artificial systems which have pseudospins
of ?. These unconventional transport properties are manifested in
phenomena such as Klein tunneling, and collimation of electron beams in
one-dimensional external potentials. Here we show that in certain photonic
crystals (PCs) exhibiting conical dispersions at the center of Brillouin zone,
the eigenstates near the “Dirac-like point” can be described by an effective
spin-orbit Hamiltonian with a pseudospin of 1. This effective Hamiltonian
describes within a unified framework the wave propagations in both positive
and negative refractive index media which correspond to the upper and
lower conical bands respectively. Different from a Berry phase of w for

the Dirac cone of pseudospin-? systems, the Berry phase for the Dirac-like
cone turns out to be zero from this pseudospin-1 Hamiltonian. In addition,
we found that a change of length scale of the PC can shift the Dirac-like
cone rigidly up or down in frequency with its group velocity unchanged,
hence mimicking a gate voltage in graphene and allowing for a simple
mechanism to control the flow of pseudospin-1 photons. As a photonic
analogue of electron potential, the length-scale induced Dirac-like point
shift is effectively a photonic potential within the effective pseudospin-1
Hamiltonian description. At the interface of two different potentials, the
3-component spinor gives rise to distinct boundary conditions which

do not require each component of the wave function to be continuous,
leading to new wave transport behaviors as shown in Klein tunneling

and supercollimation. For examples, the Klein tunneling of pseudospin-1
photons is much less anisotropic with reference to the incident angle than
that of pseudospin-? electrons, and collimation can be more robust with
pseudospin-1than pseudospin-?. The special wave transport properties

of pseudospin-1 photons, coupled with the discovery that the effective
photonic “potential” can be varied by a simple length-scale change, may
offer new ways to control photon transport. We will also explore the
difference between pseudospin-1 photons and pseudospin-? particles when
they encounter disorder.

9546-54, Session 13

Light scattering in pseudo-passive media
with uniformly balanced gain and loss
(Invited Paper)

Tsampikos Kottos, Ali Basiri, Wesleyan Univ. (United
States); llya Vitebskiy, Air Force Research Lab. (United
States)

We introduce a class of metamaterials with uniformly balanced gain and
loss associated with complex permittivity and permeability constants. The
refractive index of such a balanced pseudo-passive metamaterial is real. An
unbounded uniform pseudo-passive medium has transport characteristics
similar to those of its truly passive and lossless counterpart with the same
real refractive index. However, bounded pseudo-passive samples show
some unexpected scattering features which can be further emphasized by
including such elements in a photonic structure.
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9546-55, Session 13

Giant amplification of light in non-
hermitian photonic materials (/nvited
Paper)

Hakan E. Tureci, Konstantinos G. Makris, Princeton Univ.
(United States); Li Ge, College of Staten Island (United
States)

In photonics and quantum optics, a key challenge facing any technological
application has traditionally been the mitigation of optical losses. Recent
work has shown that a new class of optical materials, called Parity-Time
symmetric materials, that consist of a precisely balanced distribution of loss
and gain can be exploited to engineer novel functionalities for propagating
and filtering electromagnetic radiation. Here we show a generic property

of optical systems that feature an arbitrary distribution of loss and gain,
described by non-Hermitian operators, namely that overall lossy optical
systems can transiently amplify certain input signals by several orders of
magnitude. We present a mathematical framework to analyze the dynamics
of wave propagation in media with an arbitrary distribution of loss and gain
and construct the initial conditions to engineer such non-Hermitian power
amplifiers.

9546-56, Session 13

Parity-time anti-symmetric parametric
amplifier (/nvited Paper)

Diana A. Antonosyan, Alexander S. Solntsev, Andrey A.
Sukhorukov, The Australian National Univ. (Australia)

We consider a directional coupler composed of two waveguides in
quadratically nonlinear medium, where one waveguide is lossy. The loss can
be introduced, for example, by depositing a thin layer of metal. In the linear
regime, at low light intensities, such coupler realizes PT-symmetric optical
system. We analyze the process of optical parametric amplification based
on nonlinear mixing between a strong pump, and signal and idler waves.
We model the wave propagation in the undepleted pump regime using
coupled-mode equations. We reveal that the Hamiltonian possesses an anti-
PT symmetry (with a negative sign). We find that if the eigenmode profile
is PT-symmetric, then generally the gain coefficients of modes are different.
On the other hand, if the mode profile has a broken PT-symmetry, then
there appear mode pairs with the same gain coefficients. We emphasize
that the modal PT-symmetry has opposite relation to gain in contrast to the
previously studied PT-symmetric systems.

We demonstrate that the modal PT-breaking can be controlled by the pump
beam. Due to the electronic nature of quadratic nonlinearity, such tuning
can be ultrafast, directly following the pump profile in real time. For a pump
amplitude over the threshold, there appears one mode exhibiting strong
gain, whereas at lower pump powers, signal periodically switches between
the waveguides due to a beating between two modes exhibiting the same
negative gain.

9546-57, Session 13

PT-symmetric scatterers (/nvited Paper)

Mohammad-Ali Miri, Nicholas Nye, Mercedeh Khajavikhan,
Demetrios N. Christodoulides, CREOL, The College of
Optics and Photonics, Univ. of Central Florida (United
States)

No Abstract Available
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9546-73, Session PWed

Intense terahertz-pulse generation by
four-wave mixing process in induced gas
plasma

Surawut Wicharn, Srinakharinwirot Univ. (Thailand);
Prathan Buranasiri, King Mongkut’s Institute of Technology
Ladkrabang (Thailand)

In this article, we have numerically investigated an intense terahertz (THz)
pulses generation in gaseous plasma based on the third-order nonlinear
effect, four-wave mixing (FWM) process. We have proposed that the
fundamental fields and second-harmonic field of ultra-short pulse lasers
are combined and focused into a very small gas chamber to induce a
gaseous plasma, which intense THz pulse is produced. To understand the
THz generation process, the first-order multiple-scale perturbation method
has been utilized to derive a set of nonlinear coupled-wave equations for
interacting fields such as two fundamental fields, a second-harmonic field,
and a THz field. Then, we have seek for the optimal conditions of intense
THz-pulse generation, simulated output THz field using numerical method,
and calculated output energy and conversion efficiency of this process.

9546-74, Session PWed

Direct measure of the photo-induced
nanoscale surface displacement in solids
using atomic force microscopy

Samuel T. Souza, Eduardo J. Fonseca, Carlos Jacinto, Univ.
Federal de Alagoas (Brazil); Nelson G. C. Astrath, Thiago
P. Rodrigues, Luis C. Malacarne, Univ. Estadual de Maringa
(Brazil)

The light-matter interaction induces a large number of effects that are

of fundamental interest in the development and characterization of new
materials. In this direction, phothothermal methods are largely employed

in the determination of thermal, optical, and mechanical properties, in
addition to the study of amplitude and dynamic of the material response. In
this work, we investigate the photo-induced nano-expansion in solids by a
direct measure using atomic force microscopy. The results were comparable
with those ones obtained from the thermal mirror technique, presenting
good agreement between the techniques. The results presented here open
possibilities to optically induce nanoscale-controlled positioning in a bi-
dimensional system

9546-75, Session PWed

Using dilute-P GaNP alloy as improved
visible active region

Chee-Keong Tan, Zhangji Zhao, Nelson Tansu, Lehigh Univ.
(United States)

Group llI-Nitride semiconductor alloy especially InGaN alloy has been
extensively studied as the active region for the solid state lighting
applications. Recent studies suggested dilute-As GaNAs alloy as an
alternative candidate to improve the nitride-based active region due to
the suppression of the interband Auger recombination. In conjunction with
dilute-As GaNAs alloy, previous works indicated the potential of dilute-P
GaNP alloy as a novel source for light emitters. Nonetheless the details

of the electronic properties of dilute-P GaNP alloy are severely lacking,
prohibiting further development of the alloys into effective photonic
devices. Understanding the electronic properties of dilute-P GaNP alloy is
thus a critical first step towards device implementation for realizing practical
devices.

In this work we provide the analysis of the electronic properties of
dilute-P GaNP alloys by utilizing First-Principle Density Functional Theory
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(DFT) calculation. Our DFT analysis indicates significant band structure
modifications of the GaN alloy when the N atoms are replaced with
Phosphorus (P) atoms in the GaN alloy. The electronic properties of the
dilute-P GaNP alloys are analyzed as follow: (a) band gap energy, (b) carrier
effective masses and (c) split-off energy. Additionally, further analysis shows
minimal interband Auger recombination in the dilute-P GaNP alloys as
compared to InGaN alloy, implying the advantage of GaNP alloy as a visible
light emitting material. The electronic properties of the dilute-P GaNP alloy
will be discussed in details. The interband Auger recombination rates for the
dilute-P GaNP alloy in comparison to InGaN alloy will also be provided.

9546-76, Session PWed
Selectively reflective transparent sheets

Remi Wache, Steven K. Clowes, Marian Florescu, Stephen
J. Sweeney, Univ. of Surrey (United Kingdom)

The aim of the present work is to investigate the possibility to selectively
reflect certain wavelengths while maintaining the optical properties at other
wavelengths. This is of particular interest for transparent materials which for
specific applications may require reflection at a specific band gap. Although
there exist currently techniques such as coatings to produce this selective
reflection, this work focus on new approaches for a mass production of
polyethylene sheet which incorporates either additives or surface patterning
for selective reflection between 8 to 13 um.

Typical additives used to produce a greenhouse effect in plastics include
particles such as clays, silica or hydroxide materials. However, the absorption
of thermal radiation is less efficient that the decrease of emissivity as it can
be compared with the inclusion of lambertian materials.

Band gap engineering by the periodic structuring of metamaterials is
known in nature for producing the vivid bright colours in certain insects
via strong wavelength selective reflection. Research to artificially engineer
such structures has mainly focused on wavelengths in the visible and near
infrared. However few studies to date have been carried out to investigate
the properties of metastructures in the mid infrared range even though
the patterning of microstructure should be easier than the fabrication

of nanostructures in photonic crystals. Preliminary results on the diffuse
reflectivity given by simulation tools will be presented and the technical
feasibility of these two approaches will be discussed.

9546-77, Session PWed

Omnidirectional mirror in two-dimensional
photonic crystal with a periodic gain-loss
modulation

Carlos Ivan Ham-Rodriguez, Jesus Manzanares-Martinez,
Univ. de Sonora (Mexico); Paola Castro-Garay, Universidad
de Sonora (Mexico); Betsabe Manzanares-Martinez, Yohan
Jasdid Rodriguez-Viveros, Univ. de Sonora (Mexico);
Damian Moctezuma-Enriquez, Ctr. de Investigacion en
Materiales Avanzados, S.C. (Mexico)

Recently has been demonstrated that the light propagation can be
forbidden in gain-loss composite media as result of simultaneous absorption
and enhancement of electromagnetic waves. The gain-loss media have a
great potential in the design of electro-optical devices because the complex
difractions of propagating and evanescent waves allow exotic possibilities
for the modification of the spontaneous emission of atoms and molecules.

Gain-loss media has been for a long time an essential component in the
design of Distributed Feedback Lasers. More recently gain-loss media has
been intensively studied because in principle, it is possible to compensate
the losses of evanescent fields such as the surface plasmons allowing new
posibilities for the plasmonic-based technology.

In this work we study the Photonic Band Gaps (PBG) that are result of the
destructive interference of electromagnetic waves interacting with a two-
dimensional gain loss media. The composite system is made of cylinders
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with gain embedded in a lossy background. We have chose a combination
of the constitutive parameters which give an zero average of gain or loss

in the unit cell. We have found the parameters to obtain a robust band gap
for the normal direction to the TX direction of a square lattice. We have also
found the ambient conditions to design an Omnidirectional Mirror which
have a stop band for all the imping propagating waves, irrespectively of
their polarization or angle of incidence.

9546-78, Session PWed

Moving femtosecond soliton in layered
structure with cubic nonlinearity

Vyacheslav A. Trofimov, Tatyana M. Lysak, Lomonosov
Moscow State Univ. (Russian Federation)

We discuss soliton mode of laser femtosecond pulse propagation in layered
structure with cubic nonlinear response in certain layers. Soliton under
consideration occupies a few layeres. It moves across the layers without its
shape destroying. Using computer simulation we investigate the features
of soliton reflection from ambient linear medium. Soliton reflection depens
in strong way on optical properties for boundary layers. However, in any
situation a part of soliton leaves the photonic crystal during some time
interval.

9546-58, Session 14

Engineering light absorption in
semiconductor metafilms (/nvited Paper)

Mark L. Brongersma, Geballe Lab. for Advanced Materials
(GLAM) (United States)

The optical properties of semiconductors are typically considered intrinsic
and fixed. | will discuss how the rapid developments in the understanding
of high-index semiconductor nano-antennas can be leveraged to create
ultrathin semiconductor metafilms with designer absorption spectra. Such
metafilms are constructed by placing one or more types of semiconductor
antennas into a dense array with subwavelength spacings. As semiconductor
antennas are only weakly-interacting and feature absorption cross sections
that can exceed their geometrical cross section, very strongly absorbing
metafilms can be created whose spectral absorption properties can directly
be linked to the resonant properties of the constituent building blocks. The
ability to create semiconductor metafilms with custom absorption spectra
opens up new design strategies for planar optoelectronic devices and solar
cells.

9546-59, Session 14

Exchanging Ohmic losses in metamaterial
absorbers with useful optical absorption
for photovoltaics (/nvited Paper)

Durdu O. Guney, Michigan Technological Univ. (United
States)

Using metamaterial absorbers, we have shown that metallic layers

in the absorbers do not necessarily constitute undesired resistive

heating problem for photovoltaics. Tailoring the geometric skin depth

of metals and employing the natural bulk absorbance characteristics

of the semiconductors in those absorbers can enable the exchange of
undesired resistive losses with the useful optical absorbance in the active
semiconductors. Thus, Ohmic loss dominated metamaterial absorbers

can be converted into photovoltaic near-perfect absorbers with the
advantage of harvesting the full potential of light management offered by
the metamaterial absorbers. Based on experimental permittivity data for
indium gallium nitride, we have shown that between 75%-95% absorbance
can be achieved in the semiconductor layers of the converted metamaterial
absorbers. Besides other metamaterial and plasmonic devices, our results
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may also apply to photodectors and other metal or semiconductor based
optical devices where resistive losses and power consumption are important
pertaining to the device performance.

9546-60, Session 14

Optimized super-absorption in nano-
structured thin films via a genetic
algorithm (/nvited Paper)

Alexandre Mayer, Jérbme Muller, Aline Herman, Olivier
Deparis, Univ. of Namur (Belgium)

Genetic algorithms mimic natural selection in order to determine globally
optimal solutions for complex problems in physics. The idea consists

in working with a population of individuals, each of them representing

a possible solution of the problem. The initial population consists of
random individuals. We then select the best individuals. We breed them

to determine new individuals for the next generation. We finally introduce
random mutations in the coding of parameters. When repeated from
generation to generation, this strategy leads to globally optimal solutions in
a time that grows only linearly with the number of parameters to determine.

We used this approach to achieve super-absorption in nano-structured thin
films (40 microns) of crystalline silicon. The device considered includes

a periodic array of inverted pyramids on the front side with a conformal
anti-reflection coating (SiNx and a-Si layers) and a reflector on the back
side (a-Si and ITO layers). The geometrical parameters of these pyramids
and the different layer thicknesses must be adjusted in order to maximize
the absorption of solar radiation in the c-Si. The genetic algorithm provides
solutions that lead to short-circuit currents of the order of 35-40 mA/

cm?, which compare very well with the maximum of 43.5 mA/cm? one can
achieve with c-Si.

[11 A. Mayer et al., Genetic algorithms used for the optimization of light-
emitting diodes and solar thermal collectors, Proc. of SPIE 3987, 918705
(2014).

[2] V. Depauw et al., Nanophotonics for ultra-thin crystalline silicon
photovoltaics: when photons (actually) meet electrons, EU PVSEC
Proceedings, 1461 (2014).

9546-61, Session 14

A new avenue for high efficiency solar
cells: interaction of hot electrons with
plasmons (/nvited Paper)

Krzysztof Kempa, Michael J. Naughton, Boston College
(United States)

Hot electrons rapidly dissipate their extra free energy, typically into heat.
This is the origin of the Shockley-Queisser efficiency limit of the single
junction solar cells. An even faster mechanism of electron-plasmon
scattering is available in metals. We demonstrate by detailed simulations,
that an ultra-thin solar cell with a composite metamaterial/plasmonic
collector could yield efficiency exceeding the Shockley-Quasar limit.

The composite collector has a double function: firstly, it is designed to
participate in efficiently trapping light, and secondly, it is a plasmonic
resonator tuned to absorb the energy of hot electrons, thus protecting them
from phonon losses.
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9546-62, Session 14

Large-area, lithography-free perfect
absorbers, color filters, and photodectors
at visible frequencies using ultra-thin silver
or amorphous silicon films

Zhongyang Li, Serkan BUtun, Koray Aydin, Northwestern
Univ. (United States)

Plasmonic materials and metamaterials have been widely utilized to achieve
spectral transmission, reflection and absorption filters based on localized

or delocalized resonances arising from the interaction of photons with
nanoscale patterns. However, the realization of visible-frequency, high-
performance, large-area, optical filters based on nanoplasmonic materials is
rather challenging due to nanofabrication related problems (cost, fabrication
imperfection, surface roughness) and optical losses of metals. Here, we
propose and demonstrate large-area perfect absorbers and transmission
color filters and photodectors that could overcome the difficulties
associated with nanofabrication using a lithography-free approach.

Our resonant flat optical design is based on a modified, asymmetric
metal-insulator/semiconductor-metal (MI/SM) based Fabry-Perot cavity
incorporated with plasmonic, lossy ultra-thin (~ 30 nm) Ag or (~ 5-15 nm)
amorphous Si films. We demonstrated a narrow bandwidth (-17 nm) super
absorber with 97% maximum absorption with a performance comparable

to nanostructure/nanoparticle-based super absorbers. We also investigated
transmission filters in which different colors can be obtained by controlling
the spacer thickness of silicon dioxide or amorphous silicon. With measured
performance of transmission peak intensity reaching 60% and a narrow-
band of ~ 40 nm, our color filters exceed the performance of widely studied
plasmonic nanohole array based color filters and make a good candidate
for large-area narrow-band photodetection devices. Such plasmonic loss
incorporated Fabry-Perot cavities using ultra-thin metallic or semiconductor
films could suggest active and practical applications in spectrally selective
optical (color and absorber) filters, optoelectronic devices with controlled
bandwidth such as narrow-band photodetectors, and light-emitting devices.

9546-63, Session 15

Transforming Cherenkov radiation in
metamaterials (/nvited Paper)

Vincent Ginis, Jan Danckaert, Irina Veretennicoff, Vrije
Univ. Brussel (Belgium); Philippe Tassin, Chalmers Univ. of
Technology (Sweden)

In this contribution, we explore the generation of light in transformation-
optical media. When charged particles move through a transformation-
optical material with a speed larger than the phase velocity of light in the
medium, Cherenkov light is emitted. We show that the emitted Cherenkov
cone can be modified with longitudinal and transverse stretching of the
coordinates. Transverse coordinates stretching alters only the dimensions
of the cone, whereas longitudinal stretching also changes the apparent
velocity of the charged particle. These results demonstrate that the
geometric formalism of transformation optics can be used not only for
the manipulation of light beam trajectories, but also for controlling the
emission of light, here for describing the Cherenkov cone in an arbitrary
anisotropic medium. Subsequently, we illustrate this point by designing

a radiator for a ring imaging Cherenkov radiator. Cherenkov radiators are
used to identify unknown elementary particles by determining their mass
from the Cherenkov radiation cone that is emitted as they pass through
the detector apparatus. However, at higher particle momentum, the angle
of the Cherenkov cone saturates to a value independent of the mass of the
generating particle, making it difficult to effectively distinguish between
different particles. Using our transformation optics description, we show
how the Cherenkov cone and the cut-off can be controlled to yield a
radiator medium with enhanced sensitivity for particle identification at
higher momentum.
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9546-64, Session 15

Guiding light by plasmonic resonant
solitons in metallic nanosuspensions

Trevor S. Kelly, Akbar Samadi, Anna Bezryadina, San
Francisco State Univ. (United States); Zhigang Chen, San
Francisco State Univ. (United States) and Nankai Univ.
(China)

In typical colloidal suspensions, the corresponding optical polarizability is
positive, and thus enhanced scattering takes place as optical beams tend
to catastrophically collapse during propagation. Recently, light penetration
deep inside scattering suspensions has been realized by engineering
dielectric or plasmonic nanoparticle polarizibilities. In particular, we have
previously demonstrated two types of soft-matter systems with tunable
optical nonlinearities - the dielectric and metallic colloidal suspensions,

in which the effects of diffraction and scattering were overcome, hence
achieving deep penetration of a light needle through the suspension.

In this work, we show that waveguides can be established in soft matter
systems such as metallic nanosuspensions through the formation of
plasmonic resonant solitons. First, we show that, due to plasmonic
resonance, a 1064nm laser beam (probe) would not experience appreciable
nonlinear self-action while propagating through 4cm cuvette containing
the metallic nanosuspension of gold spheres (40nm), whereas a 532nm
laser beam (pump) can readily form a spatial soliton due to nonlinear self-
trapping. Second, we demonstrate effective guidance of the probe beam,
which would otherwise diffract significantly through the nanosuspensions,
due to the soliton-induced waveguide from the pump beam. Such guidance
was observed when the power of the probe beam was varied from 20mwW
to 500mW at constant pump beam power, with more pronounced guidance
realized from lower to higher probe beam power. Interestingly, due to the
presence of the probe beam, the pump beam undergoes self-trapping

at an even lower power. These results may bring about the possibility of
engineering plasmonic soliton-based waveguides for many applications.

9546-65, Session 15

Magneto-optical switches in metal-
dielectric-metal plasmonic waveguides

Ali Haddadpour, Vahid Foroughi Nezhad, Louisiana State
Univ. (United States); Zongfu Yu, Univ. of Wisconsin-
Madison (United States); Georgios Veronis, Louisiana State
Univ. (United States)

The magneto-optical effect has been used to control the propagation of
surface plasmon polaritons in plasmonic waveguides. Here we investigate
single-interface metal-dielectric and metal-dielectric-metal plasmonic
waveguides in which either the dielectric or the metal is a magneto-optical
material. We derive the dispersion relation of these waveguides, and
investigate the effect of an externally applied static magnetic field. We find
that in metal-dielectric-metal waveguide structures in which the dielectric

is a magneto-optical material, the symmetry of the structure prohibits any
non-reciprocal propagation in the system. Moreover, the induced change

in the propagation constant of the supported modes in the presence of an
externally applied static magnetic field is relatively small. In addition, we
find that using a magneto-optical metal in a single-interface metal-dielectric
plasmonic waveguide results in non-reciprocal propagation of the plasmonic
modes along the interface. We also find that in metal-dielectric-metal
plasmonic waveguides in which the metal is a magneto-optical material, the
propagation constant of the supported modes is dependent on the relative
direction of the applied magnetic fields to the upper and lower metal
regions. If the applied magnetic fields to the two metal regions are equal
and in the same direction, the induced changes in the propagation constants
of the modes propagating in the positive and negative directions are the
same. On the other hand, if the directions of the applied external magnetic
fields are opposite, the propagation constants of the modes propagating

in the positive and negative directions are different. We finally investigate
Fabry-Perot cavity magneto-optical switches.
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9546-66, Session 15

Second order nonlinearity in Si by
inhomogeneous strain and electric fields
(Invited Paper)

Joérg Schilling, Clemens Schriever, Martin-Luther-Univ.
Halle-Wittenberg (Germany); Federica Bianco, Scuola
Normale Superiore (ltaly); Massimo Cazzanelli, Lorenzo
Pavesi, Univ. degli Studi di Trento (Italy)

Inhomogeneous strain was recently used to artificially generate a dipolar
second order nonlinear susceptibility in silicon. However this is not the

only way to break silicon’s centrosymmetry. Second harmonic generation
(SHG) was measured on several Si strip waveguides, which were strained
by the deposition of stressed SiNx and SiO2 layers. A substantial offset of
the SHG signal for all SiNx-covered waveguides was detected. This could
be attributed to a local electric field near the Si/SiNx-interface generated
by fixed charges in the cladding. This electric field induced SHG (EFISH)
contributes constructively to the strain caused SHG and opens ways to
electrically create and control a second order nonlinearity in Si waveguides.

9546-67, Session 16

Nano-optoelectronics with atomically thin
material (/nvited Paper)

Nick Vamivakas, Univ. of Rochester (United States)
No Abstract Available

9546-68, Session 16

In-the-cloud optimization tool for
retrieving experimentally fitted
conductivity of graphene

Ludmila J. Prokopeva, Purdue Univ. (United States) and
Novosibirsk State Univ. (Russian Federation) and Institute
of Computational Technologies (Russian Federation);
You-Chia Chang, Univ. of Michigan (United States); Naresh
K. Emani, Purdue Univ. (United States) and Data Storage
Institute (Singapore); Ted Norris, Univ. of Michigan (United
States); Alexander V. Kildishev, Purdue Univ. (United
States)

Graphene is one of the emerging active nanophotonics materials with
optical properties that can be controlled in real time by an applied bias
voltage. Different applications from sensing to active nanophotonics have
been discussed in the literature recently and the field is still developing
especially with an eye on structured and multi-layer graphene. To design
new devices there is a need for precise modeling of multivariate and
dynamic optical responses of graphene elements in frequency and time
domains. Taking into account the complexity that comes along with multiple
unknown parameters, including edge effects in nanostructured graphene
elements, graphene impurities, imperfections of characterization optics etc.,
it is hard to build an adequate multivariate model to reach good quantitative
agreement with experiment.

Here, we present an approach that uses optimization methods to retrieve
the optical properties of a given graphene sample from experiment.

We show that with these techniques good quantitative agreement with
experiments can be achieved; additionally we encapsulate our techniques
in an online data-fitting tool. The tool includes several options to precisely
fit the conductivity function to a given experiment - general spline
approximations and physically meaningful random phase approximation
models for frequency domain solvers, along with the relaxed Lorentz
oscillator models for confident time domain simulations. A pilot version of
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our free online tool entitled Photonics2D-Fit (to be staged at nanoHUB.org)
is presented.

9546-69, Session 16

Enhanced infrared transmission from gold
wire-grid arrays via surface plasmons in
continuous graphene

Zizhuo Liu, Serkan Butln, Edgar Palacios, Koray Aydin,
Northwestern Univ. (United States)

Enhanced transmission of light through nanostructures has always been of
great interest in the field of plasmonics and nanophotonics. With the aid

of near-field effects, the transmission of the electromagnetic waves can be
enhanced or suppressed. Much of the work on enhanced transmission has
been shown to be frequency-selective. However it is possible to increase
the transmission over a large frequency range by using graphene, which has
shown broadband properties in many applications.

Here, we propose enhanced transmission in wire grid gold structure making
use of continuous graphene sheets. We use finite-difference time-domain
simulations to study the optical properties of this graphene-metal hybrid
structure at mid infrared (mid-IR) wavelengths. The grating structure in wire
grid gold provides an ideal platform to match the momentum and excite the
surface plasmon polaritons (SPPs) in monolayer graphene. Our numerical
calculations show that the local electromagnetic field around the graphene
is largely enhanced due to surface plasmons. Moreover, with the highly
confined SPPs coupling with the incident light, the transmission through

the whole structure can be broadly enhanced in the mid infrared region.

We also analyze the effect of the spectrum with different periods and gold
nanowire widths to evaluate the size effects of the plasmons in graphene.

In addition, by tuning the Fermi level, one can control the wavelength range
at which the transmission is enhanced. The mechanism of the enhancement
will be explained in the calculated electric field distribution. And we will also
highlight the opportunities of graphene for applications such as tunable
transmission and active photonic modulator.

9546-70, Session 17

Enhancing and inhibiting stimulated
Brillouin scattering in photonic integrated
circuits (/nvited Paper)

Benjamin J. Eggleton, Moritz Merklein, Thomas F. S.
Buettner, Irina V. Kabakova, The Univ. of Sydney (Australia)

On-chip nonlinear optics is a thriving research field, which creates
transformative opportunities for manipulating classical or quantum signals
in small-footprint integrated devices. Since the length scales are short,
nonlinear interactions need to be enhanced by exploiting materials with
large nonlinearity in combination with high-Q resonators or slowlight
structures. This, however, often results in simultaneous enhancement of
competing Q2 nonlinear processes, which limit the efficiency and can
cause signal distortion. Here, we exploit the frequency dependence of the
optical density-of-states near the edge of a photonic bandgap to selectively
enhance or inhibit nonlinear interactions on a chip. We demonstrate this
concept for one of the strongest nonlinear effects, stimulated Brillouin
scattering using a narrow-band one-dimensional photonic bandgap
structure: a Bragg grating. The stimluated Brillouin scattering enhancement
enables the generation of a 15-line Brillouin frequency comb.

In the inhibition case, we achieve stimulated Brillouin scattering free
operation at a power level twice the threshold
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9546-71, Session 17

Optical pulse engineering and processing
using nonlinearities of tapered and
photonic crystal waveguides made of
silicon (/nvited Paper)

Nicolae-Coriolan Panoiu, Spyros Lavdas, Jie You, Univ.
College London (United Kingdom); Richard M. Osgood Jr,,
Columbia Univ. (United States)

We present recent results pertaining to pulse reshaping and optical signal
processing using optical nonlinearities of silicon-based tapered photonic
wires and photonic crystal waveguides. In particular, we show how
nonlinearity and dispersion engineering of tapered photonic wires can

be employed to generate optical similaritons and achieve more than 10?
pulse compression. We also discuss the properties of four-wave mixing
pulse amplification and frequency conversion efficiency in long-period
Bragg waveguides and photonic crystal waveguides. Finally, the influence
of linear and nonlinear optical effects on the transmission bit-error rate in
uniform photonic wires and photonic crystal waveguides made of silicon is
discussed.

9546-72, Session 17

Nonlocal and quantum tunneling
contributions to harmonic generation in
nanostructures: electron cloud screening
effects (/nvited Paper)

Michael Scalora, U.S. Army Aviation and Missile Command
(United States)

We investigate theoretically second and third harmonic generation from
metal-based nanostructures and predict that nonlocal and quantum
tunneling phenomena can significantly exceed expectations based solely
on local, classical electromagnetism. Mindful that the diameter of typical
transition metal atoms is approximately 3A, we adopt a theoretical model
that treats nanometer-size features and/or sub-nanometer size gaps or
spacers by taking into account: (i) the limits imposed by atomic size to fulfill
the requirements of continuum electrodynamics; (ii) spillage of the nearly-
free electron cloud into the surrounding vacuum; and (iii) the increased
probability of quantum tunneling as objects are placed in close proximity.
Our treatment also includes the dynamics of bound charges in wavelength
ranges where their contribution to the linear dielectric constant becomes
pivotal. The model is an attempt to simplify a classical electrodynamic
picture by incorporating a thin layer of free-electrons at the metal surface
that screens an internal, polarizable medium.
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9547-1, Session 1

Transverse spin of surface plasmon
polaritons and spin-orbit coupling
effects in light scattering by plasmonic
nanostructures (/nvited Paper)

Francisco J. Rodriguez-Fortufio, Daniel O’Connor, Pavel
Ginzburg, Gregory A. Wurtz, Anatoly V. Zayats, King’s
College London (United Kingdom)

We will present the experimental and theoretical studies of the photonic
spin-orbit coupling effects facilitated by a nanoparticle near a planar
surface. Due to spin-orbit coupling, circularly polarized light of opposite
handedness may take different trajectories when interacting with such a
system, e.g. impinging on a polarizable particle placed above a metallic
surface supporting surface plasmon polaritons or other guided modes.

The transverse spin carried by surface plasmons is intimately linked to

the polarisation of light after their scattering on nanostructures. Circular
polarizations of opposite handedness are radiated into mirror-symmetric
directions, dependent on the surface plasmon propagation direction. This
spin-orbit coupling effect is an optical analogue of the inverse spin Hall
effect and has important implications for optical forces, optical information
processing, quantum optical technology and topological surface metrology.

9547-2, Session 1

Generation of quantum entangled states
in nonlinear plasmonic structures and
metamaterials

Alexander N. Poddubny, loffe Physical-Technical Institute
(Russian Federation) and National Research Univ. of
ITMO (Russian Federation); Andrey A. Sukhorukov, The
Australian National Univ. (Australia)

The practical development of quantum plasmonic circuits incorporating
non-classical interference [1] and sources of entangled states calls for

a versatile quantum theoretical framework which can fully describe the
generation and detection of entangled photons and plasmons. However,
majority of the presently used theoretical approaches are typically limited to
the toy models assuming loss-less and nondispersive elements or including
just a few resonant modes. Here, we present a rigorous Green function
approach describing entangled photon-plasmon state generation through
spontaneous wave mixing in realistic metal-dielectric nanostructures.

Our approach is based on the local Huttner-Barnett quantization scheme
[2], which enables problem formulation in terms of a Hermitian Hamiltonian
where the losses and dispersion are fully encoded in the electromagnetic
Green functions. Hence, the problem can be addressed by the standard
quantum mechanical perturbation theory, overcoming mathematical
difficulties associated with other quantization schemes. We derive explicit
expressions with clear physical meaning for the spatially dependent two-
photon detection probability, single-photon detection probability and
single-photon density matrix. In the limiting case of low-loss nondispersive
waveguides our approach reproduces the previous results [3,4]. Importantly,
our technique is far more general and can quantitatively describe generation
and detection of spatially-entangled photons in arbitrary metal-dielectric
structures taking into account actual losses and dispersion. This is essential
to perform the design and optimization of plasmonic structures for
generation and control of quantum entangled states.

[11 J.S. Fakonas, H. Lee, Y.A. Kelaita and H.A. Atwater, Nature Photonics 8,
317(2014)

[2] W. Vogel and D.-G. Welsch, Quantum Optics, Wiley (2006).
[3] D.A. Antonosyan, A.S. Solntsev and A.A. Sukhorukov, Phys. Rev. A 90
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043845 (2014)
[4] L.-G. Helt, J.E. Sipe and M.J. Steel, arXiv: 1407.4219

9547-3, Session 1

Efficient far field transmission of orbital
angular momentum light states

Denis Garoli, Pierfrancesco Zilio, Istituto Italiano di
Tecnologia (ltaly); Giuseppe Parisi, twistoff s.r.l. (Italy);
Francesco Tantussi, Istituto Italiano di Tecnologia (ltaly);
Felix Ritort, Univ. de Barcelona (Spain); Tommaso
Ongarello, Institut d’Electronique Fondamentale (France);
Francesco De Angelis, Istituto Italiano di Tecnologia (ltaly);
Yuri Gorodetski, Ariel Univ. (Israel)

Nowadays light carrying orbital angular momentum (OAM) constitutes the
focus of multiple and variegate research interests, ranging from astronomy
to microscopy and plasmonics. Surface plasmon polaritons carrying OAM,
from now on called Plasmonic vortices (PVs), can be generated by exploiting
particular chiral grating couplers, which have been called plasmonic vortex
lenses (PVLs). Once generated, PVs can interact with nanostructures placed
at the center of the PVL, creating a number of interesting optical effects.
We introduce new simulative and experimental results on generation of
OAM light states both in near and far-field optical regime. PVLs coupled
with nanostructures placed at the center will be used in order to investigate
interesting optical behaviors. We propose an innovative holey PVL
architecture which is able to convert impinging light to an almost pure and
well defined OAM state, both in its evanescent and propagating parts. We
then extend the investigation by introducing a vertical nanotip at the center
of our structure. Although this kind of structures has been investigated for
its plasmonic nanofocusing effects, here we use it as a perfect plasmon-
to-far-field OAM decoupler. Indeed, by increasing the curvature radius at
the cone base, a perfect decoupling of plasmonic vortex into free space
propagating structured light can be obtained, without any plasmonic back
reflection at the tip base. This structure has interesting applications to
nanoparticle trapping and manipulation. We show that the vertical nanotip
can be actually used as “nano-launcher” of particles, inducing at the same
time an non-zero angular momentum on their motion.

9547-4, Session 1

Magneto-optical response of a periodic
metallic nano-structure (/nvited Paper)

Yakov M. Strelniker, Bar-llan Univ. (Israel); David J.
Bergman, Tel Aviv Univ. (Israel)

When an applied magnetic field has an arbitrary direction with respect

to the lattice axes of a periodically nano-structured metal-dielectric
metamaterial, the macroscopic or bulk effective permittivity tensor becomes
anisotropic and all its components can be nonzero. This effect can be
especially strong and significant in the vicinity of surface plasmon and
cyclotron resonances (the frequencies of which are also sensitive to the
value and direction of the applied external magnetic field). A similar effect
for the case of dc effective conductivity is already verified experimentally
(since magneto-conductivity tensor can be measured directly). However,
this prediction for the permittivity has not yet been tested experimentally
(since the permittivity tensor cannot be measured directly). What can be
measured directly is the Voigt rotation, for which general exact analytical
expressions were not published previously. In this work we have studied
analytically and numerically the rotation and ellipticity of polarization of the
light propagating through a metamaterial film with periodic nanostructure
for arbitrary direction of the applied static magnetic field, including both
Voigt and Faraday configurations. In the Voigt configuration we found a
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strong dependence of the above mentioned effects on the direction of the
applied magnetic field.

9547-5, Session 2

Perfect optical imaging of a Veselago
Lens: Eigenstate based analysis (/nvited
Paper)

David J. Bergman, Asaf Farhi, Tel Aviv Univ. (Israel)

The Veselago Lens is analyzed by expanding the electric field of a time
dependent point charge in a complete set of eigenstates of Maxwell’s
equations for a two-constituent composite medium with electric
permittivities ?1, ?2 and a magnetic permeability equal to 1 everywhere
which has the appropriate microstructure. An exact expression for the
local electric field in the form of a one dimensional integral is obtained
from which we are able to calculate that field numerically very rapidly and
with great precision. In the quasistatic regime it was found earlier that this
field diverges in some parts of the system when ?1/?2 = -1and ?1, ?2 are
both real. That is precisely where the Veselago Lens has been predicted to
provide imaging the resolution of which is not limited by the wavelength.
Moreover, the dissipation rate then also diverges sometimes. That analysis
will now be extended to the non-quasistatic regime. Among the surprising
results is the fact that the best sub-wavelength resolution is obtained not
at the geometric optics foci of the Veselago Lens but at points on the ?1, ?2
interface.

9547-6, Session 2

Beam engineering for selective and
enhanced coupling to multipolar
resonances

Tanya Das, Jon A. Schuller, Univ. of California, Santa
Barbara (United States)

Multipolar light-matter interactions in sub-wavelength nanostructures
depend on both nanostructure properties and properties of the illuminating
beam. Conventionally, researchers manipulate the former and engineer the
resonant properties of nanostructures. Instead, we concentrate on the latter
and demonstrate via electromagnetics calculations that unconventional
light sources can be used to selectively excite and enhance coupling to
specific multipolar resonances. Building on Mie theory, we describe an
analytical method for determining the optical response of nanoparticles
(NPs) illuminated by any focused beam of interest. The illuminating source is
decomposed into an angular spectrum of plane waves, and the NP response
is determined by superimposing the response of the plane waves. We show
that the multipolar light-matter interaction can alternately be expressed

as a product of illumination-independent multipole moments and particle-
independent field quantities: a vastly simplified approach for calculating
light scattering and absorption in complex illumination conditions. Using
these methods, we study the scattering spectra of a spherical NP under
several types of illumination. We show that the spectra vary significantly
with different illumination conditions, and show how to achieve selective
excitation of desired multipolar modes. Additionally, we demonstrate the
existence of longitudinal quadrupole excitations that cannot be accessed
with conventional linearly polarized illumination. This work enables a new
understanding of light-matter interactions in metamaterials, and lays the
foundation for researchers to identify, quantify, and manipulate multipolar
light-matter interactions through optical beam engineering.
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9547-7, Session 2

Ultrafast coherent dynamics of Rydberg
electrons bound in the image potential
near a single metallic nanoobject (/nvited
Paper)

Jérg Robin, Jan Vogelsang, Carl von Ossietzky Univ.
Oldenburg (Germany); Benedek J. Nagy, Wigner Research
Ctr. for Physics of the H.A.S. (Hungary); Petra Gross,
Christoph Lienau, Carl von Ossietzky Univ. Oldenburg
(Germany)

Image potential states are well established surface states of metallic films
[11. For a single metallic nanostructure these surface states can be localized
in the near-field arising from illumination by a strong laser field. Thus single
metallic nanostructures offer the unique possibility to study quantum
systems with both high spatial and ultrafast temporal resolution. Here, we
investigate the dynamics of Rydberg states localized to a sharp metallic
nanotaper.

For this purpose we realized a laser system delivering few-cycle pulses
tunable over a wide wavelength range [2]. Pulses from a regenerative
titanium:sapphire amplifier generate a white light continuum, from which
both a proportion in the visible and in the infrared are amplified in two
non-collinear optical parametric amplification (NOPA) stages. Difference
frequency generation (DFG) of both stages provides pulses in the near-
infrared.

With a precisely delayed sequence of few-cycle pulses centered around 600
nm (NOPA#1 output) and 1600 nm (DFG output) we illuminate the apex of a
sharply etched gold tip. Varying the delay we observe an exponential decay
of photoemitted electrons with a distinctly asymmetric decay length on
both sides, indicating the population of different states. Superimposed on
the decay is a clearly discernible quantum beat pattern with a period of <50
fs, which arises from the motion of Rydberg photoelectrons bound within
their own image potential. These results therefore constitute a step towards
controlling single electron wavepackets released from a gold tip opening up
fascinating perspectives for applications in ultrafast electron microscopy [3].

[1] Hofer, U. et al. Science 277, 1480 (1997)
[2] Vogelsang, J., Robin J. et al. Opt. Express 22, 25295 (2014)
[3] Petek, H. et al. ACS Nano 8, 5 (2014)

9547-8, Session 2

Heat generation, hot electrons, and
transparency windows in plasmonic
nanostructures (/nvited Paper)

Alexander Govorov, Ohio Univ. (United States)

We investigate the effects of generation of heat and hot plasmonic carriers
in metal nanostructures. The problem of heat release from optically-excited
plasmonic nanocrystals is treated classically [1,2] whereas the hot electron
problem is calculated using the quantum mechanical approach based on the
equation of motion for the density matrix [3-5]. The energy distribution of
optically-excited plasmonic carriers is very different in metal nanocrystals
with large and small sizes. In large nanocrystals, most excited carriers have
very small energies and the electron distribution resembles the case of a
plasmon wave in bulk. For gold nanocrystal with smaller sizes (less than
20nm), the energy distribution of hot carriers becomes flat and has a large
number of carriers with high energy [3-5]. Therefore, smaller nanocrystals
are preferable for injection of plasmonic carriers into semiconductors or
into molecules on the surface. The physical reason for the above behavior
is non-conservation of momentum in a nanocrystal. The geometry, type

of metal, and orientation of the external electric field are important to
obtain high quantum efficiencies of generation and injection of plasmonic
electrons [3-5]. Other important properties and limitations: (1) Intra-

band transitions are preferable for generation of energetic electrons and
dominate the absorption for relatively long wavelengths (approximately
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>600 nm), (2) inter-band transitions efficiently generate energetic holes
in the d-band of gold and (3) the carrier-generation and absorption
spectra can be significantly different [3-5]. The d-band hole generation
can be used for efficient plasmonic photochemistry [6]. Along with the
optical-energy conversion processes, we are looking at plasmonic and
hybrid metastructures with unusual properties such as strong chirality and
transparency windows [7,8,9]. The results obtained in this study can be
used to design a variety of plasmonic nanodevices based on hot electron
injection for photo-catalysis, light-harvesting, and solar cells.

[1] A. Govorov and H.H. Richardson, NanoToday 2, 20 (2007).

[2] S. Baral, A. Green, M. Livshits, A. Govorov and H.H. Richardson, ACS
Nano 8, 1439-1448 (2014).

[3] A. O. Govorov, H. Zhang and Y. K. Gun’ko, J. Phys. Chem. C 117, 16616
(2013).

[4]1 H. Zhang and A. O. Govorov, J. Phys. Chem. C 118, 7606 (2014).

[5] A.O. Govorov, H. Zhang, V. Demi, and Y. K. Gun’ko, NanoToday, 9, 85
(2014) [Editors’ Highlights].

[6] L. Weng, H. Zhang, A. O. Govorov, and M. Ouyang, Nature
Communications 5, 4792 (2014).

[71 A. Kuzyk, R. Schreiber, Z. Fan, G. Pardatscher, E.-M. Roller, A. Hégele, F.C.
Simmel, A. O. Govorov, T. Liedl, Nature, 483, 311 (2012).

[8]1 M. L. Kerfoot, A.O. Govoroy, D. Lu, R. J. O. Babaoye, Y. N. Gad, C.
Czarnocki, M. Tsukamoto, A. S. Bracker, D. Gammon, M. Scheibner, Nature
Communications (2014).

[8] H. Zhang, H. V. Demir, A.O. Govorov, ACS Photonics 1, 822 (2014).

9547-9, Session 3

Thermal phenomena in quantum
plasmonics (/nvited Paper)

Andrey K. Sarychey, Institute for Theoretical and
Applied Electrodynamics (Russian Federation); Gennady
Tartakovsky, Advanced Systems and Technologies
(United States); Sergey Vergeles, L.D. Landau Institute
for Theoretical Physics (Russian Federation); Vladimir
Parfenyev, Moscow Institute of Physics and Technology
(Russian Federation)

Plasmon nanolasers, also known as SPASERs, were suggested by Bergman
and Stockman in 2003. Quantum plasmonics attract much attention in
recent years due to the numerous potential applications in the plasmonics.
We consider thermal effects in the metal nanoresonator immersed in

the active, laser medium. The size of the resonator is much less than

the wavelength. The plasmon field inside the nanoresonator operates

as a quantum object. Due to the nanosize of the resonator, the internal
plasmon electric field is about the atomic field even for few plasmon
quants. The coupling between the plasmon field and plasmon resonator

is anomalous strong. We develop the quantum dynamics of the plasmon
field and show that the SPASER may be the subject of thermal instability.
The loss in SPASER increases with increasing the temperature when the
average number of the plasmons is maintained at the stationary level.
Therefore, the heat generation increases with increasing the temperature.
This positive feedback results in the thermal instability. When the energy,
accumulated in the plasmon nanoresonator, exceeds the instability threshold
the temperature increases exponentially. We find the increment of the
temperature growth and lifetime as function of the loss in metal and the
structure of the plasmon resonator. We consider how the thermal instability
influences the luminescence and find how the lasing threshold is changed.
The coherence of the light emitted by the plasmon laser is also considered.
The thermal stability of the nanolaser is crucial for any practical application.

9547-10, Session 3

Plasmonic laser sensors
Renmin Ma, Sadao Ota, Yimin Li, Sui Yang, Xiang Zhang,
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Univ. of California, Berkeley (United States)

Perhaps the most successful application of plasmonics to date has been in
sensing, where the interaction of a nanoscale localized field with analytes
leads to high-sensitivity detection in real time and in a label-free fashion.
However, all previous designs have been based on passively excited surface
plasmons, in which sensitivity is intrinsically limited by the low quality
factors induced by metal losses. It has recently been proposed theoretically
that surface plasmon sensors with active excitation (gain-enhanced) can
achieve much higher sensitivities due to the amplification of the surface
plasmons. Here, we experimentally demonstrate an active plasmon sensor
that is free of metal losses and operating deep below the diffraction limit
for visible light. Loss compensation leads to an intense and sharp lasing
emission that is ultrasensitive to adsorbed molecules. We validated the
efficacy of our sensor to detect explosives in air under normal conditions
and have achieved a sub-part-per-billion detection limit, the lowest reported
to date for plasmonic sensors with 2,4-dinitrotoluene and ammonium
nitrate. The selectivity between 2,4-dinitrotoluene, ammoniumnitrate and
nitrobenzene is on a par with other state-of-the-art explosives detectors.
Our results show that monitoring the change of the lasing intensity is a
superior method than monitoring the wavelength shift, as is widely used in
passive surface plasmon sensors. We therefore envisage that nanoscopic
sensors that make use of plasmonic lasing could become an important tool
in security screening and biomolecular diagnostics.

9547-11, Session 3

Near-field imaging and spectroscopy of
hybridized plasmons (/nvited Paper)

Martin Aeschlimann, Technische Univ Kaiserslautern
(Germany)

Understanding light-matter interactions such as the dynamic response of

a metal to incident light is essential for advancing fundamental research
and technological applications e.g. designing plasmonic devices such as
nanoantenna directional emitters. The near-field response is determined on
a length scale that is intrinsically smaller than the optical diffraction limit
and so we use electrons to image the near-field distribution.

We combine photoemission electron microscopy (PEEM) with a variable
wavelength laser light source, an optical parametric oscillator (OPO),

to perform near-field imaging & spectroscopy of whispering gallery
resonator (WGR)1 arrays. These ultrahigh spatially and spectrally resolved
measurements show characteristic spectral peaks and near-field mode
distributions due to the excitation of different plasmon resonances.
Controlling the interference between dipole and quadrupole modes allows
us to direct the emission from the nanoantenna.

Additionally we perform femtosecond 2-dimensional coherence
spectroscopy2 on a microcavity system containing two well separated WGR
nanoantennas. Hybridization of a propagating surface plasmon polariton
and the localized surface plasmon in a cavity enables energy transfer
between the two coupled nanoantennas.

[11 E. J. R. Vessseur, F. J. Garcia de Abajo and A. Polman Nano Letters 9 3147
(2009)

[2] M. Aeschlimann et al, Science 333, 1723 (2011)

9547-12, Session 4

Ultrafast nanoelectronics: steering
electrons in infrared near-fields (/nvited
Paper)

Georg Herink, Claus Ropers, Georg-August-Univ.
Goéttingen (Germany)

Plasmonic nanostructures can break the diffraction limit and confine optical
fields on the nanoscale. The coupling of intense femtosecond transients

to the apex of metallic nanotips enables ultrafast electron point sources
which find applications in ultrafast electron microscopy and time-resolved
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diffraction instruments. In this contribution, we demonstrate the impact

of near-field localization onto strong-field photoemission and present

the control of electron trajectories via the momentary electric near-field.
The photoemission dynamics at single gold and tungsten nanotips are
experimentally studied over a broad range of excitation frequencies,
spanning from 1- 400 Terahertz (THz). The transition from oscillatory
electron acceleration to a field-driven interaction is presented as a result of
intense, long-wavelength and localized excitation.

The high field enhancement at lower frequencies is demonstrated to induce
localized field emission from a nanotip with moderate incident fields as
provided by table-top THz sources. Such THz-induced cold field emission
can be used, e.g., for the temporal tracking of optically excited hot-electron
dynamics in nanostructures. Moreover, the field-driven electron acceleration
in the enhanced THz near-field is employed in a pump-probe scheme to
temporally map the local THz-response of the nanostructure by projecting
the momentary apex near-field onto the kinetic energy of femtosecond
electron pulses. Besides the electrical characterization of nanostructures at
THz-frequencies, the temporally and spatially confined interaction of free
electrons with ultrashort near-fields is expected to enable a novel class of
ultrafast vacuum micro- and nanoelectronic devices, and first applications
are presented in this talk.

9547-13, Session 4

Mapping near-field plasmonic interactions
of silver particles with scanning near-field
optical microscopy measurements

Patrick Andrae, Helmholtz-Zentrum Berlin fUr Materialien
und Energie GmbH (Germany) and Freie Universtitat
Berlin (Germany); Min Song, Helmholtz Zentrum Berlin
(Germany); Mohamed Haggui, Paul Fumagalli, Freie Univ.
Berlin (Germany); Martina Schmid, Helmholtz-Zentrum
Berlin fUr Materialien und Energie GmbH (Germany) and
Freie Univ. Berlin (Germany)

A scanning near-field optical microscope (SNOM) is a powerful tool to
investigate optical effects that are smaller than Abbe’s limit. Its greatest
strength is the simultaneous measurement of high-resolution topography
and optical near-field data that can be correlated to each other. However,
the resolution of an aperture SNOM is always limited by the probe. It

is a technical challenge to fabricate small illumination tips with a well-
defined aperture and high transmission. The aperture size and the coating
homogeneity will define the optical resolution and the optical image
whereas the tip size and shape influence the topographic accuracy.
Although the technigue has been developing for many years, the correlation
between simulated near-field data and measurement is still not convincing.

To overcome this challenge, the mapping of near-field plasmonic
interactions of silver nanoparticles is investigated. Different nanocluster
samples with diverse distributions of silver particles are characterized via
SNOM in illumination and collection mode. This will lead to topographical
and optical images that can be used as an input for SNOM simulations with
the aim of estimating optical artifacts. Including tip, particles, and substrate,
the COMSOL simulations are based on the real set-up and settings.
Correlating the high-precision SNOM measurement and the detailed
simulation of a full image scan will enable us to draw conclusions regarding
near-field enhancements caused by interacting particles.

We will discuss how different tip shapes, particle distributions, and
roughness can affect the optical image. Providing the influence of critical
measurement parameters (tip-sample distance, step size, integration time),
we will improve the SNOM set-up and the resolution of the resulting images.
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9547-14, Session 4

Probing plasmonic hot spots on single
gold nanowires using combined near field
techniques

Patrick Hsia, Sylvie Marguet, CEA-Ctr. de SACLAY
(France); Sergei Kostcheev, Renaud J. B. Bachelot, Institut
Charles Delaunay (France) and Lab. de Nanotechnologie
et Instrumentation Optique (France); Ludovic Douillard,
Fabrice Charra, Céline Fiorini-Debuisschert, CEA-Ctr. de
SACLAY (France)

Gold nanowires are known to sustain surface plasmons (SP) when they are
excited by visible or near-infrared light. SPs correspond to the collective
oscillation of conduction electrons which leads to high localized field
enhancements called “hot spots”. They find various applications such

as the optimization of the efficiency of solar cells or the generation of
nanosource of light. Comparative characterizations between wires made
by colloidal chemistry and by e-beam lithography have been undertaken
using complementary near field characterization techniques. Considering
comparable excitation conditions, we show that wires made by colloidal
synthesis exhibits rather stronger field enhancement effects, their two-
photon luminescence (2PL) emission spectrum clearly revealing their
crystalline properties.

Simultaneous characterization of the topography and the optical properties
of single nanowires was performed both by correlated atomic force
microscopy (AFM) coupled with 2PL and by combined low-energy and
photoemission electron microscopy (LEEM/PEEM), respectively to get an
insight in both the radiative and non-radiative channels of relaxation of

the SP. Finally, we present a new near-field technique where the second
harmonic signal generated by locally oriented molecules under a tip plays
the role of an active probe, enabling to reveal the optical properties of nano-
objects (hot spots). The optical resolution obtainable with this technique

is directly linked to the tip apex while the resolution in 2PL depends on

the size of the spot. This technique will be further compared to the ones
mentioned above and its possibilities will be presented.

9547-15, Session 4

Ultrafast dynamics via coherent exciton-
plasmon coupling in quantum dot-metallic
nanoparticle systems

Seyed M. Sadeghi, The Univ. of Alabama in Huntsville
(United States)

When a quantum dot is in the vicinity of a metallic nanoparticle and is
driven by a laser field, guantum coherence can renormalize the plasmon
field of the metallic nanoparticle, forming a coherent-plasmonic field (CP
field). In this contribution we demonstrate that for a given form of variation
of this laser field with time, the CP field around the metallic nanoparticle
can have offer different forms of field ultrafast dynamics, depending on
location. In other words, the coherent exciton-plasmon coupling in such a
system can generate distinctive position-dependent coherent-plasmonic
dynamics, designating each location around the metallic nanoparticle

with a characteristic time-position coordinate. We discuss the way such

a process depends on the applied laser field frequency and polarization,
guantum dot transition energies, and spacing between the quantum dot
and metallic nanoparticle. We also discuss how such a process allows
quantum dot-metallic nanoparticle acts as coherent antenna, offering novel
ways for adsorption-free detection of certain nanoscale materials. These
investigations are carried out by demonstrating that the coherent dynamics
responsible for these effects can persist even in the presence of the ultrafast
polarization dephasing of the quantum dots. This part of our investigation
highlights the prospect of generation and preservation of quantum
coherence effects in hybrid quantum dot-metallic nanoparticle systems

at elevated temperatures. Therefore, even when the decoherence times of
the quantum dots are of the order of several hundreds of femtoseconds, as
observed at room temperature, such coherent dynamics can remain quite
distinct and observable.

spie.org/op Return to Contents



Conference 9547: Plasmonics: Metallic
Nanostructures and Their Optical Properties XllI

9547-16, Session 4

Efficient coupling and transport of a
surface plasmon at 780 nm in a gold
nanostructure (/nvited Paper)

Yu Gong, Alan G. Joly, Patrick El Khoury, Wayne P. Hess,
Pacific Northwest National Lab. (United States)

Nonlinear photoemission electron microscopy (PEEM) is used to map
propagating surface plasmons launched from lithographically patterned
nanostructures, such as individual nanoholes nanohole arrays and
trenches, in noble metal films. The propagation of a coherent surface
plasmon is followed, in real time, using a pump-probe technique and
locked femtosecond pulse pairs. In effect we produce a movie of plasmon
propagation. The plasmon velocity is determined and dispersion properties
characterized. Strong near field photoemission patterns are observed in the
PEEM images. A damped elongated ring-like photoemission beat pattern
is observed from individual nanoholes following low angle of incidence
irradiation. In studies of plasmonic nanohole arrays, with sub-15 fs laser
pulses centered at 780 nm, focusing of propagating plasmons is optimized
as a function of the number of rows and columns constituting the array.
The recorded photoemission patterns are attributed to constructive and
destructive interference between propagating surface plasmons launched
from the individual nanoholes which comprise the array. By exploiting

the wave nature of propagating surface plasmons, we demonstrate how
varying the array geometry (hole diameter, pitch, and number of rows/
columns) ultimately yields intense localized photoemission patterns.
Through a combination of PEEM experiments and finite-difference time-
domain simulations, we identify the parameters for optimal array geometry
for efficient light coupling and interferometric plasmonic lensing. We also
describe an exemplary practical application of the nanohole array-based
plasmonic lenses, namely, enhanced photoemission from a vertex of a
strategically positioned gold triangle.

9547-18, Session 5

Multicolor fluorescence microscopic
imaging of cancer cells on the plasmonic
chip

Keiko Tawa, National Institute of Advanced Industrial
Science and Technology (Japan) and Kwansei Gakuin

Univ. (Japan); Chisato Sasakawa, Shohei Yamamura, Izumi
Shibata, Masatoshi Kataoka, National Institute of Advanced
Industrial Science and Technology (Japan)

A plasmonic chip which is a metal coated substrate with grating structure
can provide the enhanced fluorescence by the grating-coupled surface
plasmon field. In our previous studies, bright epi-fluorescence microscopic
imaging of neuron cells and sensitive immunosesnsing have been reported.
In this study, two kinds of breast cancer cells, MCF-7 and MDA-MB23]1,
were observed with epi-fluorescence microscope on the plasmonic chip
with 2D hole-arrays. They were multicolor stained with 4’, 6-diamidino-
2-phenylindole (DAPI) and allophycocyanin (APC)-labeled anti-epithelial
cell adhesion molecule (EpCAM) antibody. Our plasmonic chip provided
the brighter fluorescence images of these cells compared with the glass
slide. Even in the cells including few EpCAM, the distribution of EpCAM
was clearly observed in the cell membrane. It was found that the plasmonic
chip can be one of the powerful tools to detect the marker protein existing
around the chip surface even at low concentration.

9547-19, Session 5

NIR and MIR charge transfer plasmons in
wire-bridged antennas

Yue Zhang, Fangfang Wen, Samuel Gottheim, Nicholas S.
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King, Yu Zhang, Peter Nordlander, Naomi J. Halas, Rice
Univ. (United States)

We investigate optical properties of wire-bridged plasmonic nanoantennas.
Here we found two spectral features: a dipolar plasmon in the visible and a
Charge Transfer Plasmon (CTP) in the infrared. The CTP depends sensitively
on the conductance of the junction wire, offering a controllable way for
tuning the plasmon resonance to the desired wavelength regime via junction
geometries. Here we use single-particle dark field spectroscopy from UV,
visible to IR to identify plasmonic modes in different spectrum regimes.

The simulations using Finite-difference time-domain (FDTD) method are

in good agreement with experiment: Increasing the junction wire width

and concurrently the junction conductance blue shifts resonance positions,
and simultaneously modifies scattering strengths, the linewidth of CTP

and dipolar plasmon. We notice that CTP in a much longer wavelength
regime and preserving a narrow line width, an important implication for
designing IR plasmons with a high quality factor for enhanced spectroscopy
and sensing applications. We also extend the CTP to the IR regime by
increasing the wire length to create IR plasmon while keeping the line width
of the resonance. Our work offers a way for studying the charge transfer
properties in plasmonic nanostructures. Not only it adds another degree in
understanding the charge transfer properties in plasmonic nanostructures
but also offers an optical platform for studying molecules transport at
optical frequencies and related applications.

9547-20, Session 5

Nanoporous antennae for high quality
factor infrared sensing

Denis Garoli, Eugenio Calandrini, Istituto Italiano di
Tecnologia (ltaly); Sandro Cattarin, CNR-IENI (ltaly);
Pierfrancesco Zilio, Alessandro Alabastri, Andrea Toma,
Ermanno Miele, Francesco De Angelis, Istituto Italiano di
Tecnologia (ltaly)

In the last decade, the research efforts was focused on the quest of novel
plasmonic materials. In particular, the mid-infrared and THz spectral

ranges present the advantage of direct probing of the vibrational spectra

of the sample but suffers the limit imposed by diffraction. The capability

of plasmonics to squeeze and enhance the light in the so-called hot-spots
offers a new path for the development of highly-selective optical sensors for
biomedical applications.

We introduce a novel material platform for mid-infrared plasmonics and
sensing based on nanoporous gold grown by means of Au and Ag co-
sputtering. Nanoporous gold can be formed by dealloying Au-Ag alloys
and its nanostructural features depends on the initial alloy composition. To
this goal, co-sputtering technique offers the advantages of complete tuning
of the growth parameters and high-scalability. The optical response is
completely determined by the nanostructural film features.

Plasma frequency around 3000 cm-1 has been obtained and nanoantenna
arrays have been fabricated by means of electron beam lithography and
reactive ion etching. Antennas are engineered to support localized plasmon
resonances in the 1500-1700 cm-1 range. This device is exploited for the
detection of protein conformational states, in their native environment,

at extremely low concentration, in the amide-I and -Il band range.

The employment of nanoporous gold offers the unigue advantages of
augmented analyte delivery by infiltration inside the sensor, high-effective
surface area and versatile functionalization, without affecting the device
fabrication by porousity.

9547-21, Session 5

Plasmonic holography: obtaining wide
angle, broadband, and high efficiency
(Invited Paper)

Jacob Scheuer, Yuval Yifat, Michal Eitan-Wiener, Zeev lluz,
Yael Hanein, Amir Boag, Tel Aviv Univ. (Israel)
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We demonstrate wide-angle, broadband and efficient reflection holography
by utilizing coupled dipole-patch nano-antenna cells to impose an arbitrary
phase profile on of the reflected light. High fidelity images were projected
at angles of up to 450 with respect to the impinging light with efficiencies
exceeding 50% over an optical bandwidth of 200nm. The demonstration of
such reflectarrays opens new avenues towards expanding the limits of large
angle holography and rendering it a practical technology.

9547-87, Session 5

Tuning plasmonic cavity modes by the
symmetry breaking of metasurface (/nvited
Paper)

Hui Liu, Nanjing Univ. (China)

A plasmonic cavity composed from metasurface is designed and
experimentally demonstrated. Due to the symmetry breaking of the
metasurface, the degeneracy of the different polarized cavity states is
lifted. It shifts the resonating frequencies of two polarized cavity modes,

in which one is blue-shifted and another is red-shifted. Combining with a
photothermal effect, we demonstrate that the polarized cavity states can
be experimentally tuned by varying the reflection phase of the metasurface
through the incident laser intensity. This reported metacavity can be
applied in cavity quantum optics, lasers and other light-matter interaction
processes.

9547-22, Session 6

Strongly coupled plasmon-nanocavity
modes for broadband, near-field induced
absorption in ultrathin semiconductor
coatings (/nvited Paper)

Carl Hagglund, Uppsala Univ. (Sweden)

Ultrathin nanocomposite layers comprising noble metal nanoparticles and
semiconductor coatings can support localized surface plasmon resonances
(LSPRs) with very large cross sections for absorption and scattering of light.
These plasmon resonances are highly sensitive to details of the geometry
as well as to the permittivity of the metal and semiconductor components,
allowing their effective optical properties to be adapted to a range of
important applications including solar energy conversion.

By employing such a nanocomposite system as an essentially two
dimensional absorber layer in an absorber/spacer/reflector stack, extreme
levels of absorption per unit volume can be accomplished through optical
impedance matching.l This is of high interest for solar cells, where it may
enable a two orders of magnitude reduction of the absorber layer thickness,
implying potentially large gains in terms of cost reductions and conversion
efficiency. However, in order to exploit such ultrathin nanocomposite

layers for efficient solar energy conversion, the absorption must cover a
broad spectral range and losses in the form of Joule heating of the metal
components must be minimized.

These challenges may be approached by exploiting plasmon near-field
induced absorption in heavily damping semiconductor coatings.2 The
damping broadens the LSPR and channels a high fraction of the absorption
into the semiconductor layer while it suppresses Joule heating. Additional
benefits can be gained through strong coupling of the damped LSPR and a
Fabry-Perot nanocavity mode supported by the absorber/spacer/reflector
system. This results in additional peak width and even anticrossing behavior
when the coupling is strong enough compared to the overall damping.
Based on a 10 nm thick semiconductor coating grown on a gold nanoparticle
array by atomic layer deposition, these effects are experimentally verified
and used to demonstrate a very high average semiconductor absorption
across the spectral range targeted for solar energy applications.

1Hagglund, C. et al. Self-assembly based plasmonic arrays tuned by atomic
layer deposition for extreme visible light absorption. Nano Lett. 13, 3352-
3357, (2013).
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2 Hagglund, C. & Apell, S. P. Plasmonic near-field absorbers for ultrathin
solar cells. The Journal of Physical Chemistry Letters 3,1275-1285, (2012).

9547-23, Session 6

Cooperative energy transfer in plasmonic
systems

Tigran V. Shahbazyan, Jackson State Univ. (United States);
Vitaliy N. Pustovit, Augustine M. Urbas, Air Force Research
Lab. (United States)

Forster’s energy transfer between donor and acceptor fluorophores,

e.g., dye molecules or semiconductor quantum dots, underpins diverse
phenomena in biology, chemistry and physics. While Forster’s transfer
between isolated fluorophores is efficient only for relatively short donor-
acceptor separations below 10 nm, plasmon-mediated transfer channels
that arise when fluorophores are placed near metal nanostructures lead

to significant increase of energy transfer rate for larger donor-acceptor
distances. The fraction of the donor energy absorbed by the acceptor is
determined by ta subtle interplay between transfer, radiation and dissipation
channels. We describe a cooperative amplification mechanism for plasmon-
mediated energy transfer from a large ensemble of donors to fewer
acceptors. The plasmonic coupling between donors’ gives rise to robust
superradiant and subradiant states and the energy transfer takes place from
these collective states rather than from many individual donors. We show
that the transfer efficiency from superradiant states is significantly amplified
relative to that from the same number of individual donors due to the large
matrix element of superradiant states with acceptor’s electric field. At the
same time, energy transfer from subradiant states is amplified as well due to
their reduced Ohmic and radiative losses.

9547-24, Session 6

Surface plasmon strengthened nonlinearity
in indium-tin-oxide coated Cu-doped
potassium sodium barium strontium
niobate crystals

Hua Zhao, Liang Li, Jingwen Zhang, Harbin Institute of
Technology (China)

Since the electromagnetic fields associated with the surface plasmon
polaritons (SPPs) are localized at interfaces and often intensified greatly
[1], the nonlinearity of optical materials were strengthened greatly [2]. In
the past years, researchers tuned the plasma frequency of semiconductor
indium tin oxide (ITO) thin films towards shorter wave by applying external
electric field [3]. We used internal photovoltaic field to tune ITO plasma
frequency from IR to visible band in lithium niobate [4]. In this work, we
employed fast response, pyroelectric Cu-doped (K0.5Na0.5)0.2(Sr0.75
Ba0.25)0.9Nb206 (KNSBN) crystals in modifying ITO coating to support
visible SPP to strengthen its nonlinearity in KNSBN. As the result, (1) a 2
dimensional diffraction pattern was observed with only two writing beams;
(2) The reflectivity on the very first surface was changed 2.3%, equivalent
to 0.023 refractive index change; (3) as high as 3.0% energy transferring to
the reflection on the first surface was measured, resulting unambiguously
from energy transferring in subwavelength scale. All these results, beyond
reach of conventional photorefractive theory, consist with our theoretical
consideration based on SPP excitation. The phase grating mediated SPP
excitation is promising in designing photonic devices.

[1] S. Hayashi, and T. Okamoto, J. Phys. D: Appl. Phys. 45, 433001 (2012).
[2] P. Gadenne and J. C. Rivoal, Topics Appl. Phys. 82, 185-215 (2002).
[3] E. Feigenbaum, K. Diest, and H. A. Atwater, Nano Lett. 10, 2111 (2010).

[4]1 H. Wang, H. Zhao, C. Xu, L. Li, G. Hu, and J. Zhang, Appl. Phys. Express, 7,
102001 (2014).

spie.org/op Return to Contents



Conference 9547: Plasmonics: Metallic
Nanostructures and Their Optical Properties XllI

9547-25, Session 6

Enhancing second-order nonlinearity on
Au-nanorods at localized surface plasmon
resonance with nonlinear optical polymers

Atsushi Sugita, Takuma Hirabayashi, Shunsuke Nihashi,
Atsushi Ono, Yoshimasa Kawata, Univ. of Shizuoka (Japan)

We will present second harmonic generations (SHG) from Au nanorods
coated with nonlinear optical (NLO) polymers. Nonlinear Plasmonics, the
technologies of mixing multiple Surface Plasmon (SP)-enhanced optical
fields, have attracted great attentions as one of the most important basic
technologies for next-generation high-speed, high-density and ultra-
compact integrated photonic devices. Most of the previous studies have
exploited the nonlinearities of metal surfaces, where the SP waves were
generated. In the present study, we challenged enhancing the nonlinearities
of the metal surfaces with the NLO polymers. The three kinds of the

NLO polymers with different transition frequencies were prepared. The
localized Surface Plasmon (LSP) waves were excited with Au-nanorods.
The LSP resonant frequencies were tuned by changing the aspect ratio

of the nanorods. The NLO polymer thin film with 50 nm-thickness was
coated on the nanorods. When the excitation light wavelength agreed

with the LSP resonant wavelength, the nanorods emitted the intense SHG
waves, whether or not the NLO polymers were coated. However, the SHG
conversion efficiency of the NLO polymer coated nanorods was higher than
that of the pristine nanorods. Furthermore, the conversion efficiencies were
higher, as the transition wavelengths of the NLO polymers were closer to
the excitation light wavelength. The 3.5-fold enhancement in the conversion
efficiency was recorded from the nanorods whose absorption peak was

the closest to the LSP excitation wavelength, comparing with that from

the pristine nanorods. The results proved that the enhancements of the
nonlinearities due to the near-resonant excitations were available for the
nonlinear plasmonics.

9547-26, Session 6

A comparative study of second-harmonic
generation in plasmonic and dielectric
gratings made of centrosymmetric
materials

Martin Weismann, Univ. College London (United Kingdom)
and Photon Design Ltd. (United Kingdom); Dominic F.

G. Gallagher, Photon Design (United Kingdom); Nicolae-
Coriolan Panoiu, Univ. College London (United Kingdom)

We present a new numerical method for the analysis of second-harmonic
generation (SHG) in one- and two-dimensional (1D, 2D) diffraction gratings
containing centrosymmetric quadratically nonlinear materials. Thus, the
nonlinear optical properties of a material are determined by its symmetry
properties: non-centrosymmetric materials lack inversion symmetry and
therefore allow local even-order SHG in the bulk of the material, whereas
this process is forbidden in centrosymmetric materials. The inversion
symmetry of centrosymmetric materials is broken at their surface whence
they allow local surface SHG. Additionally, centrosymmetric materials give
rise to nonlocal (bulk) SHG.

Our numerical method extends the linear generalized source method (GSM),
which is an efficient numerical method for solving the problem of linear
diffraction in periodic structures of arbitrary geometry. The nonlinear GSM is
a three-step algorithm: for a given excitation at the fundamental frequency
the linear field is computed using the linear GSM. This field gives rise to a
nonlinear source polarization at the second harmonic (SH) frequency. This
nonlinear polarization comprises surface and bulk polarizations as additional
source terms and is subsequently used to compute the nonlinear near- and
far-field optical response at the SH.

We study the convergence characteristics of the nonlinear GSM for 1D and
2D periodic structures and emphasize the numerical intricacies caused by
the surface SH polarization term specific to centrosymmetric materials. In

Return to Contents +1 360 676 3290

SPIE.

NANOSCIENCE+
ENGINEERING

order to illustrate the practical significance of our numerical method, we
apply it to metallic gratings made of Au and Ag as well as dielectric grating
structures made of silicon and investigate the relative contribution of the
bulk and surface nonlinearity to the nonlinear optical response at the SH.
Particular attention is paid to optical effects that have a competing influence
to the nonlinear optical response of the grating structures, namely the
resonant local field enhancement and optical losses.

9547-27, Session 7

Surface-enhanced Raman spectroscopy on
engineered plasmonic metamaterials for
“label free” biosensing (/nvited Paper)

Massimo Rippa, Rossella Capasso, Marianna Pannico,
Pietro La Manna, Pellegrino Musto, Consiglio Nazionale
delle Ricerche (Italy); Jun Zhou, Ningbo Univ. (China);
Lucia L. Petti, Consiglio Nazionale delle Ricerche (ltaly)

The last decade has been characterized by artificial electromagnetic (EM)
materials, including photonic crystals (PCs) and photonic quasi-crystals
(PQCs), making these very attractive given that there are new possibilities
to control the EM field in innovative way. Quasiperiodic crystals (QCs)

are a new class of materials that have fascinating optical properties lying
somewhere between those of disordered and period structures. With the
use of PCs and PQCs, it is possible to synthesize novel artificial structures
characterized by selective EM responses, which, in turn, undergo significant
frequency shifts, in presence of biological material.

In the present work we studied artificial EM nanomaterials to develop
innovative plasmonic nanobiosensors based on Surface Enhanced Raman
Scattering (SERS) substrates and working in the visible and NIR frequency
bands. Fabricated gold PQCs in a Thue Morse arrangement are proposed
for the engineering of reproducible SERS substrates. Scanning electron
microscopy, UV/Vis absorption spectroscopy, dark field microscopy and
atomic force microscopy (AFM) are used to characterize the experimental
structure. Using a molecular monolayer of pMA (p-mercaptoaniline) as a
Raman reporter, we show that high values of SERS enhancement factors can
be achieved in photonic structures.

9547-28, Session 7

Nonradiative Energy Transfer in Layered
Metal-Dielectric Nanostructure Mediated
by Surface Plasmon

Sepideh Golmakaniyoon, Nanyang Technological Univ.
(Singapore) and LUMINOUS! Ctr. of Excellence for
Semiconductor Lighting and Displays (Singapore);
Xiaowei Sun, Hilmi V. Demir, Nanyang Technological Univ.
(Singapore)

Plasmon resonance energy transfer has received great attention in
semiconductor nanoparticles structures. The conventional sandwich
configuration consists of donor-metal nanostructure-acceptor has

been successfully applied to improve the nonradiative energy transfer
efficiency from the excited donor dipole to the acceptor molecule via
surface plasmon coupling at the interfaces. Here we demonstrate that the
cascaded plasmon coupling gives rise to more efficient energy transfer
mechanism compared to single plasmon coupling. The approach has been
illustrated through the analytical simulation of an oscillating dipole near
the stratified nanostructure of silver-dielectric-silver-acceptor. The overlaps
of the surface plasmon modes at the silver-dielectric and dielectric-silver
interfaces lead to the stronger cross coupling in comparison with the
single silver layer configuration. Moreover, the experimental results are in
good agreement with the analytical simulation. The consistency confirms
more than 100% plasmon resonance energy transfer enhancement in the
donor-silver-dielectric-silver-acceptor configuration compared to the
donor-silver-acceptor structure. The current approach uniquely allows
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designing the optoelectronic devices with less photoluminous quenching
and more efficient energy transfer process due to the reduction in total
metal thickness and stronger surface plasmon coupling at the boundaries,
respectively.

9547-29, Session 7

Integrated ring grating-nanoantenna
structure for plasmon/emitter coupling

Nancy Rahbany, Wei Geng, Rafael Salas-Montiel, Sylvain
Blaize, Renaud J. B. Bachelot, Univ. de Technologie Troyes
(France); Christophe Couteau, Univ. de Technologie Troyes
(France) and Nanyang Technological Univ. (Singapore)

There is a growing interest nowadays in the study of strong light-matter
interaction at the nanoscale [1], specifically between surface plasmon
polaritons and emitters [2]. Researchers in the fields of plasmonics,
nanooptics and nanophotonics are constantly exploring new ways to control
and enhance surface plasmon launching, propagation, and localization [3].
Moreover, emitters placed in the vicinity of metallic nanoantennas exhibit
fluorescence rate and quantum yield enhancement [4] due to the increase
in the electromagnetic confinement in the region [5]. However, numerous
applications such as optical electronics, nanofabrication and sensing
devices require a very high optical resolution which is usually limited by the
diffraction limit. Targeting this problem, we introduce a novel plasmonic
structure consisting of metallic nanoantennas integrated in the center of
ring diffraction gratings [6, 7]. Propagating surface plasmon polaritons
(SPPs) are generated by the ring grating and couple with localized surface
plasmons (LSPs) at the nanoantennas, which excites dye molecules

placed in the gap. Numerical FDTD simulations as well as experimental
optical characterization results are presented. Ring gratings containing
nanoprisms, single bowtie nanoantennas and double bowtie nanoantennas
were fabricated using Electron Beam Lithography (EBL). Plasmon-emitter
coupling was studied upon measuring the photoluminescence spectrum

of dye molecules placed in the nanoantenna gap, where a comparison
between the different nanoantennas is provided. The combination of the
sub-wavelength confinement of LSPs and the high energy of propagating
SPPs in our structure leads to precise nanofocusing at the nanoscale, which
can be implemented to reach the strong coupling regime between emitters
and surface plasmons.

[1] Tame, M. S,, et al. “Quantum plasmonics,” Nat. Phys. 9.6 (2013): 329-340.

[2] Térma, P, & Barnes, W. L., “Strong coupling between surface plasmon
polaritons and emitters,” ArXiv Preprint. (2014): ArXiv14051661.

[3] Barnes, W. L., et al. “Surface plasmon subwavelength optics,” Nature
424.6950 (2003): 824-830.

[4] Kinkhabwala, A., et al. “Large single-molecule fluorescence
enhancements produced by a bowtie nanoantenna,” Nature Photonics 3
(2009): 654-657.

[5] Maier, S. A, et al. “Local detection of electromagnetic energy transport
below the diffraction limit in metal nanoparticle plasmon waveguides,”
Nature Materials 2.4 (2003): 229-232.

[6] Rahbany, N., et al. “A concentric plasmonic platform for the efficient
excitation of surface plasmon-polaritons,” Submitted to Optics Express
(2015).

[7]1 Rahbany, N., et al. “Integrated plasmonic double bowtie / ring
grating structure for enhanced electric field confinement,” Submitted to
Nanospectroscopy (2015).

9547-30, Session 7

Fluorescence enhancement using Fano-
resonant a plasmonic nanostructure with
selective functionalization of molecules at
the electromagnetic hot spot

Xiaolong Wang, Olivier J. F. Martin, Ecole Polytechnique
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Fédérale de Lausanne (Switzerland)

In recent years, one has paid significant attention to plasmonic
nanostructures due to their potential for practical applications. Especially,
in most plasmonic nanostructures, the local density of optical states is
strongly enhanced and confined in the nanogap region - like for example
in plasmonic antennas - which results in the so-called electromagnetic

hot spots. In this work, we use 4-nanorod structures made with silver to
generate and tune Fano resonances exhibiting an asymmetric and narrow
lineshape. In such a system, a strongly enhanced electromagnetic field is
created in the nanogap when the two antenna modes undergo destructive
interference, i.e. at the Fano resonance. The local near field is thus strongly
enhanced since most of the energy is not radiated into the far field at that
wavelength. We will show that using a 4-nanorod structure in silver, we can
easily tune the Fano resonance through the fluorescence spectrum of the
molecule under study, thus exploring the different resonance conditions
between the molecule absorption/emission bands and the plasmonic
nanostructure; both the excitation and emission rates of the molecule can
be enhanced when it is placed within the hot spot. To this end, we have
developed a double electron beam lithography process to fabricate the
plasmonic nanostructures and then selectively immobilize the molecule in
the hot spot, in order to investigate the fluorescence enhancement under
well-controlled conditions. The fluorescence enhancement is demonstrated
by measuring the fluorescence lifetime and the fluorescence count rate. The
experimental results are supported by theoretical modelling and numerical
calculations with the Green’s tensor method.

9547-31, Session 7

Plasmon enhanced linear and nonlinear
photoluminescence in planar nanoparticle
arrays

Gary F. Walsh, U.S. Army Natick Soldier Research,
Development and Engineering Ctr. (United States) and
Boston Univ. (United States); Luca Dal Negro, Boston Univ.
(United States)

Light emission from metal nanoparticles has potential appications as

a highly sensitive refractive index detector. In order for this protential

to be realized the mechanics of plasmon enhanced photoluminescence
(PL) in planar nanoparticle arrays must be understude. We present an
experimental exploreation of emission spectra and realitive efficiency of
gold PL in nanoplasmonic arrays. We demonstrate tunability of metal PL
by nanoparticle size and discover the critical role of near-field interparticle
coupling on emission efficiency. We show that direct excition of plasmon
resonances by photoexcited electron-hole pairs is the primary contributer
to the metalic nanoparticle emission spectrum. We additionally show that
emission is quenched by near-field interactions between nanoparticles
leading to spectral broading by increased non-radiative plasmon decay.
Finally, we show a correlation between plasmon life-time and PL efficiency.
We explore this phenominan for both linear and nonlinear PL. Experimental
results are supported by numerical simulations of plasmon life-time.

9547-32, Session 7

Probing and controlling large Purcell
enhancement in plasmonic nanoantennas

Maiken H. Mikkelsen, Duke Univ. (United States)

Plasmonic cavities and nanoantennas can strongly modify the excitation
and decay rates of nearby emitters by altering the local density of states.
Here, we demonstrate large enhancements of fluorescence and spontaneous
emission rates of molecules embedded in plasmonic nanoantennas with
sub-10-nm gap sizes. The nanoantennas consist of colloidally synthesized
silver nanocubes coupled to a metallic film which is separated by a 5-15

nm self-assembled polyelectrolyte spacer layer with embedded molecules.
Each nanocube resembles a nanoscale patch antenna whose plasmon
resonance can be changed independent of its local field enhancement.
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By varying the size of the nanopatch, we tune the plasmon resonance by
~200 nm throughout the excitation, absorption, and emission spectra of
the embedded molecules demonstrating giant fluorescence enhancement
for antennas resonant with the excitation wavelength [A. Rose, T.B. Hoang,
F. McGuire, J.J. Mock, C. Ciraci, D.R. Smith & M.H. Mikkelsen, Nano Letters
14, 4797 (2014)]. Next, we directly probe and control the nanoscale
photonic environment of the embedded emitters including the local field
enhancement, dipole orientation and spatial distribution of emitters. This
enables the design and experimental demonstration of Purcell factors
exceeding 1,000, while maintaining high quantum efficiency and directional
emission [G.M. Akselrod, C. Argyropoulos, T.B. Hoang, C. Ciraci, C. Fang,

J. Huang, D.R. Smith & M.H. Mikkelsen, Nature Photonics 8, 835 (2014)].
Full-wave simulations incorporating the nanoscale environment accurately
predict the experimentally observed emission dynamics and reveal design
rules for future devices. Finally, progress on coupling colloidal quantum dots
to the plasmonic nanopatch antennas will be discussed.

9547-33, Session 8

Second harmonic excitation spectroscopy
in studies of Fano-type coupling in
plasmonic arrays

Gary F. Walsh, U.S. Army Natick Soldier Research,
Development and Engineering Ctr. (United States) and
Boston Univ. (United States); Jacob T. Trevino, The City
Univ. of New York Advanced Science Research Ctr. (United
States) and Boston Univ. (United States); Emanuele
Francesco Pecora, Stanford Univ. (United States) and
Boston Univ. (United States); Luca Dal Negro, Boston Univ.
(United States)

Scattering by plasmon resonances of metallic nanoparticles can be tailored
by particle material, size, shape, and local as well as long-range ordet. In this
presentation we discuss a series of experiments in which long-range Fano-
type coupling between grating resonances and localized surface palsmon
(LSP) resonances were studied using second harmonic excitation (SH-E)
spectroscopy. By tuning the excitation wavelength of a femtosecond laser
and measuring the relative second harmonic (SH) signal we demonstrated
that when long-range grating resonances spectrally overlap with those of
the LSPs, electromagnetic field enhancement occurs on the surface of the
nanoparticles leading to an increase in nonlinear scattering. This effect

has been demonstrated for periodic arrays of monomers and dimers,
bi-periodic antenna arrays for multi-spectral focusing to a single point,

and chirped nanoparticle structures for broadband field enhancement.
Results are supported by finite difference time domain simulations showing
that electromagnetic fields are enhanced close on the surface of the
nanoparticles when long-range structural resonances are excited. These
studies have revealed design principles for engineering the interplay of
photonic and plasmonic coupling for future linear and nonlinear plasmonic
devices.

9547-34, Session 8

Predicting nonlinear properties of
metamaterials from the linear response

Kevin O’Brien, Haim Suchowski, Junsuk Rho, Alessandro
Salandrino, Boubacar Kante, Xiaobo Yin, Xiang Zhang,
Univ. of California, Berkeley (United States)

Nanostructures and metamaterials have attracted interest in the nonlinear
optics community due to the possibility of engineering their nonlinear
responses. Much debate surrounds whether the nonlinear susceptibility

can be represented by an anharmonic oscillator model (Miller’s rule) which
implies a direct relation between the nonlinearity and a product of its linear
susceptibilities. In this work we show experimentally that Miller’s rule does
not apply in general and that nonlinear scattering theory accurately predicts
the optimal geometry for nonlinear emission.
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We study the geometry dependence of the second harmonic and third
harmonic emission from gold nanostructures by designing arrays of
nanostructures whose geometry varies from bars to split ring resonators.
We change the length (and volume) of the nanostructure on one axis, and
change the morphology on the other axis. We observed that the maximum
second harmonic generation does not occur at the morphology indicated
by a nonlinear oscillator model with parameters derived from the far field
transmission; however, we find a near field overlap integral accurately
predicts the optimal geometry. We show that the optimum geometry for
nonlinear generation can be predicted from an overlap integral between
the local nonlinear susceptibility and the mode of the nanostructure at
the emission wavelength. This conclusion is independent of the specific
structure studied and may be applied in order to predict the nonlinear
generation from any plasmonic nanostructure or metamaterial.

9547-35, Session 8

Multi-coupled resonant splitting with a
nano-slot metasurface and PMMA phonons

Michael F. Finch, Brian A. Lail, Florida Institute of
Technology (United States)

Coupled-resonances can be used in applications that include, but are

not limited to, surface-enhanced infrared spectroscopy (SEIRS), surface-
enhanced Raman spectroscopy (SERS), biosensing, and index sensing.
Fano resonance in analogue plasmonic systems has been described as the
coupling of a bright (superradiant) mode and a dark (subradiant) mode via
the near field. Dark and bright mode interactions are investigated with the
use of a Fano resonant metamaterial (FRMM) where the metamaterial is

a dual nano-slot metasurface on a silicon cavity. The FRMM is numerically
simulated using Ansys high frequency structural simulator (HFSS). The
FRMM is coupled to the carbon double bond in polymethyl methacrylate
(PMMA) to demonstrate mode splitting and signal enhancement. Then
the dual nano-slot is compared to the complementary dual nano-rod
configuration.

9547-36, Session 8

Local field enhanced second-harmonic
response of organic nanofibers

Oksana Kostiu?enko, Till LeiBner, Jacek Fiutowski,
Jonathan R. Brewer, Horst-Glnter Rubahn, Univ. of
Southern Denmark (Denmark)

Organic CNHP4 nanofibers showing a strong second-harmonic (SH)
response have been successfully implemented as active components

in @ metal-organic hybrid system. Using nondestructive roll-on transfer
technigue nanofibers were transferred from the growing mica substrates
onto electron-beam lithography-defined regular arrays of gold, titanium
and silicon oxide. As shown in a femtosecond laser scanning microscopy
study the fiber-substrate interplay leads (only) on gold to a significantly
enhanced SH signal. We suggest that this effect is driven by the local field
enhancement i.e. the excitation of surface plasmon polaritons (SPP) and
lightning rod effects, since in case of Ti and SiO2 no SPPs are excited at a
laser wavelength of 790 nm and the used array dimensions. Furthermore,
we observe a considerably reduced fluorescence lifetime for the fibers
deposited on gold arrays supporting the assumption of strong interaction
between gold substrate and fibers. In summary we show that by adjusting
substrate and fiber properties the SH response can be locally controlled.

9547-37, Session 8

Plasmonic coupling of gold curvilinear
nanorods with nanogap

Yukie Yokota, Takuo Tanaka, RIKEN (Japan)
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The local-mode surface plasmon resonances of a closely-spaced dimer of
two identical metal nanostructures, such as straight nanorods, nanoparticles,
strongly interact due to dipole-dipole coupling. These strong interactions
have been exploited in various applications, such as surface-enhanced
Raman scattering, biosensing, and near-field optical spectroscopy.
Nevertheless, there are few reports about the spectral properties of LSP on a
pair of two intricately-shaped nanostructures. We fabricated gold curvilinear
nanorods dimers with various gap widths and structural configurations
using electron beam lithography and lift-off technique. In this work we
present detailed studies of plasmonic coupling of gold curvilinear nanorod
dimer with controlling gap distance. When the linearly polarized light that
oscillates parallel to the long axis of curvilinear nanorod is irradiated on

the sample structures, transmission spectrum of gold curvilinear nanorod
monomers has one resonant peak in near-infrared region and the peak
position is the same as that of the structures of the arc length of curvilinear
nanorod. Compared to transmission spectrum of curvilinear nanorod
monomers, the plasmon resonance peak of curvilinear nanorod dimers

that has 10nm nanogap with outside center of curved portion in the y-axis
symmetry was blue shift.

9547-38, Session 9

Graphene plasmonics: multiple sharp
Fano resonances in silver split concentric
nanoring resonator dimers on a
metasurface

Arash Ahmadivand, Nezih Pala, Florida International Univ.
(United States)

Graphene plasmonics has been introduced as an alternative strategy in
designing and fabricating plasmonic structures and devices in nanoscale
regime. Tighter confinement and significant decay length are the major
features which persuaded researchers to employ graphene plasmonics
instead of regular noble metals in various applications. Herein, we propose
to use graphene plasmons as a platform for inducing strong dark modes

in silver split concentric nanoring resonator dimers on a multilayer
metasurface composed of graphene sheet and silicon substrate. Using
numerical methods, we examined the possibility of appearing pronounced
double Fano resonant modes as strong hot spots and also, the influence of
carbon atoms sheet in intensifying the intensity of Fano dips is reported.
Employing the geometrical versatility of concentric rings in designing a
colloidal dimer structure, we enhanced the tunability and performance of
the appeared Fano resonant mode in the visible to the near infrared region.
It is shown that a thin layer of graphene with a few nanometers thickness
under the dimer structure helps to localized huge amount of optical energy
to produce hot spots. Our theoretical results paves a method toward
inducing pronounced Fano resonances via tremendous electromagnetic field
confinement and ultrastrong near-field coupling. This understating opens
new avenues to utilize simple dimers in designing metamaterial structures to
use in fabricating biochemical and DNA sensors, and photodetectors.

9547-39, Session 9

Graphene spports the manipulating mode
propagation in the hybird plasmonic
nanowaveguides

Xiaosai Wang, Jiangnan Univ. (China); Jicheng Wang,
Jiangnan Univ. (China) and Purdue Univ. (United States); Ci
Song, Sinian Qu, Lin Sun, Jiangnan Univ. (China)

We propose a new type of plasmonic waveguide in a graphene-coated
V-groove. A graphene layer treated as an ultra-thin “metal” layer could
support transverse magnetic (TM) polarized surface plasmon polaritons
(SPPs) when the imaginary of the graphene’s conductivity is larger than
zero. The graphene permittivity can be controlled by varying the chemical
potential in the terahertz frequencies. The subwavelength confinements
and the propagation of the SPPs modes of the graphene waveguide

60 SPIE Optics+Photonics 2015

SPIE.

NANOSCIENCE+
ENGINEERING

structure are reached. The mode field energies can be well confined in the
V-groove and be adjusted by changing the depth of the groove, the opening
angle of the channel and the chemical potential of graphene. The mode
confinements become weaker as increasing the depth of the groove, the
angle of V-groove and the chemical potential of grapheme, respectively.
The field energies of SPPs could be mainly focused at the bottom of
graphene-coated V-groove if the groove is deep enough. In addition, the
mode distributions of the graphene-coated nanowire are also discussed. By
changing the nanowire radius and the chemical potential of graphene, we
can reach different characteristic of SPP modes. And the m=5 mode can

be achieved when the radius R=100nm at 30THz. The relationship between
effective index and propagation length with the radius are discussed,
respectively. Based on those two structures, we propose a hybrid plasmonic
waveguide with a graphene-coated nanowire placing in a graphene-coated
V-groove. The mode field energies are strongly confined between the
graphene-coated nanowire and the V-groove.

9547-40, Session 9

Observation of Fano resonances in
highly doped semiconductors plasmonic
resonators

Thierry Taliercio, Vilianne Ntsame Guilengui, Univ.
Montpellier 2 (France); Jean-Baptiste Rodriguez, Univ. of
Montpellier (France); Laurent Cerutti, Eric Tournié, Univ.
Montpellier 2 (France)

All-semiconductor plasmonics gives the opportunity to build new plasmonic
structures with embedded resonators of highly doped semiconductor
(HDSC) in a matrix of un-doped semiconductor for mid-IR applications.

In this work, we report on the excitation of Fano resonances in the mid-
infrared range using plasmonic resonators based on HDSC. Using adequate
semiconductors, INAsSb and GaSb grown by molecular beam epitaxy
(MBE), we have designed the right structure to obtain the expected optical
properties. The samples are lattice matched to the GaSb substrate which
offers the possibility to integrate the plasmonic resonators at the heart of
photonic devices. The embedded nanostructures have been studied by high-
resolution transmission electron-microscopy (HR-TEM) to accurately retrieve
the geometrical parameters of the resonator. These actual geometrical
parameters have then been used to model the optical properties of the
HDSC resonators by the FDTD technique and a model based on Fano
resonances. Excellent agreement has been achieved between simulation and
experiments. We show that it is possible to control the optical properties of
the plasmonic resonators by adjusting their geometrical parameters or the
doping level of the HDSC. This work demonstrates the possibility to develop
all-semiconductor plasmonics for photonic applications in the mid-IR range.

9547-41, Session 9

Alloyed thin-films and nanostructures with
dielectric function on demand

Chen Gong, Allen Chang, Ellen Cesewski, Marina S. Leite,
Univ. of Maryland, College Park (United States)

If one could arbitrarily modulate the dielectric function of metals, this would
permit an exceptional control of the plasmon resonances in nanostructures
and thin-films, leading to the development of a new class of materials with
tunable optical responses for the fabrication of optoelectronic devices

with unique characteristics. Here we present plasmonic thin-films and
nanoparticles based on alloyed metals, formed by the combination of Ag, Al,
Au and Cu. We modulate the dielectric function of the alloys by modifying
its chemical composition. We measure the surface plasmon propagation

for the different alloys, and control the angle of propagation as a function
of the thin-film composition. Further, we fabricate nanoparticles also with
tunable chemical composition and optical response. We spatially and
spectrally resolve the scattering and transmission characteristics by NSOM
measurements of the alloyed nanostrustures. Mie calculations are used to
corroborate our results, showing that the scattering efficiency of the alloys
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nanostructures strongly depend on its composition. These new materials
can be used for the design of metamaterials with dielectric function on
demand.

9547-42, Session 10
Plasmonics for the industry (/nvited Paper)

Benjamin Gallinet, Ctr. Suisse d’Electronique et de
Microtechnique SA (Switzerland)

Metallic nanostructures interact strongly with light through surface

plasmon modes and many application fields have been proposed during

the past decade, including light harvesting to sensing and structural colors.
However, their implementation for the industry requires the development

of up scalable and cost effective manufacturing processes. The fabrication
at wafer scale of plasmonic nanostructures and metamaterials using

nano imprint lithography is reported. After structuring, one or several
evaporations of various plasmonic materials are performed with a tilt angle
with respect to the substrate, which increases the light interactions with the
different metallic layers as well as enlarges the design possibilities. A step
and repeat process is used to increase further the area of nanostructured
surface. The measured optical properties of the fabricated structures show a
very good agreement compared to numerical calculations using the rigorous
coupled wave analysis and the surface integral method. These numerical
calculations together which structural characterization, increase the process
control and enable the design of the nanostructures for specific applications.
In particular, nanostructures with a shape similar to split ring resonators and
which support high order plasmonic modes showing Fano resonances are
shown to be promising for sensing applications. Another kind of plasmonic
substrates is reported, which shows unique color effects with a large palette
of colorations. With a specific design, the structural colors are associated
with a strong interaction between the polarizations which increases the
complexity of the color effect rendered to the user. Finally, the potential of
plasmonic nanostructures for the management of solar light is discussed.

9547-43, Session 10

Optical dark field and electron energy loss
imaging and spectroscopy of symmetry-
forbidden modes in loaded nanogap
antennas

Todd Brintlinger, U.S. Naval Research Lab. (United
States); Andrew Herzing, National Institute of Standards
and Technology (United States); James P. Long, Igor
Vurgaftman, Rhonda Stroud, Blake S. Simpkins, U.S. Naval
Research Lab. (United States)

Theoretical work has identified a new type of hybrid nanoresonator akin to a
loaded-gap antenna, wherein the gap between two collinearly aligned metal
nanorods is filled with active dielectric material. The gap optical load has a
profound impact on resonances supported by such a “nanogap” antenna,
and thus provides opportunity for (i) active modulation of the antenna
resonance and (ii) delivery of substantial energy to the gap material. To this
end, we have (i) used a bottom-up technique to fabricate nanogap antennas
(Au/CdS/Au); (i) characterized the optical modes of individual antennas
with polarization- and wavevector-controlled dark-field microscopy; (iii)
mapped the spatial profiles of the dominant modes with electron energy
loss spectroscopy and imaging; and (iv) utilized full-wave finite-difference
time-domain simulations to reveal the nanoscopic origin of the radiating
modes supported on such nanogap antennas.

In addition to conventional transverse and longitudinal resonances,

these loaded nanogap antennas support a unique symmetry-forbidden
gap-localized transverse mode arising from the splitting of degenerate
transverse modes located on the two gap faces. This previously unobserved
mode is strong (E2 enhanced ~20), tightly localized in the nanoscopic

(~30 nm separation) gap region, and is shown to red-shift with decreased
gap size and increased gap dielectric constant. In fact, the mode is highly
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suppressed in air-gapped structures which may explain its absence from the
literature to date. Understanding the complex modal structure supported on
hybrid nanosystems is necessary to enable the multi-functional components
many seek.

9547-44, Session 10

Epitaxial silver as a plsamonic materials
platform: from plasmonic nanolasers to
long range plasmonic wave propagations
(Invited Paper)

Chih-Kang Shih, The Univ. of Texas at Austin (United
States)

Plasmonics is an emerging field which harnesses surface plasmon
polaritons (SPPs)—hybrid modes of photons and surface plasmons—to
achieve confinement of electromagnetic fields at a deeply subwavelength
scale. It has the potential of providing a true alternative to electronic
circuits and operations, with orders of magnitude gains in terms of speed,
frequency of operation and available bandwidths. Despite impressive
conceptual demonstrations, the field of plasmonics faces a severe material
limitation: SPPs are highly damped in current plasmonics materials and
cannot travel beyond a few wavelengths if confined to sub-wavelength
scales. Thus far, most plasmonics applications utilize thermally deposited
noble metal (e.g. Ag and Au) films which are granular and are therefore
subjected to high scattering loss. We show that this adverse effect can be
eliminated by developing epitaxial silver films on semiconductor (EpSoS)
a plasmonic platform. By using the EpSoS platform, we demonstrate two
key applications: CW operation of plasmonic nanolaser with ultra-low
thresholds and extra-ordinary long propagation length for SPP in the visible
wavelength range. These demonstrations lay foundation for potential
integration of nanophotonics.

*The research work on plasmonic nanolaser was carried out in collaboration
with Professor S. Gwo of National Tsing-Hua University. The work on long
range plasmonic wave propagations was carried in collaboration with
Professor X.Q. Li of the University of Texas at Austin.

9547-45, Session 10

Femtosecond control of magneto-optical
effects in magnetoplasmonic crystals
(Invited Paper)

Andrey A Fedyanin, Maksim R Shcherbakov, Polina P
Vabishchevich, Lomonosov Moscow State Univ (Russian
Federation); Aleksandr Yu. Frolov, Lomonosov Moscow
State Univ. (Russian Federation); Artem V Chetvertukhin,
Tatiana V Dolgova, Lomonosov Moscow State Univ
(Russian Federation)

In magnetoplasmonics, it is possible to tailor the magneto-optical
properties of nanostructures by exciting surface plasmon-polaritons. Thus
far, magnetoplasmonic effects have been considered to be static. Here,
manifestations of a time-dependent transversal magneto-optical Kerr effect
were experimentally demonstrated in femtosecond laser pulses reflected
from a one-dimensional iron-based magnetoplasmonic crystal. The effect

is attributed to exciting surface plasmons with magnetization-dependent
dispersion. Measurements of temporal dependence of transversal
magneto-optical Kerr effect were performed for a one-dimensional
magnetoplasmonic crystal based on a commercially available digital
versatile disk polycarbonate template that had periodic corrugations with

a depth of approximately 50 nm and a period of 750 nm. The dielectric
template was covered by a 100-nm layer of polycrystalline iron deposited by
magnetron sputtering and protected by a 20-nm-thick silica layer from the
top. The Kerr effect evolution was demonstrated to have either a positive
or negative time derivative, depending on the position of the incident
pulse’s carrier wavelength with respect to the plasmonic resonance. Proper
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justification was given for this effect using the Lorentzian spectral line shape
approach. Iron-based plasmonic crystal studied is a promising tool for
manipulating femtosecond laser pulses with an external magnetic field that
may have applications in active, plasmon-based telecom devices.

9547-46, Session 10
A plasmonic walker (/nvited Paper)

Na Liu, Max-Planck Institut fUr Intelligente Systeme
(Germany)

Construction of 3D reconfigurable plasmonic nanostructures witnesses
major technological limitations, arising from the required subwavelength
dimensions and controlled 3D motion. There have been considerable efforts
on integration of plasmonic nanostructures with active platforms using
top-down techniques. Here we lay out and implement a multi-disciplinary
strategy to create active 3D plasmonic nanostructures by merging
plasmonics and DNA nanotechnology on the nanoscale.

We demonstrate the first plasmonic walker, which can carry out directional,
progressive, and reverse nanoscale walking on a DNA origami track. The
plasmonic walker comprises an anisotropic gold nanorod as its ‘body’ and
discrete DNA strands as its ‘feet’. Specifically, our plasmonic walker carries
optical information and can in situ optically report its own walking directions
and consecutive steps at nanometer accuracy, through dynamic coupling to
a plasmonic stator immobilized along its walking track. The dynamic process
can be read out using circular dichroism spectroscopy at visible frequencies
in real time.

Our concept may enable a variety of smart nanophotonic platforms for
studying dynamic light-matter interaction, which requires controlled motion
at the nanoscale well below the optical diffraction limit.

9547-47, Session 10

From light modulation to far-field
excitation of graphene plasmons: science
and applications of graphene-integrated
metasurfaces (/nvited Paper)

Gennady B. Shvets, The Univ. of Texas at Austin (United
States)

Graphene has emerged as a promising optoelectronic material because

its optical properties can be rapidly and dramatically changed using
electric gating. Graphene’s weak optical response, especially in the infrared
part of the spectrum, remains the key challenge to developing practical
graphene-based optical devices such as modulators, infrared detectors, and
tunable reflect-arrays. We demonstrate experimentally and theoretically
demonstrated that a plasmonic metasurface with two Fano resonances

can dramatically enhance the interaction of infrared light with single layer
graphene.

An order of magnitude modulation of the reflected light was accomplished
by designing a novel type of a metasurface supporting double Fano
resonances and integrating it with an under-layer of graphene. The

unigue aspect of such modulator is its high baseline reflectivity and

large reflectivity extinction coefficient (modulation depth). Using laser
interferometry, we demonstrate that the phase of the reflected infrared
light can also be modulated by back-gating graphene. This work paves

the way to future development of ultrafast opto-electronic devices such as
dynamically reconfigurable holograms, single-detector imagers, dynamical
beam-steering devices, and reconfigurable biosensors. Moreover, we will
show that strong non-local response of graphene can be induced by exciting
graphene plasmons which are confined inside the narrow gaps in the
plasmonic metasurface. Such graphene plasmons excitation dramatically
boosts the intensity of the infrared light confined by the metasurface.
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9547-17, Session 11

Surface plasmon resonance gas sensing by
electrons injection

Enrico Gazzola, Michela Cittadini, Laura Brigo, Giovanna
Brusatin, Massimo Guglielmi, Filippo Romanato,
Alessandro Martucci, Univ. degli Studi di Padova (ltaly)

Surface Plasmon Resonance (SPR) sensing is based on the principle that the
conditions for the resonant excitation of a plasmonic mode by an incident
light beam are highly sensitive to variations of the refractive index (RI) of
the environment. We report a case in which this variation can be attributed
to electrons injection by the analyte into the structure.

We fabricated two kinds of high-performance plasmonic structures for
hydrogen sensing, based on nanoporous TiO2 anatase sensitive layers. In the
first, a TiO2 film was deposited above a metallic plasmonic grating, which
can support propagating surface plasmon polaritons. The second consisted
of TiO2 film with embedded gold nanoparticles, supporting localized surface
plasmon modes, deposited on a flat surface.

In both cases, reversible shifts of the resonance wavelength are observed
when the sensors are exposed to 5% H2 in N2 carrier at 300°C, with respect
to N2 alone at the same temperature. The shifts range from 2 to 7 nm and
their direction is consistent with a decrease of the Rl of the environment.
Since the presence of the analyte modifies in a negligible way the RI of the
atmosphere, the observed shifts cannot be explained only by the Rl change
induced by the gas filling the pores in the sensitive layers.

For this reason we propose a different interaction mechanism. At 300°C,
H2 can dissociate by reacting with oxygen into the TiO2 matrix and donate
electrons; the high temperature also promotes the formation of intragap
states in the TiO2 band structure that allows the injected electrons to reach
the conduction band. According to the Drude-Lorentz model, the injection
of electrons decreases the RI, causing the shift of the plasmonic resonance.

This interpretation is consistent with the observed effects in both kinds of
structure.

9547-48, Session 11

Comparison between plasmonic and
dielectric nanoantennas for surface-
enhanced spectroscopies (/nvited Paper)

Stefan A. Maier, Imperial College London (United
Kingdom)

We evaluate the performance of dielectric nanoantennas composed

out of silicon disks separated by a nanoscale gap for surface-enhanced
spectroscopies. Contrary to plasmonic nanonantennas, the new system does
not exhibit quenching of fluorescence, and can also sustain electromagnetic
hot spots comparable in size to those of their plasmonic counterparts.
Dielectric and metallic systems will be experimentally compared in terms

of performance in surface-enhanced fluorescence and Raman, as well as in
terms of local heat generation upon external illumination. Conclusions for
applications in optical biosensing will be drawn.

9547-50, Session 11

Wafer-scale plasmonic and photonic
crystal sensors

Matthew C. George, MOXTEK, Inc. (United States); Jui-
Nung Liu, Univ. of lllinois at Urbana-Champaign (United
States); Arash Farhang, Brent Williamson, Mike Black, Ted
Wangensteen, James Fraser, Rumyana Petrova, MOXTEK,
Inc. (United States); Brian T. Cunningham, Univ. of lllinois
at Urbana-Champaign (United States)
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200 mm diameter wafer-scale fabrication, metrology, and optical modeling
results will be reviewed for surface plasmon resonance (SPR) sensors
based on 2D metallic nano-dome and nano-hole arrays (NHA) as well as

1D photonic crystal sensors based on leaky-waveguide mode resonance,
with potential applications in label free sensing, surface enhanced Raman
spectroscopy (SERS), and surface-enhanced fluorescence spectroscopy
(SEFS). Potential markets include micro-arrays for medical diagnostics,
forensic testing, environmental monitoring, and food safety.

1-D and 2-D nanostructures were fabricated on glass, fused silica, and silicon
wafers using optical lithography and semiconductor processing techniques.
Wafer-scale optical metrology results are compared to FDTD modeling

and presented along with application-based performance results, including
label-free plasmonic and photonic crystal sensing of both surface binding
kinetics and bulk refractive index changes. In addition, SERS and SEFS
results from a line scan microscope will be presented for several 1D photonic
crystal and 2D metallic array structures. Normal incidence extraordinary
optical transmission (EOT) results for a 550 nm pitch NHA showed good
bulk refractive index sensitivity, however an intensity-based design with 665
nm pitch was chosen for use as a compact, label-free sensor at both 650
and 632.8 nm wavelengths. The optimized NHA sensor gives an SPR shift

of about 480 nm per refractive index unit when detecting a series of 0-40%
glucose solutions, but shows about 10 times greater surface sensitivity when
operating at 532 nm. Narrow-band photonic crystal resonance sensors
showed quality factors over 200, with reasonable wafer-uniformity in terms
of both resonance position and peak height.

9547-52, Session 1

Hot electron pump: a plasmonic rectifying
antenna

Ahmet A. Yanik, Golam |. Hossain, Univ. of California, Santa
Cruz (United States)

Plasmonic nanostructures have been widely explored to improve absorption
efficiency of conventional solar cells, either by employing them as a light
scatterer, or as a source of local field enhancement. Unavoidable ohmic loss
associated with the plasmonic metal nanostructures in visible spectrum,
limits the efficiency improvement of photovoltaic devices by employing
this local photon density of states (LDOS) engineering approach. Instead
of using plasmonic structures as efficiency improving layer, recently, there
has been a growing interest in exploring plasmoinc nanoparticle as the
active medium for photovoltaic device. By extracting hot electrons that

are created in metallic nanoparticles in a non-radiative Landau decay of
surface plasmons, many novel plasmonic photovoltaic devices have been
proposed. Moreover, these hot electrons in metal nanoparticles promises
high efficiency with a spectral response that is not limited by the band

gap of the semiconductors (active material of conventional solar cell). In
this work, we will show a novel photovoltaic configuration of plasmonic
nanoparticle that acts as an antenna by capturing free space ultrahigh
frequency electromagnetic wave and rectify them through an ultrafast hot
electron pump and eventually inject DC current in the contact of the device.
We will introduce a bottom-up quantum mechanical approach model to
explain fundamental physical processes involved in this hot electron pump
rectifying antenna and it’s ultrafast dynamics. Our model is based on non-
equilibrium Green'’s function formalism, a robust theoretical framework

to investigate transport and design nanoscale electronic devices. We will
demonstrate some fundamental limitations that go the very foundations of
quantum mechanics.

9547-53, Session 11

Tunable optical extinction of nano-
antennas for solar energy conversion from
near-infrared to visible

Raymond A Wambold, The Pennsylvania State University

(United States); James M Chen, Kansas State University
(United States); Paul H Cutler, Nicholas M Miskovsky,
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Scitech Associates, LLC (United States); Jie Qi, The
University of Connecticut (United States); Gary J Weisel,
The Pennsylvania State University, Altoona (United States);
Brian G Willis, The University of Connecticut (United
States); Darin T. Zimmerman, Penn State Altoona (United
States)

We demonstrate tunable optical extinction of nano-antennas, designed to
collect and rectify solar radiation from near-infrared to visible. By employing
a confocal, transmission arrangement with a broadband light source and
detection from 400 - 1700 nm, we determine the spectrum of the (absorbed
+ scattered) light from a beam incident on thin-film metallic nano-antennas.
The two-terminal rectifying antennas (rectennas) employ geometric
asymmetry intended to produce a self-biased junction and a photo-assisted
DC tunneling current. To fabricate the antenna arrays with junction gaps

in the tunneling regime, we use standard electron-beam lithography of
palladium, followed by selective atomic-layer deposition (ALD) of copper.
We examine the variation in extinction spectra with device morphology and
show that the resonance peak is progressively red-shifted with increasing
cycles of ALD. Using actual device dimensions as determined from Scanning
Electron Microscopy, we also demonstrate that our experimental results are
in good agreement with three-dimensional Finite Difference-Time Domain
simulation results.

9547-54, Session 12

3D chiral nanoplasmonics: fabrication,
chiroptic engineering, mechanism, and
application in enantioselection

Zhifeng Huang, Hong Kong Baptist Univ. (Hong Kong,
China)

Chirality does naturally exist, and the building blocks of life (e.g. DNA,
proteins, peptides and sugars) are usually chiral. Chirality inherently
imposes chemical/biological selectivity on functional molecules; hence the
discrimination in molecular chirality from an enantiomer to the other mirror
image (i.e. enantioselection) has fundamental and application significance.
Enantiomers interact with left and right handed circularly polarized light in a
different manner with respect to optical extinction; hence, electronic circular
dichroism (ECD) has been widely used for enantioselection. However,
enantiomers usually have remarkably low ECD intensity, mainly owing to
the small electric transition dipole moment induced by molecular sizes
compared to the ECD-active wavelength in the UV-visible-near IR region.

To enhance ECD magnitude, recently it has being developed 3D chiral
nanoplasmonic structures having a helical path, and the dimensions are
comparable to the ECD wavelength. However, it is still ambiguous the origin
of 3D chiroplasmonics, and there is a lack of studying the interaction of 3D
chiroplasmoncs with enantiomers for the application of enantioselection.

Herein, we will present a one-step fabrication of 3D silver nanospirals
(AgNSs) via low-substrate-temperature glancing angle deposition. AgNSs
can be deposited on a wide range of substrates (including transparent
and flexible substrates), in an area on the order of cm2. A set of spiral
dimensions (such as spiral pitches, number of turns and handedness)
have been easily engineered to tune the chiroptic properties, leading

to studying the chiroplasmonic principles together with finite element
simulation and the LC model. At the end, it will be demonstrated that 3D
chiroplasmonics can differentiate molecular chirality of enantiomers with
dramatic enhancement in the anisotropy g factor. This study opens a door to
sensitively discriminate enantiomer chirality.

9547-55, Session 12

Modeling and engineering of three-
dimensional chiroplasmonic silver nano
structures

Junhong Deng, Fan Bai, Jack Ng, Zhifeng Huang, Hong
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Kong Baptist Univ. (Hong Kong, China)

Fabrication of 3D chiral nanoplasmonic structures is always challenging,
while the principles for their chiroptical properties are still ambiguous.

We will present a combined experimental and theoretical study on 3D
chiroplasmonic activity of silver nanospirals (AgNSs), fabricated on sapphire
by low temperature glancing angle deposition. AgNSs exhibit bisignated CD
spectra in the UV-visible range, in the form of not only individual AgNSs or
an array. Compared to individual AgNSs, the array of AgNSs show CD with
an intensity 3 order of magnitude higher. It is demonstrated the engineering
of chiroplasmonic CD via adjusting spiral parameters, including spiral
pitches, number of turns and handedness.

Finite element simulations were performed and are in good agreement with
the experiments. A LC theory is also employed to explain the difference of
chiroplasmonic CD in the UV and visible region.

9547-56, Session 12

Twisted nanosphere lithography: use
colloidal Moiré patterns as masks

Kai Chen, National Institute for Materials Science (Japan);
Bharath B. Rajeeva, Michael Rukavina, The Univ. of Texas
at Austin (United States); Thang Duy Dao, Satoshi Ishii,
Masakazu Aono, Tadaaki Nagao, National Institute for
Materials Science (Japan); Yuebing Zheng, The Univ. of
Texas at Austin (United States)

Nanosphere lithography (NSL) uses self-assembled layers of monodisperse
micro-/nano-spheres as masks to fabricate plasmonic metal nanoparticles.
Different variants of NSL have been proposed with the combination with
dry etching and/or angled-deposition. These techniques have employed to
fabricate a wide variety of plasmonic nanoparticles or nanostructures. Here
we report another promising extension - twisted nanosphere lithography
(T-NSL), which incorporates in-plane twisting between neighboring
monolayers, to extend the patterning capability of conventional NSL. In
conventional NSL, the masks, either a monolayer or bilayer, are formed

by spontaneous self-assembly. Therefore, the resulted colloidal crystal
configurations are limited. In this work we used sequential stacking of
polystyrene nanosphere monolayers to form a bilayer crystal at the air/water
interfaces. During this layer-by-layer stacking process, a crystal domain in
the top layer gains the freedom to positon itself in a relative angle to that in
the bottom layer allowing for the formation of Moiré patterns. Subsequent
02 plasma etching results in a variety of complex nanostructures that have
not been reported before. Using etched Moiré patterns as masks, we further
fabricated the corresponding gold nanostructures and characterized their
scattering optical properties. We believe this facile technique provides a
new strategy to fabricate novel and complex plasmonic nanostructures or
metasurfaces.

9547-57, Session 12

Angled nanospherical-lens lithography as
a high-throughput method to fabricate
various nanodisk cluster arrays

Yi-Hsin Chien, Chang-Han Wang, Chi-Ching Liu, Yun-
Chorng Chang, Academia Sinica (Taiwan)

Nanospherical-Lens Lithography (NLL) is a low-cost nano-fabrication
technique that has the ability to fabricate nanodisk arrays that cover a very
large area. Polystyrene nanospheres are functioning as nanoscale focusing
lenses to focus the incoming ultraviolet light and exposure the underlying
photoresist (PR) layer. PR hole arrays form after developing. Metal nanodisk
arrays can be fabricated following metal evaporation and lifting-off
processes. Nanodisk or nano-ellipse arrays with various sizes and aspect
ratios are routinely fabricated in our research group.

In this study, we have expended the capabilities of NLL by performing the
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UV exposures with a designated tilted angle. The exposure will result in a
PR hole at an off-center location. The distance between the PR hole and
the center depends on the exposure angle. With this angled-exposure
technique, we can successfully fabricate nanodisk oligomers by performing
multiple angled-exposures. We can also control the size of each nanodisk by
preciously controlling the exposure angle and duration. Array of self-similar
nanodisk chain can also be obtained. Both nanodisk oligomers and self-
similar chain have been demonstrated to exhibit huge field enhancement,
which is especially important for sensitive Raman platforms. Technique
proposed in this study will help to find suitable industrial applications since
it is both high-throughput and low-cost. We also believe the proposed
method is versatile enough to fabricate more complex nanodisk systems
that will demonstrate novel function in the near future.

9547-58, Session 12

From nanoparticles to nanostructures for
plasmonic-related applications (/nvited
Paper)

Bin Ren, Bowen Liu, Xu Yao, Shu Chen, Liang Zhang, Lei
Wang, Zhilin Yang, Xiamen Univ. (China)

Compared with some precise nanofabrication methods, such as EBL and
FIB, holographic lithography (HL) is a convenient way to fabricate periodic
structures in a large area and with superb uniformity. In this work, we
developed the deep UV HL with 266 nm laser to obtain structure with a
periodicity between 100 nm to 1?m, which cannot be achieved by traditional
photolithography. We further developed a strategy to fabricate hybrid
periodical dimmer arrays by deep UV HL and lift-off process, followed by
selectively surface functionalization. Thermal treatment was employed to as
an effective approach to tune the gap size, which provides an additionally
adjustable factor. By coating the substrate with gold and the obtained
nanostructures with gold or silver, we have obtained periodic plasmonic
structure with excellent figure of merit based on refractive index change and
strong and uniform SER activity. Such a hybrid periodical dimmer arrays can
be used as an effective plasmonics structure, and have potential application
as a platform for high-efficiency surface- and bio- analysis.

9547-59, Session 13

Perfect light trapping in mid-IR using
patterned ZnO structures (/nvited Paper)

Shivashankar R. Vangala, Nima Nader, Justin W. Cleary,
Air Force Research Lab. (United States); Junpeng Guo,
The Univ. of Alabama in Huntsville (United States); Kevin
D. Leedy, Joshua R. Hendrickson, Air Force Research Lab.
(United States)

Plasmonic assisted mid-IR light trapping using 1D grating structures
patterned in Ga-ZnO is demonstrated. FDTD simulations of these structures
with proper grating period and depth show the light trapping into a
resonant mode resulting in a close to 100% reflection dip in the 4-8 um
wavelength regime. The 1D grating structures of different periods are
fabricated using standard photolithography followed by etching. The
resonant reflection dips in the experimentally measured spectra well

agree with the FDTD simulation, exhibiting light trapping in the mid-IR as
predicted.

9547-60, Session 13

Terahertz metal grid polarizer with bridges
oh quartz substrate
John S. Cetnar, Air Force Research Lab. (United States);

Junpeng Guo, The Univ. of Alabama in Huntsville (United
States); Elliott R. Brown, Wright State Univ. (United States)
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The metal wire-grid polarizer is a venerable device that is used on
radiation throughout the electromagnetic spectrum. It usually consists

of a 1D-periodic array of subwavelength metallic wires in free space or
mounted on a low-loss dielectric substrate, the plane of the grid being
oriented perpendicular to the propagation direction. Herein is presented

a new structure, a subwavelength wire-grid polarizer for the terahertz
region that acts not only as a wideband polarizer but also as a transparent
electrode. This function is achieved by the addition of periodically placed
metallic bridges that connect the parallel metal wires of the polarizer. The
bridges allow for the uniform distribution of an electrostatic potential over
all wires while maintaining the polarizing functionality of the metal wire grid
polarizer.

Full-wave electromagnetic simulations were performed on the device. The
transmittance was computed in both perpendicular polarization and parallel
polarization from 100 to 4000 GHz, and the extinction ratio was calculated
across the same range. Furthermore, fill-factor studies were performed

to understand how device performance is affected by varying slot width
and bridge length, as well as bridge offset. The simulation results showed
extraordinary optical transmission through the device for perpendicular
polarization, creating excellent transmittance and extinction ratios over
the frequency range. The perpendicular polarization transmittance and
extinction ratio at 1 THz was calculated to be -1 dB and -36 dB respectively.
Meanwhile, the bridges allow the device to behave like a DC electrode.

9547-61, Session 13

Optical force acting on metallic
nanostructure (/nvited Paper)

Che Ting Chan, Shubo Wang, Kun Ding, Hong Kong Univ.
of Science and Technology (Hong Kong, China); Xulin
Zhang, Jilin Univ. (China)

Light can exert radiation pressure on any object it encounters and the
resulting optical force can be used to manipulate particles. Conventional
studies of optical force in typical systems are mainly concerned with the
scattering force and gradient force. We show that rich physics can be
explored when chiral nanostructures are considered. We present analytical
formula and full-wave simulation results for optical forces acting on metallic
helix nanostructures. We found that the structural chirality can be coupled
with light’s chirality (spin) and results in optical spin force terms which

can be used to realize optical pulling force and sideway force acting on
chiral particles. The sideway force can laterally push particles with opposite
chirality to the different side of an interface and hence may serves as a
possible approach to separate chiral particles or molecules. We also show
that such chiral metallic nanostructures, when properly arranged, can
induce scattering force through a dominating toroidal-moment mode which
plays a clear and indispensable role in the view point of source (charge

and current) distribution. We show that such a scattering force can also be
explained by an electric dipole mode in the radiation far-field. Our results
build the connection between the source picture and the field picture and
help understanding the role played by complex electromagnetic multipoles
in optical force system.

9547-62, Session 13

Electrothermoplasmonic flow for plasmon-
assisted optical trapping (/nvited Paper)

Justus Ndukaife, Alexander V. Kildishev, Agbai Agwu
Nnanna, Steven T. Wereley, Vladimir M. Shalaev, Alexandra
Boltasseva, Purdue Univ. (United States)

Plasmonic nanostructures, which support highly localized and enhanced
electromagnetic field are now actively researched as a means for efficient
trapping of nanoscale objects, not addressable by conventional diffraction-
limited optical tweezers. An issue of critical concern is how to efficiently
transport and deliver the suspended particles to the illuminated plasmonic
nanostructure. There are primarily two main approaches that researchers
employ for trapping of particles with plasmonic nanostructure(s) on

Return to Contents +1 360 676 3290

SPIE.

NANOSCIENCE+
ENGINEERING

a substrate. The first approach involves illuminating arrays of closely-
spaced plasmonic nanostructures. However resonant illumination of the
nanostructures results in collective heating and this produces strong fluid
convection that exerts drag forces on the particles. Elucidating the roles
of these heating-induced forces and optical gradient forces arising from
plasmonic field enhancement have so far remained elusive. The other
scheme involves illuminating a single plasmonic nanostructure. However,
due to the absence of thermoplasmonic convection in this case, the
dynamics of the suspended particle to be trapped becomes dictated by
Brownian motion- an inherently slow process. We will discuss a new fluid
flow mechanism, which we have termed electrothermoplasmonic (ETP)
flow to resolve this dilemma. ETP flow harnesses intrinsic plasmonic
heating combined with AC electric field to generate on-demand fluid and
particle transport, which means that particles could be rapidly transported
for trapping in sub-wavelength plasmonic hotspots only when desired,
and without any competition between heating-induced forces and optical
gradient forces. These new capabilities certainly provide new directions
for research in the field of plasmon-assisted optical trapping, which will be
discussed.

9547-63, Session 14

Non-quasi-static eigenstates of Maxwell’s
equations in a two-constituent composite
medium and their application to a
calculation of the local electric field of an
oscillating electric dipole

Asaf Farhi, David J. Bergman, Tel Aviv Univ. (Israel)

In conventional optics the image is formed only by the propagating waves
and the information encoded in the evanescent waves is lost. This limits the
resolution which is inversely proportional to the wavelength of the light. A
flat slab with a negative refractive index metamaterial can focus at a point
the radiation from a point source. Such a slab can also amplify evanescent
waves and thus enable the generation of an image by both propagating and
non propagating waves, theoretically leading to unlimited resolution.

The imaging of an electric point charge in a composite structure composed
of a $epsilon_1$ slab surrounded by a $epsilon_2$ medium, was recently
analyzed by expanding the local electric potential in a series of the quasi-
static eigenfunctions of the composite structure. Numerical evaluations of
the electric potential, using realistic values for the electric permittivities and
the slab thickness, revealed that the maximum concentration of the electric
field occurs not at the geometric optics foci but at the interfaces between
the negative permittivity slab and the surrounding medium.

Here we describe an exact calculation of the local electric field ${bf E}({bf
r})$ for the full Maxwell’s equations

where $mu=1$ everywhere in the system. For this purpose we first calculate
all the eigenstates of Maxwell’s equations for the composite structure. These
eigenstates are then used to develop an exact expansion for the physical
values of ${bf E}({bf r})$ in the system for the case of a time dependent
point charge $g e*{-iomega t}$ in the $epsilon_2%$ medium.

9547-64, Session 14

Retrieving the polarizability tensor of wire
media

Jacob Ben-Yakar, Tel Aviv Univ. (Israel); Yonatan Sivan,
Ben-Gurion Univ. of the Negev (lIsrael); David J. Bergman,
Tel Aviv Univ. (Israel)

Metamaterials consisting of long, circular, cylinders are very popular. It

is a fundamental challenge to characterize the effective electromagnetic
response of such composites. In this framework, the radius of cylinder is
assumed to be considerably smaller than the external wave length, thus

the dominant scattered EM fields can be approximately replaced by dipole
fields. Previous works dealt mainly with two dimensional (2D) scenarios, i.e.,
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characterizing the effective electromagnetic response for light propagation
perpendicular to the cylinder axis.

In this work, we generalize this treatment to three dimensions (3D), i.e., we
characterize the effective electromagnetic response for light propagation at
any angle, and find that the resulting electromagnetic response is non-local,
i.e., it depends on the wavevector component parallel to the cylinder axis.

We retrieve analytically, the full polarizability tensor and show that it

has different contributions for different polarized incoming EM waves
(transverse electric and transverse magnetic with respect to the cylindrical
axis).

It is also diagonal, i.e., it contains no magneto-electric coupling,

showing that claims in previous studies were incorrect. Having closed

form expressions for polarizability allows us to use effective medium
approximation methods, and tailor the spectral response for both electric
and magnetic dipolar contributions. It is important to emphasize that for the
first time, this gives a fully systematic way to characterize the magnetism.

Our analysis holds for additional structures based on cylindrical geometry,
such as hole arrays, all-dielectric metamaterials, and multi-layer cylinders.
It can be used to explain the electromagnetic response of wire media
attributed with a negative refractive index, effective magnetism and
hyperbolic dispersion relations. In addition, this approach can be applied to
more complex unit cells e.g., consisting of clusters of parallel cylinders.

9547-65, Session 14

Distinguishing between plasmon-induced
and photoexcited carriers in a device
geometry

Hangqi Zhao, Bob Y. Zheng, Alejandro Manjavacas, Michael
J. McClain, Peter Nordlander, Naomi J. Halas, Rice Univ.
(United States)

The use of surface plasmons, charge density oscillations of conduction
electrons of metallic nanostructures, could drastically alter how sunlight

is converted into electricity or fuels by increasing the efficiency of light-
harvesting devices through enhanced light-matter interactions. Surface
plasmons can decay directly into energetic electron-hole pairs, or “hot”
carriers, which can be used for photocurrent generation or photocatalysis.
However, little has been understood about the fundamental mechanisms
behind plasmonic carrier generation. Here we use metallic nano-wire based
hot carrier devices on a wide-bandgap semiconductor substrate to show
that plasmonic hot carrier generation is proportional to field intensity
enhancement instead of bulk material absorption. We also show that
interband carrier generation results in less energetic carriers than plasmon-
induced generation, and a plasmon is required to inject electrons over a
large energy barrier. Finite Difference Time Domain (FDTD) method is used
for theoretical calculations, which match well with experimental results.
This work points to a clear route to increasing the efficiency of plasmonic
hot carrier devices and drastically simplifies the theoretical framework for
understanding the mechanisms of hot carrier generation.

9547-66, Session 14

Taming surface plasmons with adjacent
molecules (/nvited Paper)

Mikhail A. Noginov, Norfolk State Univ. (United States)

In this presentation, we will review the plethora of physical phenomena
related to interaction of surface plasmons (and, more generally, metallic
nanostructures and environments) with adjacent molecules. We will start
the discussion with a more familiar subject of compensation of loss by gain
and stimulated emission. After that we will review our recent experiments
demonstrating strong coupling of surface plasmons and dye molecules as
well as the effect of metallic surfaces on Forster energy transfer, van der
Waals interactions, and chemical reactions.
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9547-97, Session PWed

Photoconductively excited plasmonic
modulator-switch

John S. Cetnar, David E. Zelmon, David H. Tomich, Air
Force Research Lab. (United States)

A novel plasmonic modulator-switch for the long-wave infrared (LWIR)
region is presented. The device consists of a thin metal film, an underlying
photoconductive substrate, input and output reflection gratings located

on top of the film on opposite ends of the device, and a limited aperture
detector located over the out-couple grating. LWIR incident at a given angle
is in-coupled, generating surface plasmons (SPs). Since the underlying
metal film is thinner than the SP penetration depth, the SPs are couple

on both the top and the bottom of the thin film and propagate on both
sides of the metal film toward the out-coupling grating. When free carriers
in the photoconductive substrate are excited by laser illumination, the
electrical properties of the substrate are changed. This change in substrate
electrical properties is sensed by the propagating SPs and thus changes

the wavevector of the SPs. The SP wavevector change will cause the
out-coupled radiation magnitude and angle to change. Thus, the radiation
incident on the detector is modulated implementing a plasmonic modulator-
switch.

Full-wave electromagnetic simulations were performed on the device. The
reflected power at various angles was calculated for a fixed incident angle
at ? =10 ?m using various geometries and substrate materials. The substrate
materials modelled include llI-V compound semiconductors and Si. The
dielectric functions for these materials were computed as functions their
free carrier concentration to simulate excited and unexcited states. This
paper reports on how device performance was affected by variation of these
geometric and material parameters.

9547-99, Session PWed

Study of the plasmonic properties of
ordered arrays of Ag and Au nanoparticles
fabricated by a combination of nanosphere
lithography with ion implantation

Octavio Graniel, Cecilia Salinas, Erick Flores-Romero, Univ.
Nacional Auténoma de México (Mexico); Ulises Morales,
Univ. de Guanajuato (Mexico); Juan-Carlos Cheang-Wong,
Univ. Nacional Auténoma de México (Mexico)

Colloidal silica particles are being intensively studied due to their potential
applications in catalysis, intelligent materials, optoelectronic devices,
photonic bandgap crystals, masks for lithographic nanopatterning. In
nanoscale electronic, photonic and plasmonic devices, feature dimensions
shrink towards a critical limit, and new experimental approaches have to

be explored in lithographic patterning to create ordered arrays of metallic
nanostructures with useful optical properties. Nanosphere lithography

uses self-assembled monolayers of spherical submicrometer-sized silica
particles prepared by sol-gel and deposited onto silica glass plates. This
silica monolayer is then used as a mask to create regular arrays of nanoscale
features in the sample by 1-2 MeV Ag and Au ion implantation. By this way,
after removal of the silica particles and an adequate thermal annealing

of the as-implanted samples, the formation of Ag or Au nano-objects
embedded in silica plates was confirmed by the presence of the surface
plasmon resonance in the optical absorption spectra. The size and shape of
the array of metallic nanostructures were studied by electron microscopy.
The amount of implanted ions was measured by Rutherford Backscattering
Spectrometry. The long range order of the metallic nanoparticle assembly
and its plasmonic properties were characterized by a Fast Fourier Transform
study and optical absorption measurements, respectively.
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9547-100, Session PWed

Plasmonic analog of electromagnetic-
induced transparency of asymmetrical
slots waveguide

Lin Sun, Jiangnan Univ. (China); Jicheng Wang, Jiangnan
Univ. (China) and Purdue Univ. (United States); Baojie
Tang, Xiaosai Wang, Jiangnan Univ. (China)

The optical phenomenon analogous to electromagnetically induced
transparency (EIT) has been proposed numerically in the plasmonic system
composed of unsymmetrical grooves shaped metal-insulator-metal (MIM)
waveguide. Based on the coupled mode theory (CMT) and Fabry-Perot
model, the formation and evolution mechanisms of plasmoninduced
transparency by direct and indirect couplings are exactly analyzed. The
analysis shows that the EIT-like spectral response and Fano resonances

can be tuned easily by adjusting the geometrical parameters of the groove
structures, including the coupling distances and groove lengths. We
observe that both the wavelengths of resonance modes present red shift
and the transparency window progressively widens with the increase of
the difference of the two groove lengths. In addition, the plasmonic system
with unsymmetrical third-groove structure is also proposed. The numerical
results are simulated by finite element method (FEM) to validate the
correctness of the uniform theoretical description. The results may open up
avenues for designing nanoscale optical switch, ultrasensitive sensors, and
slow light devices in highly integrated optical circuits.

9547-101, Session PWed

Spectral magnetooptical tunability using
Bragg plasmons

Emil Melander, Sebastian M. George, Uppsala Univ.
(Sweden); Evangelos Th. Papaioannou, Technische Univ.
Kaiserslautern (Germany); Marc A. Verschuuren, Philips
Research (Netherlands); Bjérgvin Hjdérvarsson, Vassilios
Kapaklis, Uppsala Univ. (Sweden)

Magnetoplasmonics is a field where external magnetic fields are utilized to
control the optical properties that come from plasmons. Active control of
plasmonics has many applications in energy harvesting and nanosensing. [1]

We demonstrate experimentally the optical and magnetooptical response
from Bragg plasmons [2] using diffraction from magnetoplasmonic
nanodisks arranged in a periodic 2D square pattern from the coupled
islands. The circular islands are 450 nm in diameter and have a lateral
periodicity of 512 nm. This enables diffraction parallel to the surface which in
turn yields Bragg plasmon excitation due to the electric field enhancement.
The alloy is a combination of Fe and Pd, Fe20Pd80, in order to have a
simple material that has both the magnetic functionality as well as the
plasmonic.

Specular reflectivity and transverse magnetooptical Kerr effect (TMOKE)
spectra [3] are compared to show how the optical measurements relate to
the magnetooptical enhancement. The experimental data is compared to
a simple diffraction model that accounts for the lateral dimensions of the
nanostructure and the diffraction which gives the Bragg plasmon onset. In
this way we show the link between the Bragg plasmon excitation and the
changes in TMOKE asymmetry.

[1] Gaspar Armelles and Alexandre Dmitriev, “Focus on
magnetoplasmonics”, New J. Phys. 16 045012, 2014

[2] Melander et al., “Spectral magnetooptical tunability from Bragg
plasmons”, to be submitted

[3] Melander et al., “Influence of the magnetic field on the plasmonic
properties of transparent Ni anti-dot arrays”, Appl. Phys. Lett. 101, 063107
(2012)
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9547-102, Session PWed

The effect of truncation in plasmon
resonance of metal nanoprisms

Soad Alsheheri, Marjan Saboktakin, Mohammad Matin,
Univ. of Denver (United States)

Plasmonic properties of gold and silver nanoparticles has several
applications in the recent years. Of the several shapes of nanoparticles,
triangular nanoprisms are of significant interest to us. The interest mostly
arises from the multiple absorption bands in these particles associated with
the multiple axes of their triangular shape as each of these axes can support
propagating and localized surface plasmons. As a result, nanoprisms, are
among the anisotropic plasmonic particles which exhibit LSPR in different
orientations depending on the polarization of the incident light. Further,
triangular nanoprisms provide us the opportunity of tuning their LSPR
properties by suitably modifying their structural parameters such as particle
thickness, particle edge length and height. Despite the several advantages
of triangular nanoprisms, it has been a challenge to synthesize these
nanomaterials with absolute precision in edge lengths. Often times, the
triangular nanoprisms we synthesize through various methods will not have
sharp edge lengths, instead they are seen as truncated. In this project, we
have studied the effect of truncation in plasmon resonance. Truncation (TR
=a/l). The TR values we studied are 0.006, 0.03, 0.06, 0.1, 0.13 and 0. The
edge lengths we studied is 150 nm and thickness of prism is 15nm, 25nm,
and 35 nm. Further, we measured the plasmon resonance for 1snip, 2 snip
and 3 snips. For 15 nm thickness of nanoprism, with edge length of 150 nm,
with increase in TR value, plasmon resonance saw a blue shift for one snip.
However, when the snips increased to 2 and 3 no shift in values of plasmon
resonance were found. However, when the thickness of nanoprism changed
from 15nm to 35 nm, plasmon resonance found a blue shift.

9547-103, Session PWed

Plasmonic devices based on the dual
coupled grapheme-integrated ring
resonators

Jicheng Wang, Jiangnan Univ. (China) and Purdue Univ.
(United States); Xiushan Xia, Jiangnan Univ. (China);
Xiuye Liang, Jiangnan Univ (China); Jing Chen, Jiangnan
Univ. (China); Dongdong Liu, Nanjing Univ. of Science &
Technology (China)

We have proposed a couple of plasmonic devices based on graphene sheets
and ring resonators. The highly frequency-tunable multi-mode plasmonically
induced transparency (PIT) device based on monolayer graphene and

rings for the mid-IR region is presented in theory firstly. The multi-mode
transparency windows in the spectral responses and slow light effects

can be achieved in plasmonic configuration composed of two graphene
resonators coupled with single-layer graphene waveguide. By varying

the Fermi energy of the graphene, the multi-mode PIT resonance can be
dynamic controlled without reoptimizing the geometric parameters of the
structures. Based on the coupled mode theory (CMT) and Fabry-Perot (FP),
we numerically investigated direct coupling and indirect coupling in the
graphene-integrated PIT systems. In addition, the theoretical plasmonic
devices based on graphene sheets and ring resonators are also proposed

to perform as 1?2 optical spatial switch or ultra -compact Mach-Zehnder
interferometer. The finite element method (FEM) is carried on to verify our
designs. Those designs may pave the ways for the further development of
the compact high-performance plasmonic communication devices.

9547-104, Session PWed

Fano resonances in nanoscale plasmonic
structure

Yundong Zhang, Hui Li, Xuenan Zhang, Yongfeng Wu,
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Harbin Institute of Technology (China)

We investigate a plasmonic waveguide system using the finite-difference
time-domain method, which consists of a metal-insulator-metal waveguide
coupled with a circle and a disk cavity. Numerical simulations results show
that the sharp and asymmetric Fano-line shapes can be created in the
waveguide. Fano resonance strongly depends on the structural parameters.
This has important applications in highly sensitive and multiparameter
sensing in the complicated environments.

9547-105, Session PWed

Investigation of the reflection and
transmission of nano-scale gold films

Haoliang Qian, Yuzhe Xiao, Dominic Lepage, Zhaowei Liu,
Univ. of California, San Diego (United States)

With the shrunk of the plasmonic device dimensions into the nano

region, the field of quantum plasmonics has emerged and drawn much
attention recently. Ultra-thin metal film is an ideal platform to study the
quantum behavior of electrons, and is the focus of this paper. This paper
demonstrates a combined experimental and theoretical investigation

of the optical properties of gold nano films with thickness varying from

30 nm to 2.5 nm. More specifically, accurate reflection and transmission
measurements are performed for the gold films with thickness down to 2.5
nm. The optical constants (n and k) are extracted using Newton’s method
with a multilayer transmission code. A new theoretical model based on the
self-consistent solution of the coupled Schrodinger and Poisson equations
is applied to gold quantum wells for the first time and its predictions
agree excellently experiment over a very broadband spectral range (1to

2 um). This quantum model not only can explain the experimental results,
it also predicts the values of the electron parameters in gold quantum
well, such as the effective mass and relaxation time. Such a theory can

be easily generalized to other quantum structures, such as quantum dots
and quantum wires, and should be very useful in the field of quantum
plasmonics.

9547-106, Session PWed

High order gap modes in film-coupled ?/10
hanoantennas

Chua-Zu Huang, Ming-Jing Wu, National Cheng Kung Univ.
(Taiwan); Shiuan-Yeh Chen, National Cheng Kung Univ
(Taiwan)

The high order gap modes in the film-coupled nanoantenna are identified
experimentally and theoretically. Recently, several reports show that a
particle-film structure with a gap on the few-nanometer scale provides

a stable platform for investigating the induced enhanced field and its
interaction with molecules nearby. The concentrated enhanced field

within the gap is usually dominated by the well-known gap dipole mode.
However, when the gap size decreases, the increasing high enhanced

field is accompanied by the induced high order modes. These high order
modes are usually thought to be “dark” (not radiate efficiently) and only
affect the distribution of the near-field. However, in our far-field scattering
measurements, it is found that these high order modes also have substantial
influence on the far-field scattering profile. In addition, it is also shown that
several high order modes could exist even in this small structure (~?/10)
within the relatively narrow spectral range. Therefore, the evaluation of
nanoantenna bandwidth needs to take this factor into account. The relation
between far-field scattering profiles, spectra, and near-field distribution
were elucidated through the optical measurements and simulations. Our
findings provide a guideline for probing the interaction between the

gap field and the molecules nearby and can be extended for designing
extremely compact nanophotonic devices.
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The influence of annealing on Au films
deposited on Ge seed layers

Vesna Janicki, Jordi Sancho-Parramon, Boris Okorn,
Institut Ruder Bo?kovic (Croatia); Eva Kova?evi?, CNRS/
Université d’Orléans (France); Hrvoje Zorc, Institut Ruder
Bo?kovic (Croatia)

Ultrathin compact metal films are important for plasmonic and metamaterial
devices. This kind of films can be obtained by electron beam evaporation
technigue on a pre-deposited Ge seed layer. The role of the seed layer is

to reduce the percolation threshold of metal islands. In this way thinner
compact metal layers having lower losses are formed. Similarly as the
growth of metal island films is promoted if the substrate is heated, annealing
of a compact metal film can result in breaking the surface continuity of the
layer and formation of metal islands.

The influence of annealing on metal islands and compact Au films formed
on the substrates with and without Ge seed layer is studied in this work.

A serial of samples with different thicknesses of Au was annealed at
different temperatures. Optical and structural measurements, ellipsometry
and scanning electron microscopy at the first place, were performed

and used for characterization of the samples. As expected, the obtained
results present formation of discontinuous layers with the increase of the
temperature. However, even in the conditions of elevated temperature, Ge
seed layer is shown to promote percolation, postponing or even preventing
the breakdown of the continuity of the film.

9547-108, Session PWed

Influence of plasmonic nanoantennas
on the optical properties of ultra-thin
conjugated polymer films

Binxing Yu, Joseph Woo, Rutgers, The State Univ. of New
Jersey (United States); Sarah Goodman, Massachusetts
Institute of Technology (United States); Deirdre M.
O’Carroll, Rutgers, The State Univ. of New Jersey (United
States)

Conjugated polymers have been intensively studied in the recent years

due to their remarkable electronic and optical properties which include
high conductivities, excitonic absorption, photoluminescence and
electroluminescence. However, their limited spectral absorption bandwidths
have limited their applications in photodetection and photovoltaic devices,
which makes improving light-harvesting in ultra-thin conjugated polymer
active layers an ongoing topic of interest in the optoelectronic community.

Here, we present how a a metal nanoantenna/poly(3-hexylthiophene)
(P3HT)/metal film system can be designed to affect the enhancement and
localization of electric fields in polymer thin films. We theoretically and
experimentally investigate the tunability of the subwavelength resonant
modes supported by the system and their impact on the spectral response
of sub-50 nm thick conjugated polymer layers. Significant absorption
enhancement up to 6 times in polythiophene is obtained using this system
which is also validated by agreement with full-field electromagnetic
simulation data.Single nanoparticle dark-field scattered-light spectroscopy
and simulations also revealed evidence for the excitation of both localized
surface plasmons (LSPs) of the nanoparticle and propagating surface
plasmon polaritons (SPPs) of the metallic film. Distinct resonance features
observed in the scattering spectra were assigned to specific modes based
on an image-dipole interaction model as well as the coupling and interplay
between LSPs and SPPs.Upon modifying factors such as: polymer spacer
thickness, nanoparticle height and material type, we could alter bandwidth,
intensity of the individual modes and optimize degree of electromagnetic
field localization in the polymer. The analysis in this study would be useful
for proposing new concepts for manipulation and control of light-matter
interactions in nanoscale material volumes, which is of utmost importance
for the optimization of ultra-thin film devices exploiting near-field
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phenomena, such as surface plasmon-enhanced thin-film solar cells and
light-emitting devices.

9547-109, Session PWed

Surface plasmon resonance in diabolo
metal bar optical antenna arrays

Junpeng Guo, Hong Guo, The Univ. of Alabama in
Huntsville (United States)

Surface Plasmon Resonance in Diabolo Metal Bar Optical Antenna Arrays
Hong Guo, Blake Simpkins, Joshua Caldwell, Junpeng Guo

Abstract: We investigated a new configuration of optical antennas: metal
bar antennas with reduced waist width with respect to rectangular bars.
Previously investigated bowtie optical antennas consist of two triangle
shape metal patches with a small gap between the two metal patches.
The excitation polarization is along the small gap of the triangle metal
patches and the electromagnetic field enhancement occurs inside the gap
between the two metal patches. For the narrow waist metal bar antennas
investigated here, there are no gaps in the structure. The excitation
polarization is along the longitudinal dimension of the metal antennas. It
was found that the resonance wavelength and near field enhancement of
diabolo metal bar antennas can be tuned by varying the waist width of the
Diabolo Metal Bar Optical Antennas.

9547-110, Session PWed

A two-electrode electrochemical

surface plasmon resonance sensor for
investigating the electropolymerization of
polyaniline

Bing Zhang, Zhejiang Univ. (China); Yazhuo Li, Jianghan
Univ. (China); Yizhang Wen, Peijun Cai, Xiaoping Wang,
Zhejiang Univ. (China)

A novel electrochemical surface plasmon resonance (EC-SPR) sensor

has been developed based on the surface plasmon resonance (SPR)
combined with a two-electrode electrochemical configuration. The theory
of potential-modulated for EC-SPR was described, and several factors
which can induce the change of the SPR resonance angle were revealed.
Comparing with the conventional three-electrode electrochemical system,
the reference electrode has been eliminated in this design, and the active
carbon (AC) electrode employed as the counter electrode. Due to the large
specific surface area, AC presents considerable double layer capacitance

at the interface of electrode and electrolyte, which can provide a constant
potential during the electrochemical reactions. Using an angle modulation
SPR sensor and the resolution of that is 5?10-6 RIU (refractive index units),
a real-time data-smoothing algorithm is adopted to reduce the noise of

the data, which can guarantee an accurate result of the resonance angle of
SPR. The EC-SPR setup was used for investigating the electropolymerization
of polyaniline by applying a potential of cyclic voltammetry, both of the
electrochemical current and the resonance angle shift of SPR are recorded
to monitor the growth process of the polymer. Comparing with the three-
electrode configuration, the novel AC two-electrode system can also obtain
detailed information about the polymerization process from the resonance
angle shift curves, including the change of thickness and dielectric constant,
deposition and transitions between different redox states of the polymer
film. Experimental results demonstrated that this two-electrode EC-SPR
configuration is suitable for analyzing the electropolymerization process of a
conducting polymer.
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Surface plasmons leaky radiation of the
flat metal

Ping Wang, Sichuan University (China)

We derive the Fano equation to present the reflection spectrum derived
from the three-layer Fresnel reflection equation, which are asymmetric
curves resulted from interference between direct reflectance and surface
plasmons leaky radiation. When surface plasmons propagate on the metal
surface, part of the excited surface plasmons leaks out as a radiation wave
into prism. Therefore the reflection consists of two parts: direct reflectance
and the leaky radiation. The whole incident light energy can be divided into
three parts: direct reflectance, the surface plasmons leaky radiation and
propagating surface plasmons which is confined in metal and ultimately
converts into heat because of the metal absorption. By fitting the rigorous
electromagnetic calculation with the Fano equation, we obtain each
contribution to reflection of the three parts. The surface plasmons leaky
radiation decreases with the increase of metal thickness. It approximates to
zero with metal thickness thicker than 35nm and the leaky radiation is quite
strong at ultra-thin metal film due to the optical tunneling effect. When the
sum of direct reflectance and leaky radiation reach the value close to zero
the propagating surface plasmons reach the value close to unity at about
45nm metal thickness.Compares to our investigation of grating coupler,

we learn the surface plasmons leaky radiation of flat metal is quite weak
than resonance radiation coupled out by grating, especially at thick metal,
because they are in different radiation mechanism.

9547-112, Session PWed

Polarization conversion with crossed
plasmonic polarizers

Xiaobin Cui, Chengping Huang, Nanjing Tech Univ. (China)

Conventionally, a pair of linear polarizers can be used to generate and
rotate the linear polarization. However, according to the Malus law, the
transmission or conversion efficiency decreases with the rotating angle. It
is well known that, when the two linear polarizers are orthogonal to each
other, the transmission of light will be blocked. This effect also prohibits
the 90-degree polarization conversion with two crossed polarizers. We
propose that a pair of specially-designed orthogonal plasmonic polarizers
may break through the above limitation to induce both high transmission
and 90-degree polarization conversion. We present the experimental
demonstration of such effect in both optical frequency and microwave
regime. Moreover, based on this effect, a super polarization converter
that switches the incident polarization to arbitrary direction has also been
designed and realized in the microwave band. The results may be used to
construct new types of plasmonic devices, e.g., the polarization converters,
one-way transmitters, subwavelength switches and modulators, etc.

9547-113, Session PWed

Hybrid spherical cap plasmonic waveguide
for tight mode confinement and long
propagation length

Kai Li, Maojin Yun, Xiaohui Ge, Weijin Kong, Qingdao Univ.
(China)

The special abilities of plasmonic waveguide including tight field
confinement and beyond diffraction limit within nano-scale structure have
been exploited in many different fields. In order to overcome the trade-off
between tight mode confinement and long propagation length, many kinds
of nano-scale structures have been proposed in recent years. In this paper,
a novel hybrid plasmonic waveguide consisting of the layer of metal Ag, a
spherical cap with low-index dielectric layer placed above the metal Ag and
a high-index dielectric layer placed above the spherical cap is proposed
and analyzed theoretically. The relations between the characteristics of
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the bound modes, such as mode confinement, propagation lengths, and
parameters of the spherical cap, the curvature and width, are numerically
investigated in detail. The simulation results show that the nano-scale
confinement can be realized. The simulation results show that the
performance of the proposed spherical cap hybrid plasmonic waveguide

is better than the rectangle or cylindrical hybrid plasmonic waveguide.
Such hybrid plasmonic waveguide has a tight mode confiment and long
propagation length. This novel stucture provides promising applications for
high-integration density photonic components.

9547-114, Session PWed

Cylindrical hybrid plasmonic waveguide
for a nano-scale light confinement

Chao Liu, Mei Wang, Maojin Yun, Weijin Kong, Qingdao
Univ. (China)

In order to improve integration density, it is essential to develop a nano-
scale optical waveguide which is the key element to build varies of
optical components. In this paper, a novel cylindrical hybrid plasmonic
waveguide, which has a air core surrounded by a metal-layer and a

silicon layer, is proposed to achieve nano-scale confinement of light at
the operating wavelength of 1550nm. And there is a low-index material
nano-layer between the metal layer and the silicon layer, in which the field
enhancement provides a nano-scale confinement of the optical field. The
relations between the characteristics of the bound modes, including the
effective mode indices, propagation lengths, mode sizes, mode shapes
and parameters of the plasmonic waveguide are numerically investigated
in detail. The simulation results show that the nano-scale confinement can
be realized and the proposed hybrid plasmonic waveguide has a potential
application in high density photonic integration.

9547-115, Session PWed

Coupled plasmon hybrid modes in
aggregates of metal nanowires

Nadiia P. Stognii, Kharkiv National Univ. of Radio
Electronics (Ukraine) and Institute of Radiophysics and
Electronics (Ukraine); Nataliya K. Sakhnenko, Kharkiv
National Univ. of Radio Electronics (Ukraine)

Investigation of the plasmonic resonances in aggregates of metal nanowires
is presented. Mechanism of plasmonic mode coupling in a system of metal
wires that can be considered as hybridization combinations of isolated wire
plasmons is investigated

9547-116, Session PWed

Plasmon enhanced luminescence
upconversion in Au and NaYF4:Yb3+,Er3+
nanoparticle clusters

Chenchen Mao, Univ. of Colorado at Boulder (United
States); Liangcan He, Jennifer N. Cha, Univ. of Colorado
Boulder (United States); Wounjhang Park, Univ. of
Colorado at Boulder (United States)

Rare-earth activated upconversion materials present exciting new
possibilities in solar energy conversion, bioimaging and medicine. For viable
applications, however, the efficiency must be enhanced which may be
accomplished by surface plasmon. Also, solution-processed nanocomposites
are desired for most bio-applications and organic devices.

In this study, SiO2 coated NaYF4: Yb3+, Er3+ upconversion nanoparticles

(UCNPs) by the co-precipitation method. Then, Au nanostars or
nanospheres were synthesized, thiol-streptavidin stabilized, and attached
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to the biotinylated UCNPs through the strong interaction between biotin
and streptavidin. The Au-UCNP clusters showed various extinction spectra
depending on the shape of the Au nanomaterial. Au nanospheres presented
resonance at 520 nm while two types of Au nanostars exhibited resonances
at 700 nm and 980 nm, respectively. The plasmon resonance can lead

to enhanced upconversion through a complex mechanism involving
absorption, emission and energy transfer. Also, metal surface introduces
quenching which has to be minimized mainly by adjusting the SiO2 coating
thickness.

Due to the interplay of many different processes, the upconversion
luminescence was highly sensitive to the exact geometry of the nanocluster.
Among the set of Au-UCNP clusters we studied, the highest enhancement
was observed from the UCNP coupled to Au nanostar with 700 nm
resonance. Enhancement factors for green and red emission were 3.4 and
2.7, respectively. The SiO2 coating thickness was 10 nm. A complete analysis
of the experimental data together with quantum electrodynamics based
theoretical models will be presented at the conference.

9547-117, Session PWed

Plasmonic local heating beyond diffraction
limit by the excitation of magnetic
polariton

Liping Wang, Hassan Alshehri, Arizona State Univ. (United
States)

In recent years, optical local heating in the nanoscale has attracted great
attention due to its unique features of small hot spot size and high energy
density. Plasmonic local heating can provide solutions to several issues
such as data storage and cancer treatment. Research conducted in this
field to achieve plasmonic local heating has mainly utilized the excitation
of localized surface plasmon (LSP) or surface plasmon resonance (SPR).
However, achieving plasmonic local heating by the excitation of magnetic
polariton (MP) has not been researched extensively yet.

In this work, we numerically investigate the radiative properties of a
metamaterial nanostructure composed of a gold nanowire suspended on

a gold thin film. HFSS (High Frequency Structural Simulator) simulation
shows that the proposed structure exhibits a selective absorption peak

at 655 nm due to the excitation of MP at the resonance wavelength. The
electromagnetic field of the structure at resonance is plotted to explain

the mechanism of MP. Geometric and incidence angle effects on the
resonance wavelength and the absorptance spectra are also studied, and
the physical mechanisms are elucidated. Furthermore, an inductor-capacitor
circuit model is employed to predict the resonance wavelength for MP and
compare with the HFSS results. Temperature distributions of the respective
simulations are then obtained employing ANSYS steady state thermal
software. Temperature distributions show relatively high temperature where
electromagnetic energy is confined; hence localized heating is achieved. The
findings of this work may facilitate applications in the fields of data storage,
optical local heating, and optical sensing.

9547-118, Session PWed

Enhancing resonance dynamics in
plasmonics

Ashok Kodigala, University of California, San Diego
(United States); Thomas Lepetit, Boubacar Kante, Univ. of
California, San Diego (United States)

A budding topic of interest is that of applications in the field of plasmonics
which currently range from chemical and biological sensing to enhanced
photovoltaics. At the core of these plasmonic devices are resonances that
govern their unique function and the ability to manipulate said resonances is
crucial to their design. In order to manipulate resonances, we must be able
to observe them quantitatively. Conventionally, the approach to examining
plasmonic resonances is to identify the peaks and troughs of reflection

and transmission spectra. This methodology is qualitative in nature and is

spie.org/op Return to Contents



Conference 9547: Plasmonics: Metallic
Nanostructures and Their Optical Properties XllI

insufficient for non-symmetric or Fano resonances. This approach is even
worse for cases with multiple overlapping resonances. Here, we describe an
effective Hamiltonian formalism to study and tailor plasmonic resonances
at optical frequencies. Using this approach, we compute the complex poles
of the scattering matrix which quantitatively relate to both the resonance
frequencies and linewidths. As such, we are able to track the dynamics of
resonances and study in detail the coupling behavior between multiple
plasmonic particles. As a further consequence, we can design novel
plasmonic systems that offer a very large degree of resonance tunability.

9547-119, Session PWed

Optica fiber tip with point light source
of SPPs driven by three-dimensional
nanostructured asymmetric metal-
insulator-metal layer cap

Yasushi Oshikane, Motohiro Nakano, Osaka Univ. (Japan);
Kensuke Murai, National Institute of Advanced Industrial
Science and Technology (Japan)

Numerical analysis of three dimensional optical electro-magnetic field in a
circular-truncated conical optical fiber covered by asymmetric MIM structure
has been performed by a commercial finite element method package,
COMSOL Multiphysics coupled with Wave Optics Module. The outermost
thick metallic layer has twin nano-hole, and the waveguiding twin-hole
could draw surface plasmon polaritions (SPPs) excited in the MIM structure
to the surface. Finally the guided two SPPs could unite each other and

may create a single bright spot. The systematic simulation is continuing,

and the results will give us valuable counsel for control of surface plasmon
polaritons (SPPs) appearing around the MIM structure and twin nano-hole.
(1) Optimal design of the 3D FEM model for 8-core Xeon server and rational
approach for the FEM analysis, (2) behavior of SPPs affected by wavelength
and polarization of light travel through fiber, (3) change in excitation
condition of SPPs caused by shape of the MIM structure and twin-hole, (4)
effectiveness of additional nanostructures that are aimed at focusing control
of two SPPs come out from the corners of twin-hole, (5) scanning ability of
the MIM/twin-hole probe at nanostructured sample saurface (i.e. amount of
forward and backward scattering of SPPs) will be presented and discussed.
Several FIBed prototypes and their characteristic of light emission will also
reported.

9547-120, Session PWed

Revealing the dispersive phase change
in a slit-groove plasmonic interferometer
structure

Xie Zeng, Univ. at Buffalo (United States); Haifeng Hu,
Northeastern Univ. (China); Yongkang Gao, Alcatel-Lucent
Bell Labs. (United States); Dengxin Ji, Nan Zhang, Haomin
Song, Kai Liu, Qiaogiang Gan, Univ. at Buffalo (United
States)

The investigation on light interaction with individual slits has a long history
in physical optics, resulting in many fundamental progresses. In recent
years, there has been considerable growth in plasmonics research due to
their subwavelength confinement of electromagnetic (EM) waves. To better
understand surface plasmon polariton (SPP) mediated interactions between
optical nano-objects at metallodielectric interfaces, researchers have
performed numerous theoretical and experimental studies of the physics
of nanostructures. However, there are still many open questions regarding
fundamental understanding on surface plasmon waves. For instance, phase
is an inherent and important feature for coherent processes, particularly
for EM waves. In previously reported literature, the phase change during
the SPP coupling was considered as a constant for different wavelengths,
resulting in a mismatch between experiment and theoretical modeling. In
this work, we propose an approach to extract the phase change dispersion
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during the interaction between free-space light, SPPs and nanogrooves.
Using the far-field transmission and scattering image from a tilted slit-
groove plasmonic interferometer structure, the intrinsic phase dispersion
?0(?) as the function of wavelength was successfully extracted, revealing
more fundamental physics of SPP-nano-object interactions. This approach
can also be applied to extract intrinsic phase dispersion of other plasmonic
nano-objects with different shapes, which is essential for plasmonic
subwavelength optics on a chip.

9547-121, Session PWed

Enhanced light emission and absorption
from monolayer MoS2 using single
plasmonic optical antenna

Edgar Palacios, Serkan Butldn, Spencer Park, Lincoln J.
Lauhon, Koray Aydin, Northwestern Univ. (United States)

In the last few years 2D transition metal dichalcogenides exhibiting

direct bandgap behavior have received much attention because of their
performance advantages in field-effect transistors, detector applications and
flexible electronic devices operating in the visible spectrum. Among these
materials, MoS2 has shown impressive results but the advantages stemming
from its monolayer thickness also present a disadvantage- reduced light-
matter interaction. By utilizing the light confining effects of plasmonic
nano-structures it is possible to strongly couple plasmonic resonances

with single layer MoS2 and increase light matter interactions. Recently, we
have modeled and experimentally verified the strong optical interactions

of localized surface plasmons from Ag nanodiscs with monolayer MoS2
resulting in a twelve-fold photoluminescence enhancement. Herein, we

will present our latest results on the detection of single Au nanoantennas
through enhanced photoemission from monolayer MoS2. By engineering
the length of Au dipole and bowtie nanoantennas we tune the resonant
frequency to support the excitation or emission fields resulting in improved
light emission and absorption for the next generation of 2D based
photonics, detectors and solid state lighting.

9547-122, Session PWed

Plasmonic dark modes excited by strongly
focused illumination

Jordi Sancho-Parramon, Institut Ruder Bo?kovic (Croatia)
and Univ. of Barcelona (Spain); Salvador Bosch Puig, David
Maluenda, Univ. de Barcelona (Spain); Hrvoje Zorc, Institut
Ruder Bo?kovic (Croatia)

Surface plasmons with a charge distribution having a net dipole moment
are known as bright modes, as they can easily couple to light. On the other
hand, resonances with a zero dipole moment are termed dark as they
cannot be excited by homogeneous illumination. Over the last years, dark
modes have attracted significant interest due to their potential for sensing
applications. Compared to bright modes, they show strong electromagnetic
near-field enhancement and high quality factors. In addition, the
interference of dark and bright modes can lead to Fano-like resonances.

In symmetric structures, dark plasmon modes can be excited by non-
optical means such as an electron beam. Generation of dark modes by
light requires breaking the excitation symmetry that can be achieved

using inhomogeneous illumination, evanescent waves, retardation effects,
localized emitters or spatial phase shaping. In the present work, we show
that strongly focused illumination can lead to excitation of dark modes. We
first use rigorous vectorial diffraction theory to compute the distribution of
light at the focus and then numerically calculate the response of particle
clusters and core-shell particles. Controlling the distribution of light arriving
at the focusing lens by, for instance, pupil filters enables enhancing the
excitation of dark modes. Overall, these results present guidelines for the
excitation of dark plasmon modes using standard optical instrumentation.
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Fabrication of alternative plasmonic
materials with room temperature high-
power impulse magnetron sputtering

Zih-Ying Yang, Yi-Hsun Chen, National Chiao Tung Univ.
(Taiwan); Bo-Huei Liao, Instrument Technology Research
Ctr. (Taiwan); Kuo-Ping Chen, National Chiao Tung Univ.
(Taiwan)

Low loss alternatives plasmonic materials like titanium nitride (TiN),

have received significant interests in recent years. TiN has low loss in the
visible and NIR wavelengths and the optical properties can be adjusted. In
addition, the high melting temperature and bio-compactable properties
make TiN with strong potentials in many applications. However, there is
less discussion on the relevance of electrical and optical characteristics of
TiN thin films. In this work, the room temperature fabrication process of
TiN thin film is proposed, which is suitable for flexible substrate. Compared
to the conventional magnetron sputtering, reactive high power impulse
magnetron sputtering (HiPIMS) could provide higher degree of ionization
of the sputtered metal and higher rate of molecular gas dissociation. Thus,
the improvement in density, roughness, and electrical conductivity at lower
temperature process could be achieved. Since TiN are non-stoichiometric
materials, their composition could be changed by preparation method. In
this study, 40 nm TiN thin films were deposited on B270 glass by HiPIMS
at room temperature. First, the effects of DC power parameter on the
conductivity, crystallinity, optical resonant properties of the TiN thin film
will be investigated. Then, the relationship between electrical and optical
properties will be shown. When the DC power is increasing, the ellipsometry
results show that the dielectric function will change from dielectric to
conductor. From four-point probe measurements, the resistivity decreases
to 1/16 times as the power increases. In addition, increasing power would
result in plasmon resonance blue-shifted from 515 nm to 460 nm.

9547-124, Session PWed

Plasmonic hydrogels for ultrasensitive
and in situ detection of a quorum-sensing
signaling molecule by surface-enhanced
Raman scattering spectroscopy

Verdnica Montes Garcia, Gustavo Bodelon-Gonzalez,
Sergio Rodal-Cedeira, Vanesa Lopez Puente, Celina Costas,
Univ. de Vigo (Spain); Luis M. Liz-Marzan, CIC BiomaGUNE
(Spain); Isabel Pastoriza-Santos, Jorge Perez-Juste, Univ.
de Vigo (Spain)

In nature most bacteria exist in biofilms regulated by a cell-to-cell
communication process termed quorum sensing (QS). The understanding
of how microbial populations communicate and behave is important

for developing new therapeutic compounds. Herein we report the use

of Surface-enhanced Raman scattering (SERS) spectroscopy as an
ultrasensitive tool for direct, in vivo plasmonic detection of a Pseudomonas
aeruginosa QS-regulated molecule termed pyocyanin. With this aim, we
report the design and characterization of a novel nanostructured plasmonic
substrate to be used as SERS active sensing platform.

The nanostructure is based on poly(N-isopropylacrylamide) (pNIPAM)
hydrogels doped with gold nanorods with high scattering contribution. The
plasmonic substrates allowed simple, fast and ultrasensitive detection (up
to 10-10 M) and quantification of pyocyanin produced from bacteria grown
in liquid culture. Importantly, the inherent properties of the plasmonic
hydrogels enabled bacterial growth as biofilm and simultaneous SERS
detection of pyocyanin. This study shows for the first time in situ plasmonic
imaging and monitoring of QS, demonstrating the suitability of this
plasmonic platform for spectroscopic analysis of microbial communication
and behavior.
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Mapping of transmission spectrum
between plasmonic and nonplasmonic
single slits

Shih-Hui Chang, Yulun Su, National Cheng Kung Univ.
(Taiwan)

In contrast to conventional emphases on plasmonic effects, mapping of

the transmission spectrum between a plasmonic and non-plasmonic 2D
single slit are demonstrated. At resonant transmission, plasmonic and non-
plasmonic single slits exhibit similar near-field mode at their corresponding
resonant wavelengths. Their resonant transmission wavelengths can be
transformed via a simple mapping with surface plasmon dispersion relation.
To further extend the mapping for non-resonant condition, complex
reflection and transmission coefficients at the end faces of a semi-infinite
slit are analyzed to reconstruct the whole transmission spectra. The complex
reflection coefficients are found similar at the same effective wavelength for
both plasmonic and non-plasmonic cases. The reconstructed spectrum by a
Fabry-Perot model matches the transmission spectrum of a non-plasmonic
slit and can be transformed into that of a plasmonic case by wavelength
stretching with plasmonic waveguide dispersion. The transmission

cross section is bounded by ?/(wd). Width-dependent red shifts of the
transmission spectrum are associated with effective capacitances at the slit
end faces. Same mapping method applies for a single slit with substrate or
periodic structure. Furthermore, the optical property of a plasmonic slit can
be achieved by a non-plasmonic slit via dimension scaling. The focusing
lens effect of a plasmonic slit array can be mimicked by a non-plasmonic
slit array with dimension scaling. The unified transmission properties of
plasmonic and non-plasmonic 2D single slits can simplify the design of slit
structures for plasmonic applications.

9547-126, Session PWed

Detectivity comparison of bolometric
optical antennas

Alexander Cuadrado, José Manuel Lopez-Alonso, Juan
Carlos Martinez-Antdn, Jose-Miguel Ezquerro, Univ.
Complutense de Madrid (Spain); Francisco Javier
Gonzalez, Univ. Autbnoma de San Luis Potosi (Mexico);
Javier Alda, Univ. Complutense de Madrid (Spain)

The actual application of optical antennas in detection devices strongly
depends on its ability to produce an acceptable signal-to-noise ratio

for the given task. It is known that, due to the intrinsic problems arising
from its sub-wavelength dimensions, optical antennas produce very small
signals. The quality of these signals depends on the involved transduction
mechanism. The contribution of different types of noise should be

adapted to the transducer and to the signal extraction regime. Once

noise is evaluated and measured, the specific detectivity, D*, becomes

the parameter of interest when comparing the performance of antenna
coupled devices with other detectors. In this contribution we are interested
in the evaluation and comparison of D* values for several arrangements of
bolometric optical antennas working in the infrared. The values obtained for
D* will be related with those characterizing conventional optical detectors.
At the same time, some strategies, related with the adequate choice

of materials and geometries will be discussed in order to improve this
parameter.

9547-127, Session PWed

Analysis of the spectral response of fractal
antennas related with its geometry and
current paths

Alexander Cuadrado, José Manuel Lopez-Alonso, Juan
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Carlos Martinez-Antdn, Jose-Miguel Ezquerro, Univ.
Complutense de Madrid (Spain); Francisco J. Gonzalez,
Univ. Auténoma de San Luis Potosi (Mexico); Javier Alda,
Univ. Complutense de Madrid (Spain)

Fractal antennas have been proposed to improve the bandwidth of resonant
structures and optical antennas. Their multiband characteristics are of
interest in radiofrequency and microwave technologies. In this contribution
we link the geometry of the current paths built-in the fractal antenna

with the spectral response. We have seen that the actual currents flowing
through the structure are not limited to the portion of the fractal that should
be geometrically linked with the signal. This fact strongly depends on the
design of the fractal and how the different scales are arranged within the
antenna. Some ideas involving materials that could actively respond to the
incoming radiation could be of help to spectrally select the response of the
multiband design.

9547-128, Session PWed

Nanoporous gold leaves: preparation,
optical characterization, and biosensing
capabilities

Gianluca Ruffato, Univ. degli Studi di Padova (ltaly); Denis
Garoli, Eugenio Calandrini, Pierfrancesco Zilio, Francesco
De Angelis, Istituto Italiano di Tecnologia (Italy); Filippo
Romanato, Univ. degli Studi di Padova (Italy); Sandro
Cattarin, CNR-IENI (Italy)

Porous gold films have recently attracted increasing interest due to the
unigue properties related to their very high specific surface area. This
particular material finds applications in many fields from electrochemistry
to nanofluidic, solar cell and enhanced spectroscopy. Among the

different fields of application, nanoporous gold (NPG) demonstrates also
intriguing properties as plasmonic material. There is still a great desire to
develop materials with optimized photonic properties taking advantage

of electromagnetic resonances and concomitant enhancement of the
electromagnetic near-field owing to surface plasmons. NPG has been
extensively studied also as plasmonic platform for biosensing applications.
In almost the cases it was prepared as thin film on a bulk substrate. A
possible alternative approach is to prepare the NPG as self-standing

film. This leads to a perfect symmetric configuration where the metal is
immersed in an homogeneous medium. In order to exploit symmetric
plasmonic modes this configuration can be extremely interesting. Here

we present a reproducible NPG self-standing leaves preparation. We then
investigate the material’s optical response from the visible up to the medium
infrared (MID-IR). The material has been nanostructured in order to support
propagating symmetric plasmonics modes. Biosensing performances

have been tested both in the optical and in the MID-IR spectral range. This
platform was exploited for the detection of both self-assembly monolayer
of very small molecules (alcane-thiol) and of protein conformational states.
The employment of nanoporous gold offers the unique advantages of
augmented analyte delivery by infiltration inside the sensor and versatile
functionalization.

9547-129, Session PWed

Optical monitoring of the doping level of
semiconductor by Brewster “mode”

Thierry Taliercio, Eric Tournié, Laurent Cerutti, Univ.
Montpellier 2 (France); Jean-Jacques Greffet, Lab. Charles
Fabry (France)

Develop plasmonic materials compatible with complementary metal oxide
semiconductor (CMOS) technology is one of the fundamental challenges for
plasmonics to imagine a possible industrialization of plasmonic applications
other than bio-detection. Several approaches have been proposed to reach
this goal notably using highly doped semiconductor (HDSC). However,
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it is indispensable to control accurately the plasma frequency, wp, of the
HDSC to adjust the plasmonic resonances of the metallic nanostructures.
We have developed a new non-destructive optical technique to measure
wp by the intermediate of the Brewster “mode”. When we investigate
highly-doped InAsSb layers lattice matched onto GaSb substrates by
angular-dependent reflectance, we evidenced a resonant dip near the
plasma frequency of thin layers. Based on Fresnel coefficient in the case
of transverse electromagnetic wave, we propose that this resonance is due
to the excitation of a leaky electromagnetic mode, the Brewster “mode”,
propagating in the metallic layer deposited on a dielectric material.
Investigating series of samples allowed us to realize abacus linking plasma
frequency to carrier density. Potential interest of this mode for in-situ
monitoring during device fabrication is also discussed.

9547-130, Session PWed

Fabrication of plasmonic thin films and its
characterization by optical method and
FDTD simulation technique

Anton Kuzma, Frantisek Uherek, Slovenska Technicka

Univ. (Slovakia) and International Laser Ctr. (Slovakia);
Jaroslava ?kriniarova, Slovenska Technicka Univ. (Slovakia);
Du?an Pudi?, Univ. of ?ilina (Slovakia); Martin Weis, Martin
Donoval, Slovenska Technicka Univ. (Slovakia)

In this paper we present optical properties of thin metal films deposited

on the glass substrate by the physical vapor deposition system. Localized
surface plasmon polaritons of different film thicknesses have been
spectrally characterized by optical methods. Evidence of the Au and Ag
nanoparticles in deposited thin films have been demonstrated by Scanning
Electron Microscope (SEM) and Atomic Force Microscope (AFM) and

their dimensions as well as separations have been evaluated. As a first
approximation, the simulation model of deposited nanoparticles without
assuming their dimension and separation distributions has been created.
Simulation model defines relation between the nanoparticle dimensions
and their separations. Model of deposited nanoparticles has been simulated
by the Finite-Difference Time-Domain (FDTD) simulation method. The
pulsed excitation has been used and transmission of optical radiation has
been calculated from the spectral response by Fast Fourier Transform
(FFT) analyses. Plasmonic extinctions have been calculated from measured
spectral characteristics as well as simulated characteristics and compared
with each other. The nanoparticle dimensions and separations have been
evaluated from the agreement between the simulation and experimental
spectral characteristics. Surface morphology of thin metal film has been
used as an input for the detail simulation study based on the experimental
observation of metal nanoparticle distribution. Hence, this simulation
method includes appropriate coupling effects between nanoparticles and
provides more reliable results. Obtained results are helpful for further deep
understanding of thin metal films plasmonic properties and simulation
method is demonstrated as a powerful tool for the deposition technology
optimizations.

9547-131, Session PWed

Bianisotropic metamaterials for enhanced
chiral fields and forces

Hossein Alizadeh, Bjorn M. Reinhard, Boston Univ. (United
States)

The two enantiomers (mirror-images) of a biomolecule can show drastically
different behaviors, requiring the development of sensitive approaches for
their identification and separation. Plasmonic nanostructures have shown
promise for enhancing the sensitivities of chiral spectroscopies, but the
generation of chiral near fields with a specific handedness in the spatial
domain surrounding the plasmonic structures remains a challenge. Here we
demonstrate that achiral bianisotropic structures, which couple the electric
and magnetic fields, can achieve high enhancements of optical chirality in
an extended spatial region. Magneto-electric coupling in such structures
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facilitates electrically excited magnetic resonances in the near IR and optical
regimes, which in turn can result in highly enhanced optical chirality in an
extended region of space. We apply this concept to achiral double split ring
resonators (DSRRs) and demonstrate their potential in generating enhanced
chiral fields and forces. Also, the behavior of optical chirality density
gradient and chirality flux in such structures is examined, and it is shown
that plasmonically generated chiral forces may pave the way to a new class
of chiral biosensors.

9547-132, Session PWed

Engineering metal-nanoantennae/dye
complexes for maximum fluorescence
enhancement

Xiang Meng, Richard R. Grote, Jerry |. Dadap Jr., Columbia
Univ. (United States); Nicolae-Coriolan Panoiu, Univ.
College London (United Kingdom); Richard M. Osgood Jr.,
Columbia Univ. (United States)

We theoretically investigate the fluorescence enhancement of a molecule
placed in a variable (4 - 20 nm) gap of a plasmonic dimer, with different
dye molecules as well as different nanoparticle geometries, using a fully
vectorial three-dimensional finite-difference time-domain (3D FDTD)
method. This work extends previous studies on molecular fluorescence in
the vicinity of metal interfaces and single nanoparticles and shows how the
radiative emission of a molecule can be further enhanced by engineering
the geometry of a plasmonic structure. Through the use of rigorous

3D FDTD calculations, in conjunction with analytic guidance based on
temporal coupled-mode (TCM) theory, we achieve accurate fluorescence

enhancement calculations for arbitrary-shaped metal nanoparticle antennae.

We have obtained the antennae configurations for the optimimized
fluorescence enhancement of each of a selected set of dye molecules,
which are matched to three different antennae geometries. Our results
provide guidance for the rational design of optimized metallic nanoparticle
complexes for maximum fluorescence enhancement. Finally, we note

that this approach provides a design procedure for antennae assemblies
that is useful both for general understanding of molecule-metal structure
interaction and experimental efforts in plasmon-enhanced molecular
spectroscopy.

9547-133, Session PWed

Plasmon resonance in ellipsoids and
ellipsoidal dimers

Catalina B. Lopez-Bastidas, Univ. Nacional Auténoma de
México (Mexico); Leonardo Baez, Ctr. de Investigacion
Cientifica y de Educacion Superior de Ensenada B.C.
(Mexico); Jesus Manzanares-Martinez, Univ. de Sonora
(Mexico)

Ellipsoidal nanoparticles represent an interesting system to study beyond
spherical nanoparticles since the loss of symmetry is easily controled by a
single parameter.

The resulting split in plasmon resonance frequency can be tuned modifying
the same parameter. Furthermore the presence of more than one mode can
be controled by the polarization of the exciting field. When two or more
such structures are present the enhancement of the local fields can have
strong effects on the optical spectra of system.

We calculate the optical properties of ellipsoidal nanoparticles and
ellipsoidal dimers and compare quasi-static approximations with numerical
solution of electrodynamic equations.
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Prospect of detection and recognition of
single biological molecules using ultrafast
coherent dynamics in quantum dot-
metallic nanoparticle systems

Seyed M. Sadeghi, The Univ. of Alabama in Huntsville
(United States)

Conventional plasmonic sensors are based on intrinsic resonances of
metallic nanoparticles (localized surface plasmons). In such sensors
detection is done by investigating wavelength shifts of such resonances.

In this contribution we propose ultra-sensitive time-domain nanosensors
based on the impact of ultra-small changes in environmental conditions

on the coherent dynamics of hybrid systems consisting of one metallic
nanoparticle and one quantum dot. Interaction of these systems with a

laser field generates quantum coherence, allowing us to convert minuscule
changes in the environment into dramatic optical events detectable by
conventional and simple electronic and optical means. These sensors are not
based on excitons or plasmons as in conventional sensors, but rather they
utilize the way ultra-small changes in the refractive index of environment
modify dynamics of coherent exciton-plasmon coupling and the collective
molecular resonances (plasmonic meta-resonances) of the hybrid quantum
dot-metallic nanoparticle systems. We show when the laser field and the
structural conditions of these systems are properly adjusted such that these
systems are close to their collective resonances, adsorption of a single
molecule to can make the dark (non-emissive), offering large extinction ratio
of detection. We show one can adjust the laser field, in terms of its temporal
width and intensity, such that these processes can be sensitive for a certain
size of molecule, suggesting the possibility of recognition of molecules. A
prime feature of our investigation is that it includes the ultrafast quantum
dephasing of quantum dots which can happen at elevated temperatures.

9547-135, Session PWed

Field enhancement with plasmonic nano
antennas on silicon-based waveguides

Mahsa Darvishzadeh Varcheie, Caner Guclu, Regina Ragan,
Ozdal Boyraz, Filippo Capolino, Univ. of California, Irvine
(United States)

Plasmonic nanoantennas have been investigated due to the capability to
provide strong near-field enhancements when illuminated by an external
electromagnetic field. Surfaces made of plasmonic nanoantennas have
been demonstrated to increase signal intensity in surface enhanced Raman
scattering by several orders of magnitude. Measurement techniques,
however, are expensive and bulky using standard methods for illumination
and detection of Raman scattering signals. Our goal is to investigate novel
optical structures to develop spectroscopy systems that are inexpensive
and mobile by utilizing nanoantennas that are integrated with dielectric
waveguides. Particularly, dimers made of gold nanospheres assembled from
colloidal solution on top of silicon nitride waveguide are used in this work.
This optical structure eliminates the complexity of illumination and detection
in traditional schemes, reducing both cost and volume. Resonant dimer
nanoantennas are excited by the guided field that exhibits evanescent decay
outside of the waveguide. Simulations show that a very strong electric

field builds up in the dimer gap with a 25-100 fold field enhancement as
compared to the waveguide’s modal field at the same location. We further
investigate how the field enhancement varies with the dimer location and
orientation and how it depends on the waveguide geometry and modes.
This is important information to guide level of control of placement

on waveguide surfaces using colloidal assembly. Full-wave simulations
demonstrate the effectiveness of the investigated optical structures to
achieve similar signal enhancement obtained with standard instrumentation
measuring signals from dimers scattered light on a planar substrate
illuminated by a plane wave.
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9547-136, Session PWed

Angle-resolved far-field scattering spectra
of single Ag nanowire over the entire semi-
meridian

Jinhyung Kim, Ho-Seck Ee, KAIST (Korea, Republic of);
Min-Soo Hwang, Kwang-Yong Jeong, Korea Univ. (Korea,
Republic of); Ju-Hyung Kang, Korea Univ. (Korea, Republic
of) and KAIST (Korea, Republic of); Hong-Gyu Park, Korea
Univ. (Korea, Republic of); Min-Kyo Seo, KAIST (Korea,
Republic of)

Scattering properties of a plasmonic nanowire have been investigated
through dark-field microscopy, back-focal plane imaging and so on.
Surface plasmon polaritons (SPPs) supported by the metallic nanowire
have a large wavevector and cause strong scattering radiations to the
direction of a large angle even beyond the numerical aperture (N.A.) of the
microscope objective employed in the conventional methods. To overcome
this limitation and obtain the full information of scattering characteristics,
we directly measured far-field scattering spectra of a single Ag nanowire
over the entire semi-meridian with varying detection angle. SPPs of the
nanowire on a coverslip are excited by white-light illumination focused on
one end of the nanowire by an objective. The detection part, 0.23 m distant
from the nanowire, scans the entire northern semi-meridian with an angular
resolution of 2 degrees and collects scattering radiations into an optical
fiber attached to a spectrometer. Beyond the N.A. of the focusing objective,
purely scattered signal is detected, while, within the N.A., the extinction by
the nanowire is observed. The angle-resolved scattering spectra reveal that
the far-field scattering pattern of the nanowire carries two features of the
near-field: Fabry-Perot resonances of SPPs propagating along the nanowire
and phase-matching conditions between SPPs and free-propagating
radiation depending on the emission angle and wavelength. The dispersion
relation of SPPs can also be precisely retrieved, since the resolved angle
corresponds to the wavevector. We believe that the study on the angle-
resolved far-field scattering spectra will be useful to understand scattering
characteristics of a desired optical nanostructure.

9547-137, Session PWed

A low-cost, high-sensitivity surface
enhanced raman scattering substrate by
Si nanowire arrays decorated with Au
nanoparticles and backplane

Bi-Shen Lee, National Tsing Hua Univ. (Taiwan); Ding-
Zheng Lin, Industrial Technology Research Institute
(Taiwan); Ta-Jen Yen, National Tsing Hua Univ. (Taiwan)

Raman spectra provide rich vibrational signals that represent the fingerprint
of molecules, and more importantly, such signals are insensitive to water
so that recently the technique of Raman scattering emerges a promising
method for environmental and biological trace analysis. Nevertheless, the
scattering cross section of Raman signals is usually small, and therefore it
is crucial to further enhance the signals of Raman scattering. In this work,
we demonstrate a low-cost and highly sensitive surface enhanced Raman
scattering (SERS) substrate, which is comprised of the silicon nanowire
(SINW) array decorated with Au nanoparticles (AuNPs) on the surface and
incorporated with a layer of Au backplane at the bottom. Firstly, the SINW
array was prepared by a metal-assisted chemical etching (MaCE) method
as a template of the SERS substrate. Then, the gold nanoparticles (AuNPs),
which were decorated on the surface of SINWSs array by an electron-beam
evaporator under oblique angle deposition (OAD), enable localized surface
plasmon resonance (LSPR) to substantially intensify the signal of Raman
scattering from the analyte. Besides, we deposited an additional Au layer at
the bottom of the SINW array by electron-beam deposition under normal
incidence. This additional Au layer, termed as a metal backplane (MBP),
facilitates to reflect the back-scattered field rather than being absorbed

by the silicon substrate, leading to the further enhancement of the SERS
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signals. Finally, the performance of this SERS substrate was optimized by
a statistical Taguchi method. Our experimental verification indicates that
for the analyte of 10-2 M self-assembled monolayer (S.A.M.) of thiophenol
molecules, our tailored SERS substrate presents the average Raman signal
up to1740 counts per second under a near infrared laser excitation (785
nm), which is 1.78 times stronger than a commercialized SERS substrate
(Klarite®). Furthermore, our low-cost and high-sensitivity SERS substrate
preforms reliably, showing a small coefficient of variation (C.V.) about 4.2%

9547-138, Session PWed

Third-harmonic generation from core/shell
structure nanoparticle

Liwei Liu, Yue Wang, Yu Ren, Yueshu Feng, Siyi Hu,
Changchun Univ. of Science and Technology (China)

In this paper, we report the third harmonic generation (THG) from Au-

Cu2S nanoparticles, We characterized the THG efficiency of Au-Cu2S
nanoparticles experimentally and theoretically, comparing to Cu2S quantum
Dots (QDs), Au-Cu2S nanoparticles exhibited stronger THG signal and
intensity, we performed experiments pumped by femtosecond laser pulses.
Our studies suggest that these Au-Cu2S nanoparticles can be used for
nonlinear optics detection, optics Harmonic imaging, and electric detection.

9547-139, Session PWed

Nanoscale dimples for field enhancement
of organic thin films

Arkardiusz J. Goszczak, Jost Adam, Pawel P. Cielecki,
Jacek Fiutowski, Horst-Glnter Rubahn, Univ. of Southern
Denmark (Denmark)

A promising method for improving the power conversion efficiencies of
organic solar cells (OSCs) is by incorporating structured electrodes in

their thin film architecture, improving the light absorption in the device’s
active layers. A cheap and large-scale production compatible method for
structuring the electrodes in OSCs is by the use of Anodic Alumina Oxide
(AAO) membranes. Here, nano-scale pores of controlled dimensions are
formed through anodic oxidation of sputter deposited high purity aluminum
(Al) films. The Al deposition conditions are controlled in order to modify the
roughness and the grain size of the Al layers, as those parameters critically
affect the subsequent pore formation during the anodization process. The
anodization of the Al layers occurs in an electrochemical cell in H2S04,
H2C204 and H3PO4 solutions, in order to tune the AAO pore diameter and
interpore distance. Following anodization, the fabricated AAO is selectively
etched away in H2CrO4/H3P0O4 mixtures, in order to reveal the underlying
Al nanoscale dimples, which are present at the bottom of the pores. We
investigate the light-trapping properties of these dimples as a function

of their dimensions and ordering. The dimples’ optical properties are
characterized via reflection measurements, supported by non-destructive
laser ablation of polymer coatings. The resulting polarization-dependent
field enhancement measurements are compared to FDTD calculations to
further explain the mechanisms of light-trapping in dimple-structured
organic thin film devices.

9547-140, Session PWed

Structure, configuration, and sizing of Ni
nanoparticles generated by ultrafast laser
ablation in different media

E?avid Mufetén Arboleda, Ctr. de Investigaciones

Opticas (Argentipa); Jesica M. Santillan, Ctr. de
Investigaciones Opticas (Argentina) and Univ. Nacional de

Catamarca (Argeptina); Luis J. Mendoza Herrera, Ctr. de
Investigaciones Opticas (Argentina); Marcela B. Fernandez
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van Raap, Univ. Nacional de la Plata (Argentina) and
Facultad de Ciencias Exactas (Argentina); Diego Muraca,
Univ. Estadual de Campinas (Brazil); Daniel C. Schinca,
Lucia B. Scaffardi, Ctr. de Investigaciones Opticas
(Argentina) and Univ. Nacional de la Plata (Argentina)

In recent years, nickel nanoparticles (Nps) have increased scientific interest
because of their extensive prospects in catalysts, conducting pastes,
information storage, large-scale batteries and biomedicine.

Several works on Ni Nps generation by laser ablation have appeared in the
literature in the last years, using different pulsed laser regimes and different
media have been published recently.

However, there are no works reporting on the use of fs-regime laser
ablation of Ni in liquids and the corresponding characterization of the
obtained colloids. In this work we analyze the characteristics of species,
structure (bare core or core-shell), configuration and size distribution of
Nps generated by fs pulse laser ablation over a Ni solid target in n-heptane
and water. We report the presence of NiO-Ni core-shell and hollow Ni

Nps in these colloids obtained, discussing a mechanism for the formation
of different species present in the colloidal suspensions. These were
experimentally characterized using AFM and TEM microscopy, as well as
Optical Extinction Spectroscopy (OES). Extinction spectra were modeled
using Mie theory through an appropriate modification of the complex
experimental dielectric function, taking into account a size-dependent
corrective term for each free and bound electron contribution. Experimental
UV-visible-NIR spectra were reproduced considering a size distribution of
bare core, hollow and core-shell structures Nps.

In both media, Ni Nps shape and size distribution agrees with that derived
from TEM and AFM analysis.

9547-141, Session PWed

Surface plasmon polariton interface of
left-handed metamaterial with cylindrical
anisotropy and dielectric medium

Semen Andronaki, Egor Gurvitz, Mikhail Khodzitsky, Anna
Vozianova, ITMO Univ (Russian Federation)

In recent years the role of surface plasmons polaritons (SPP) in nano-optics
[1] gaining popularity because of the wide applications in areas such as

the development of waveguides, biosensors, near-field microscopy and
cloaking devices [2]. Therefore it needs to search new ways to generate the
SPP due to high actuality of plasmonic applications in terahertz frequency
range. In this paper the mechanism of excitation of SPP at the interface of
left-handed metamaterial with cylindrical anisotropy and dielectric medium
at THz frequency range [3]. Numerical simulation of this structure was
performed using COMSOL Multiphysics, Frequency Domain solver.

1. Azad, Abul K., et al. Selected Topics in Quantum Electronics, IEEE Journal
of 19.1 (2013): 8400416-8400416.

2. Liu, Yongmin, et al. Nano letters 10.6 (2010): 1991-1997.
3. Carbonell, Jorge, et al. New Journal of Physics 13.10 (2011): 103034.

9547-142, Session PWed

Fabrication and optical properties of
gold nano aperture array using plating
technique for plasmonic infrared filter
Hong-Kun Lyu, Hui-Sup Cho, Young-Jin Park, DGIST
(Korea, Republic of); Sung-Hyun Jo, Jang-Kyoo Shin,
Kyungpook National University (Korea, Republic of)
We report on plating technigue to fabricate the gold nano aperture
array and the optical properties. Firstly, we designed a structural model

of the gold nano aperture array and simulated the spectral variation in
the wavelength transmission. For the simulation, we used a commercial
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computer simulation tool utilizing the FDTD method. SiO2 was used as the
substrate insulator, top-side insulator, and the fill material in the cylindrical
aperture. We applied gold as the metal layer; dispersion information for
gold was derived from the Lorentz-Drude model. Next, we fabricated the
nano aperture array on the glass substrate. To apply a plating technique,
the seed layer was formed on the substrate, and the PR pattern of the nono
aperture array was built up using electron-beam lithograph machine. And
then, we formed the gold plating layer in an optimized bath. Finally, the
PR pattern was removed in the PR stripper. Furthermore, we measured
the optical characteristics of gold nono aperture array using UV-VIS-IR
spectrophotometer.

9547-143, Session PWed

Solid state oxidation of copper
nanoparticles: a plasmonic perspective

Mariano D. Susman, Yishai Feldman, Tatyana Bendikov,
Hagai Cohen, Alexander Vaskevich, Israel Rubinstein,
Weizmann Institute of Science (Israel)

No Abstract Available

9547-145, Session PWed

Separation of surface plasmon polariton
modes generated in a multilayer structure

Boram Kim, Hong-Gyu Ahn, Kyongseok Kim, Sung-Ho Lee,
Daeyeon Kim, Yu-mee Jeoug, Seung-Han Park, Yonsei
Univ. (Korea, Republic of)

In a thin metallic film surrounded by the dielectric media with different
refractive indices, two different modes of surface plasmon polariton (SPP)
are generated. These two modes are called long-range SPP and short-range
SPP, respectively. By varying the thickness of the metallic film, amplitude
ratio of the two modes can be controlled. In addition, these modes can be
mixed as long as the film thickness is thin enough (closed to the skin depth).
In this talk, the field distributions generated by the SPPs are presented.

9547-77, Session 15

Imaging metallic nanostructures with
second and third order nonlinear optical
response (/nvited Paper)

Emeric Bergmann, Christian Jonin, Emmanuel Benichou,
Pierre-Francois Brevet, Institut Lumiere Matiére (France)

Imaging metallic structures to determine their nanoscale optical properties
is of utmost importance not only to reveal their morphology but also

their ability to be incorporated into devices. Combining linear and
nonlinear optical imaging may then turn to be highly fruitful because the
corresponding optical responses stem from different origins. For instance,
odd order responses like the first linear and the third order responses
essentially probe volume effects whereas even orders like the second order
response probe surface effects in centrosymmetric media, like gold and
silver. These effects may arise from the fabrication methods employed

to produce the structures like manufacturing defects appearing as shape
distortions. This striking difference between the different contributions to
the nonlinear optical response of these metallic structures can therefore be
used to reveal a highly refined picture of the nanostructures.

We report in this study the combined first, second and third order responses
from single gold metallic nanoparticles as well as their assemblies. The
different features observed will be discussed in light of the origin of the
different orders observed.
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9547-78, Session 15

Interfacing ion-exchanged waveguide for
the efficient excitation of surface plasmons

Josslyn Beltran Madrigal, Univ. de Technologie Troyes
(France); Martin Berthel, Institut NEEL (France); Florent
Gardillou, Teem Photonics S.A. (France); Ricardo Tellez
Limon, Christophe Couteau, Univ. de Technologie Troyes
(France); Denis Barbier, Teem Photonics S.A. (France);
Aurelien Drezet, Institut NEEL (France); Rafael Salas-
Montiel, Univ. de Technologie Troyes (France); Serge
Huant, Institut NEEL (France); Sylvain Blaize, Univ. de
Technologie Troyes (France)

Several works have already shown that the excitation of plasmonic
structures through waveguides enables a strong light confinement and low
propagation losses [1]. This kind of excitation is currently exploited in areas
such as biosensing [2], nanocircuits[3] and spectroscopy[4].

Efficient excitation of surface plasmon modes (SPP) with guided modes
supported by high-index-contrast waveguides, such as silicon-on-insulator
waveguides, had already been shown [1,5], however, the use of weak-
confined guided modes of an ion exchanged waveguide on glass as a source
of excitation of SPP represents a scientific and technological breakthrough.
This is because the integration of plasmonic structures into low-index-
contrast waveguide increases the bandwidth of operation and compatibility
with conventional optical fibers.

In this work, we describe how an adiabatic tapered coupler formed by

an intermediate high-index-contrast layer placed between a plasmonic
structure and an ion-exchanged waveguide decreases the mismatch
between effective indices, size, and shape of the guided modes. This hybrid
structure concentrates the electromagnetic energy from the micrometer

to the nanometer scale with low coupling losses to radiative modes. The
electromagnetic mode confined to the high-index-contrast waveguide then
works as an efficient source of SPP supported by metallic nanostructures
placed on its surface.

We theoretically studied the modal properties and field distribution

along the adiabatic coupler structure. In addition, we fabricated a high-
index-contrast waveguide by electron beam lithography and thermal
evaporation on top of an ion-exchanged waveguide on glass. This structure
was characterized with the use of near field scanning optical microscopy
(NSOM). Numerical simulations were compared with the experimental
results.

[11 N. Djaker, R. Hostein, E. Devaux, T. W. Ebbesen, and H. Rigneault, and J.
Wenger, J. Phys. Chem. C 114, 16250 (2010).

[2] P. Debackere, S. Scheerlinck, P. Bienstman, R. Baets, Opt. Express 14,
7063 (2006).]

[3] A. A. Reiserer, J.-S. Huang, B. Hecht, and T. Brixner. Opt. Express 18(11),
11810-11820 (2010).

[4] R. Salas-Montiel, A. Apuzzo, C. Delacour, Z. Sedaghat, A. Bruyant et al.
Appl. Phys Lett 100, 231109 (2012)

[5] A. Apuzzo M. Févier, M. Salas-Montiel et al. Nano letters, 13, 1000-1006

9547-79, Session 15

Controlling light scattering and emission
at subwavelength scale with plasmonic
nanopatch antennas

Zilong Wu, Yuebing Zheng, The Univ. of Texas at Austin
(United States)

Controlling light scattering and emission at subwavelength scale has
significant implications for solar energy conversion, sensing, and
nanophotonic devices. Plasmonic nanopatch antennas (PNAs), which
consist of plasmonic nanoparticle coupled with metallic films, have shown
directionality of radiation and large emission rate enhancement due to
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the strong plasmonic waveguide modes within the spacer layer. Herein,

we comparatively study the light scattering and emission behaviors of a
series of plasmonic nanopatch antennas (PNAs) with different plasmonic
nanoparticles (i.e., nanosquare, nanotriangle, nanorod, and nanodisk)

to develop the design rules of the PNAs. Using finite-difference time-
domain (FDTD) simulations, we show that the shape and size of plasmonic
nanoparticles can be tuned to control the resonance peak, intensity,
directionality, and spatial distribution of the scattering light as well as the
directionality, spatial distribution, spontaneous emission rate, quantum
efficiency, and radiation enhancement factor of light emission. For example,
high radiative quantum efficiency (0.74) and radiation enhancement factor
(>20) can be achieved by disk PNA, while triangle PNA shows remarkable
spontaneous emission rate enhancement of over 2,500. The effects of
locations of emitters relative to the PNAs on the emission properties are
also examined. Our results pave the way towards the rational design of
PNAs for the optimal light scattering and emission as required by targeted
applications.

9547-80, Session 15

Controlling the ultrafast hot electron
dynamics in hybrid plasmonic
nanostructures

Hayk Harutyunyan, Emory Univ. (United States)

Plasmons hold promise for applications in photonic circuitry because of their
ability to squeeze light into sub-wavelength dimensions and also for their
ultrafast response times. To this end, it is important to fabricate plasmonic
systems that can generate large optical signals at ultrafast timescales.
Plasmonic devices based on Kerr-type nonlinear optical effects, typically
demonstrate picosecond timescales attributed to electron -- phonon
scattering. By designing and fabricating metal-oxide hybrid nanosystems
with ultra-high field enhancements we were able to demonstrate much
faster, femtosecond dynamics of the optical response based on hot electron
generation. Moreover, our experiments show that the nonlinear optical
response can be further tuned in both time and spectral domains by tuning
the material composition of our hybrid nanomaterials.

9547-81, Session 15

Resonant elements contactless coupled to
bolometric micro-stripes

Alexander Cuadrado, José Manuel Lopez-Alonso, Juan
Carlos Martinez-Antdn, Jose-Miguel Ezquerro, Univ.
Complutense de Madrid (Spain); Francisco J. Gonzalez,
Univ. Auténoma de San Luis Potosi (Mexico); Javier Alda,
Univ. Complutense de Madrid (Spain)

One of the main technical difficulties in the fabrication of optical antennas
working as light detectors is the proper design and manufacture of auxiliary
elements as lead lines and signal extraction structures. These elements
need to be quite small to reach the location of the antennas and should
have a minimal effect on the response of the device. Unfortunately this

is not an easy task and signal extraction lines resonate along with the
antenna producing a complex signal that usually masks the one given by
the antenna. In order to decouple the resonance from the transduction

we present in this contribution a parametric analysis of the response of

a bolometric stripe that is surrounded by resonant dipoles with different
geometries and orientations. We have checked that these elements should
provide a signal proportional to the polarization state of the incoming light.
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9547-82, Session 15

Hybridization models of gold
nanoantennas arrays in polarization
dependent evanescent waves

Kuo-Ping Chen, Yi-Hsun Chen, Che-Yuan Chang, Yu-Lun
Kuo, Zhen-hong Yang, National Chiao Tung Univ. (Taiwan)

The plasmonic coupling of nanoantennas could be explained by the plasmon
hybridization model introduced. For symmetric nanoparticles pairs, the
coupled mode can be shifted to higher or lower frequencies, depending

on the phase of the fields from each nanoparticle. In p-polarization, the in-
phase response is called bonding mode and out of phase response is called
antibonding mode, which are analogous to the molecular orbital theory. The
bonding mode, located at a lower energy level, could be strongly excited by
normal incidence, but antibonding mode, located at a higher energy level,
could hardly excited by normal incident plane wave and which is not easy

to be observed. In literatures, the antibonding mode could only be excited
by highly focused laser beams, the radiation from a local emitter, and

the evanescent field produced by total internal reflection9. Although the
observation is not easy, the antibonding mode has brought a lot of attention
because of the slower radiative decay and narrower linewidths. However,
there are not many researches discussing the sensor application of the
plasmonic antibonding mode of nanoantenans arrays.

In this work, gold nanoantennas antibonding mode in TM and TE polarized
evanescent field is investigated and the sensitivity to the refractive index
change of surrounding medium is compared to bonding mode in normal
incidence. Furthermore, in normal incidence, due to the impedance
mismatch between the dielectric and substrate, strong reflectance happens
at the resonance in bonding mode which could reduce the coupling
efficiency. In order to achieve higher energy coupling efficiency, total
internal reflection could be used to minimize the impedance mismatch and
transfer the input energy into antibonding mode plasmonic resonance.

9547-83, Session 16

Detecting single DNA molecule
interactions with optical microcavities
(Invited Paper)

Frank Vollmer, Max-Planck-Institut fUr die Physik des Lichts
(Germany)

Detecting molecules and their interactions lies at the heart of all biosensor
devices, which have important applications in health, environmental
monitoring and biomedicine. Achieving biosensing capability at the single
molecule level is, moreover, a particularly important goal since single
molecule biosensors would not only operate at the ultimate detection

limit by resolving individual molecular interactions, but they could also
monitor biomolecular properties which are otherwise obscured in ensemble
measurements. For example, a single molecule biosensor could resolve

the fleeting interaction kinetics between a molecule and its receptor, with
immediate applications in clinical diagnostics.

We have now developed a label-free biosensing platform that is capable
of monitoring single DNA molecules and their interaction kinetics[1], hence
achieving an unprecedented sensitivity in the optical domain, Figure 1. We
resolve the specific contacts between complementary oligonucleotides,
thereby detecting DNA strands with less than 2.4 kDa molecular weight.
Furthermore we can discern strands with single nucleotide mismatches by
monitoring their interaction kinetics.

Our device utilizes small glass microspheres as optical transducers[1,2, 3],
which are capable of increasing the number of interactions between a light
beam and analyte molecules. A prism is used to couple the light beam into
the microsphere.

Ourr biosensing approach resolves the specific interaction kinetics between
single DNA fragments. The optical transducer is assembled in a simple
three-step protocol, and consists of a gold nanorod attached to a glass
microsphere, where the surface of the nanorod is further modified with
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oligonucleotide receptors. The interaction kinetics of an oligonucleotide
receptor with DNA fragments in the surrounding aqueous solution is
monitored at the single molecule level[1].

The light remains confined inside the sphere where it is guided by total
internal reflections along a circular optical path, similar to an acoustic wave
guided along the wall of St. Paul’'s Cathedral. These so called whispering
gallery modes (WGM) propagate with little loss, so that even a whisper

can be heard on the other side of the gallery. In the optical case, the light
beam can travel many thousand times around the inside of the microsphere
before being scattered or absorbed, thereby making numerous interactions
with an analyte molecule, bound to microsphere from surrounding sample
solution. The most part of the light intensity, however, remains inside the
microsphere, just below the reflecting glass surface, resulting in a relatively
weak interaction between the light and the bound molecule.

To enhance this interaction further, we attach tiny 42 nm x 12 nm gold
nanorods to the glass surface. When passing a nanorod, the lightwave
induces oscillations of conduction electrons, resulting in so called plasmon
resonance. These nanorod plasmons greatly enhance the light intensity on
the nanorod, so that the interaction of the light with a molecule attached to
the nanorod is also enhanced[4-6]. This enhanced interaction results in an
increase in sensitivity by more than a factor of one thousand, putting our
experiments of single DNA molecule detection within reach.

For the specific detection of nucleic acids, we attach single-stranded DNA to
the nanorod and immerse our device in a liquid solution. When a matching,
i.e. complementary DNA fragment binds from solution to the “bait” on the
nanorod, the enhanced interaction with the light results in an observable
shift of the WGM wavelength. Since light propagates in a WGM only for a
very precise resonance wavelength or frequency, this shift can be detected
with great accuracy[3]. On our current biosensor platform, we detect
wavelength shifts with an accuracy of less than one femtometer, resulting
in an extremely high sensitivity for biosensing, which we leverage for the
specific detection of single 8 mer oligonucleotides as well as the detection
of less than 1 kDa intercalating small molecules[1].

[11 M. D. Baaske, M. R. Foreman, and F. Vollmer, “Single molecule nucleic acid
interactions monitored on a label-free microcavity biosensing platform,”
Nature Nanotechnology, vol. 9, pp. 933-939, 2014.

[2] Y. Wu, D. Y. Zhang, P. Yin, and F. Vollmer, “Ultraspecific and Highly
Sensitive Nucleic Acid Detection by Integrating a DNA Catalytic Network
with a Label-Free Microcavity,” Small, vol. 10, pp. 2067-2076, 2014.

[3] M. R. Foreman, W.-L. Jin, and F. Vollmer, “Optimizing Detection Limits in
Whispering Gallery Mode Biosensing,” Optics Express, vol. 22, pp. 5491-5511,
2014.

[4]1 M. A. Santiago-Cordoba, S. V. Boriskina, F. Vollmer, and M. C. Demirel,
“Nanoparticle-based protein detection by optical shift of a resonant
microcavity,” Applied Physics Letters, vol. 99, Aug 2011.

[5] M. R. Foreman and F. Vollmer, “Theory of resonance shifts of whispering
gallery modes by arbitrary plasmonic nanoparticles,” New Journal of
Physics, vol. 15, p. 083006, Aug 2013.

[6]1 M. R. Foreman and F. Vollmer “Level repulsion in hybrid photonic-
plasmonic microresonators for enhanced biodetection” Phys. Rev. A 88,
023831 (2013).

9547-84, Session 16

Impedance-matching analysis in IR leaky-
wave antennas

Navaneeth Premkumar, Yuancheng Xu, Brian A. Lail,
Florida Institute of Technology (United States)

Planar leaky-wave antennas (LWA) that are capable of full-space scanning
have long since been the pursuit for applications including integration onto
vehicles and into cameras for wide-angle of view beam-steering scenarios.
Recently such a leaky-wave surface (LWS) was designed for long-wave
infrared frequencies with frequency scanning capability. The LWS is based
on a microstrip patch array design of a leaky-wave impedance surface

and is made up of gold microstrip patches on a grounded zinc sulphide
substrate. A 1D composite right/left-handed (CRLH) metasurface made by
periodically stacking a unit cell of the LWS in the longitudinal direction to
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form a LWA was designed. This paper deals with loading the LWA with a
nickel bolometer to collect leaky-wave signals. The LWA radiates a backward
leaking wave at 30 degrees at 28.2THz and scans through broadside for
frequencies 20THz through 40THz. The paper deals with effectively placing
the bolometer in order for the collected signal to exhibit the designed
frequency regime. An effective way to impedance match the load to the
antenna is also explored. The benefit of such a metasurface/holographic
antenna-coupled detector is its ability to provide appreciable capture cross-
sections while delivering smart signals to sub-wavelength sized detectors.
Due to their high-gain, low-profile, and ease of fabrication, this IR LWA
harbors great potential in the areas of high resolution infrared imaging and
uncooled multiband focal plane arrays.

9547-85, Session 16

Infrared surface phonon polariton
waveguides on SiC substrate

Yuchen Yang, Franklin Manene, Brian A. Lail, Florida
Institute of Technology (United States)

Surface plasmon polariton (SPP) waveguides harbor many potential
applications at visible and near-infrared (NIR) wavelengths. However,

the highly lossy metal in the waveguide yields very weak or nonexistent
response in the mid and long wave infrared range. This is one of the major
reasons for the rise in popularity of surface phonon polariton (SPhP)
waveguides in recent research and micro-fabrication pursuit. Silicon carbide
(SiC) is a good candidate in SPhP waveguides since it has negative dielectric
permittivity in the LWIR spectral region, indicative that coupling to surface
phonon polaritons is realizable. Introducing surface phonon polaritons for
waveguiding provides good modal confinement and enhanced propagation
length. A hybrid waveguide structure at long-wave infrared (LWIR) is
demonstrated in which an eigenmode solver approach in Ansys HFSS

was applied. The effect of a three layer configuration i.e., silicon wire on a
benzocyclobutene (BCB) dielectric slab on SiC, and the effects of varying
their dimensions on the modal field distribution and on the propagation
length, is studied.

9547-86, Session 17

Broadband toroidal response in three-
dimensional plasmonic metamaterial
(Invited Paper)

Din Ping Tsai, Academia Sinica (Taiwan) and National
Taiwan Univ. (Taiwan); Chun Yen Liao, Wei Ting Chen, Pin
Chieh Wu, Yao-Wei Huang, Wei-Yi Tsai, Mu Ku Chen, Hao
Tsun Lin, Yi-Teng Huang, Ting-Yu Chen, Jia Wern Chen,
National Taiwan Univ. (Taiwan); Vassili Savinov, Nikolay .
Zheludev, Univ. of Southampton (United Kingdom)

The unusual property of toroidal dipole response [1] is a non-radiating
configuration which results from destructive interference between
electromagnetic fields [2]. The toroidal dipole moment is usually neglected
because of the intensity is much weaker than electric or magnetic dipole
moment. Recently, the toroidal moments signal has been amplified
significantly by using metamaterials [3, 4].

In this paper, we design a new toroidal metamaterials by using mutual
coupling between a dumbbell-shaped gold plate and a vertical split-ring
resonator (VSRR). Using double alignment e-beam lithography technology,
we fabricate sample that shows the resonant toroidal responses at optical
region. The numerical calculation of radiated power for various multipole
moments is also performed for the verification of toroidal response.

The authors acknowledge financial support from Ministry of Science

and Technology, Taiwan (Grant Nos. 103-2745-M-002-004-ASP,
102-2745-M-002-005-ASP, 102-2911-1-002-505, 100-2112-M-019-003-MY3,
and 100- 2923-M-002-007-MY3) and Academia Sinica (Grant No. AS-103-
TP-A06). They are also grateful to National Center for Theoretical Sciences,
Taipei Office, Molecular Imaging Center of National Taiwan University,
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National Center for High-Performance Computing, Taiwan, and Research
Center for Applied Sciences, Academia Sinica, Taiwan for their support
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9547-88, Session 17

Low-cost and high-throughput realization
of metasurface-based absorber/emitter for
thermal-photovoltaic cells

Alireza Bonakdar, Sung Jun Jang, Hooman Mohseni,
Northwestern Univ. (United States)

A thermal photovoltaic cell (TPV) is an optical heat engine that can extract
energy from an emitter with elevated temperature. In theory, the efficiency
of a TPV can reach to 80% by wavelength conversion, yet in practice,

only 3.2% efficiency has been achieved. The main physical drawback is to
maintain the device operation at very high temperature while managing
total solar spectrum absorption and efficient coupling of the narrow-

band thermal radiation into the photovoltaic cell. In this vein, utilizing of

a nanophotonic structure to undergo the wavelength conversion of solar
energy is inevitable. Furthermore, low cost, large area and high throughput
realization of such a structure brings TPV beyond the research lab.

Simultaneous tailoring of UV/visible and mid-infrared spectrums

requires sub-100-nm feature size, which is challenging with conventional
photolithography if it is not impossible. We have developed a microsphere
deep-UV lithography that can produce minimum feature size of ~ 50 nm
at extremely low cost and high throughput. In this work, we demonstrate a
metasurface platform fabricated with this lithography technique which has
omni-polarization and -angle absorption in visible spectrum and efficient
emission at mid-infrared as confirmed both by FDTD simulation and Fourier
transform infrared spectroscopy (FTIR) measurement. The developed
technique is promising technology to expedite TPV in real-life energy
harvesting applications.

9547-89, Session 17

Determination of effective permittivity
and permeability for plasmonic absorber
metamaterials in infrared

Yonggian Li, Xiaoying Li, Northwestern Polytechnical Univ.
(China)

The estimation of effective optical properties of the nanostructures absorber
materials will help to understand its absorption, reflection and radiation
characteristics. The effective optical parameters of the metamaterials are
estimated by the S-parameters proposed by Smith D.R in 2002, which
assumes the inhomogeneous metamaterials to be homogeneous bulk
material. Here we present an analytical theory in which the Drude-Lorentz
model is adopted to describe the dispersion relations of plasmonic absorber
metamaterials in infrared. Based on the effective electron density and the
equivalent circuit analysis, a functional description between the geometrical
parameters and its optical parameters has been built. The model

establishes the quantitative relationship between structure parameters,
material parameters and its optical constants. The present simulations and
experiments result illustrated the proposed algorithm and the impact on
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the retrieved optical parameters of the perfect absorption metamaterials.
An accurate prediction for their dispersive behavior can be obtained at IR
wavelengths.

9547-90, Session 17

Structured light-matter interactions in
optical nanostructures (/nvited Paper)

Natalia M. Litchinitser, Jingbo Sun, Mikhail |. Shalaev,
Tianboyu Xu, Yun Xu, Univ. at Buffalo (United States); Apra
Pandey, CST of America, Inc. (United States)

We show that unique optical properties of metamaterials open unlimited
prospects to “engineer” light itself. For example, we demonstrate a novel
way of complex light manipulation in few-mode optical fibers using
metamaterials highlighting how unique properties of metamaterials, namely
the ability to manipulate both electric and magnetic field components, open
new degrees of freedom in engineering complex polarization states of light.
We discuss several approaches to ultra-compact structured light generation,
including a nanoscale beam converter based on an ultra-compact array of
nano-waveguides with a circular graded distribution of channel diameters
that coverts a conventional laser beam into a vortex with configurable
orbital angular momentum and a novel, miniaturized astigmatic optical
element based on a single biaxial hyperbolic metamaterial that enables

the conversion of Hermite-Gaussian beams into vortex beams carrying an
orbital angular momentum and vice versa. Such beam converters is likely to
enable a new generation of on-chip or all-fiber structured light applications.
We also present our initial theoretical studies predicting that vortex-

based nonlinear optical processes, such as second harmonic generation or
parametric amplification that rely on phase matching, will also be strongly
modified in negative index materials. These studies may find applications
for multidimensional information encoding, secure communications, and
guantum cryptography as both spin and orbital angular momentum could
be used to encode information; dispersion engineering for spontaneous
parametric down-conversion; and on-chip optoelectronic signal processing.

9547-91, Session 18

On chip integration and light-matter
interactions in active plasmonic devices
(Invited Paper)

Uriel Levy, Liron Stern, Boris Desiatov, Meir Grajower, The
Hebrew Univ. of Jerusalem (Israel)

In this talk we demonstrate light matter interactions in active plasmonic
devices. We begin by describing our recent results on plasmonic enhanced
silicon Schottky detectors for the near IR and the role of structural
optimization in enhancing the functionality of these detectors. Next, we deal
with the important task of measuring the temperature of plasmonic devices
at the nanoscale. Finally, we describe our recent results related to a coupled
plasmonic-atomic system which provides the capability of controlling the
resonant lineshape at will.

9547-92, Session 18

Optical switching of nematic liquid crystal
film arising from induced electric field of
localized surface plasmon resonance
Makiko T. Quint, Silverio Delgado, Zachary S. Nuno, Linda

S. Hirst, Sayantani Ghosh, Univ. of California, Merced
(United States)

We demonstrate a method to control nematic liquid crystal (LC) molecular
orientation in a few micron thick films by utilizing the localized surface
plasmon (LSP) effect of gold nano-particles (AuNPs). This re-orientation
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is reversible and repeatable, and does not require any specific alignment
coatings and additional applied electric field, instead responding to
excitation resonant with the LSP absorption band. Our samples have AuNPs
with peak absorption in the spectral range of 500 - 550 nm and these
AuNPs are deposited on a glass slide with a coating of LC molecules on top.
We use optical techniques for quantitative analysis, such as measuring the
LC switching time-scales and threshold power requirements in our samples,
and we analyze these characteristics by plotting the optical transmission
through the samples as a function of time to extract the time-scale over
which the LC re-orientation takes place. Our results show that while the
total transmission intensity increases strongly with incident power, it shows
weak dependence on temperature. Further, we are able to control and

vary the in-plane directionality of the LC molecules by altering the linear
polarization of the incident excitation. Based on our results, these devices
have the potential to act as optically activated LC switches and enhance the
performance of current LC devices. It may lead to the design of completely
new devices such as electronic skins, ultra-thin low power displays, and
autonomous filters.

9547-93, Session 18

TCO/metal hybrid structures for surface
plasmon enhanced light emitting in the
near infrared range

Xu Fang, Shiyu Zhang, Liang Xia, Hui Ye, Zhejiang Univ.
(China)

Transparent conductive oxides (TCOs, such as Sn:In203, Al:ZnO, Ga: ZnO
et al) have re-drawn people’s attention as alternative candidates of noble
metals (particularly Ag or Au) in the field of plasmonic for the reasons of
property tunable and low losses et al. However even for Sn:In203 (ITO,
reported highest conductivity), the metallic property lies in the near
infrared (NIR) range exhibiting the real part permittivity ?” was around -3
at communication wavelength of 1.55?m. Under this circumstance, surface
plasma polaritons (SPPs) was hard to be exited on the interface between
ITO and surrounded dielectric materials with large permittivity. Hence, in
order to explore the potential use of TCOs in the applications of silicon
photonics (for permittivity of silicon and germanium are 11.6 and 16 at 300K,
respectively), we design a hybrid structure of ITO/metal or ITO/metal/ITO
as surface plasmonic materials in NIR. The electrical and optical property of
hybrid structure was manipulated accordingly by changing the portion of
the introduced metal while maintaining a lower loss than bare metals. The
highest carrier concentration of the hybrid structure reached 3?10"22cm”-
3, definitely the same magnitude of noble metals. Magnetron sputtering
and atomic layer deposition (ALD) can be used to deposit the hybrid ITO/
metal structure, in which metal represents gold (Au), and iridium (Ir). The
normalized radiative decay rate of light emitted by germanium quantum
dots reaches a maximum enhancement of ~8-fold with the assistance of
ITO/metal hybrid structure according to the finite difference time domain
(FDTD) simulation.

9547-94, Session 18

Optics and nonlinear buckling mechanics
in large-area, highly stretchable arrays of
plasmonic nanostructures

Hui Zhang, Rice Univ. (United States); Li Gao, Univ. of
Illinois at Urbana-Champaign (United States); Yihui Zhang,
Northwestern Univ. (United States); Xu Xie, Univ. of lllinois
at Urbana-Champaign (United States); Sage Doshay,
Stanford Univ. (United States); Hui Fang, Univ. of lllinois

at Urbana-Champaign (United States); Jonathan A. Fan,
Stanford Univ. (United States); Peter Nordlander, Rice Univ.
(United States); Yonggang Huang, Northwestern Univ.
(United States); John A. Rogers, Shad Deesha, Siyi Xu,
Univ. of lllinois at Urbana-Champaign (United States)
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Large scale, dense arrays of plasmonic nanodisks (Au) on low modulus,
high elongation elastomeric substrates (PDMS) represent a class of

tunable optical system, with reversible ability to shift plasmon resonances,
originating from array deformation, over a range of nearly 600nm in the
visible region. At the most extreme levels of mechanical deformation
(strains >100%), non-linear buckling processes transform initially planar
arrays into three dimensional configurations, in which the nanodisks rotate
out of the plane, giving rise to an increase of transition rate, to form linear
arrays with ‘wavy’ geometries. Analytical and finite element models capture
not only the physics of these buckling processes, including all of distinct
modes that occur, but also the quantitative effects of these deformations
on the plasmonic responses. The results have relevance to mechanically
tunable optical systems, with potential relevance to soft optical sensors that
integrate on or in the human body.

9547-95, Session 18

Exploiting local light helicity to direct
emission (/nvited Paper)

Laurens K. Kuipers, FOM Institute for Atomic and
Molecular Physics (Netherlands)

Beams propagating in free space can carry angular orbital momentum

[11. The heart of such a beam is typically formed by a vortex or optical
singularity. Optical singularities occur in many far-field optical phenomena,
e.g., diffraction patterns or caustics [2]. It turns out that such singularities
also readily occur in light fields surrounding photonic nanostructures.

This is of particular interest as those near fields often contain all 6 vector
components of the electro-magnetic field, i.e., the waves cannot be
considered as purely transverse.

Here, we will show how ubiquitous optical singularities at the nanoscale
seem to be. We illustrate this by visualizing the fields around two
prototypical photonic nanostructures: a subwavelength hole in a metal

film and a photonic crystal waveguide. Vector-field-selective near-field
microscopy is used to locate the singularities and investigate their topology.
We show that by controlling the incident beam, in the case of the hole, we
can control the spatial positions of the singularities [3]. For the photonic
crystal waveguide we identify both phase- and polarization singularities.

By separating the contributions for the electric and magnetic field [4,5] we
show that singularities indeed occur in both fields. We trace the positions
of the singularities at different heights, i.e., orthogonal to the propagation
direction of the light. The lateral positions are not fixed with respect to the
geometry and, perhaps more interestingly, that the trajectory of the electric
fields singularities are different from their magnetic cousins [6].

The existence of the singularities at the nanoscale results in a local helicity
in the field. We show that this helicity can be used to control the emission
of circular dipoles, i.e., dipoles that are associated with orbital angular
momentum-changing transitions which are prevalent in solid-state qubits.
We experimentally map the coupling of classical, circular dipoles to
photonic modes in a photonic crystal waveguide. We show that, depending
on the combination of the local helicity of the mode and the dipole helicity,
circular dipoles can couple to left- or rightwards propagating modes with
a near-unity directionality. The maps are in excellent agreement with
calculations [7]. Our measurements, therefore, demonstrate the possibility
of coupling spin to photonic pathway opening avenues for new ways to
process quantum information.

[11 L. Allen, L., et al., Phys.Rev. A 45, 8185, (1992).

[2] J.F. Nye, Natural Focusing and fine structure of light, Institute of Physics
Publishing, Bristol, 1999.

[3] de Hoogh, A., Rotenberg, N., and Kuipers, L., J. Opt. 16, 114004 1/8,
(2014).

[4] le Feber, B., Rotenberg, N., Beggs, D.M., and Kuipers, L., Nature Photonics
8, 43-46, (2014). [5] Rotenberg, N., and Kuipers, L., Nature Photonics 8,
919-926, (2014).

[6] Rotenberg, N., le Feber, B., Visser, T.D., and Kuipers, L., submitted.
[7] le Feber, B., Rotenberg, N., and Kuipers, L., Nature Comm. 6, 6695 (2015).
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9548-1, Session 1

Interaction between spin and orbital
angular momentum of light in optical
tweezers (/nvited Paper)

Halina Rubinsztein-Dunlop, David Carberry, Timo A.
Nieminen, The Univ. of Queensland (Australia); Daryl C.
Preece, Univ. of California, San Diego (United States);
Alexander B. Stilgoe, The Univ. of Queensland (Australia)

Since 1995 the transport of optical angular momentum by optical vortex
beams or/and Gaussian beams carrying spin angular momentum has been
applied to the rotation and twisting of microscopic objects in optical traps.
Even earlier, optical vortex traps had been proposed as a method to reduce
the scattering forces that oppose optical trapping; in the ray optics picture,
only high-angle rays contribute to the gradient force, and the use of a
hollow beam eliminates the low-angle rays that would still contribute to the
scattering force.

A large variety of methods have been used to sculpt beams carrying
orbital angular momentum and spin angular momentum and to determine
the optimum geometries that yield maximum efficiency of transfer of
these light momenta to microscopic objects. The transfer of spin can be
quantitatively measured by simply analysing the state of polarisation of
the light transmitted through a spinning object if only all of the transmitted
light can be collected for analysis. However a direct measurement of orbital
angular momentum for highly focused beams is more difficult. We present
overview of these methods and describe a direct quantitative measurement
of the orbital angular momentum, in non-paraxial geometry. We study

the coupling between the spin and orbital angular momentum. We also
investigate, both theoretically and experimentally optimal geometries of
these beams to couple to optimally designed microstructures and their
applications in studies of biological and bioanalog systems.

9548-2, Session 1

Transverse spin and momentum of
structured light (/nvited Paper)

Konstantin Y. Bliokh, RIKEN (Japan)

No Abstract Available

9548-3, Session 1

Angular momentum transfer to trapped
particles in vacuum

Kishan Dholakia, Yoshihiko Arita, Tom Vettenburg, Juan
Aunon, Univ. of St. Andrews (United Kingdom); Ewan
Wright, College of Optical Sciences, The Univ. of Arizona
(United States); Susan E. Skelton, Michael Mazilu, Univ. of
St. Andrews (United Kingdom)

Optical manipulation of mesoscopic particles remains a very powerful
method for both fundamental and applied science. The field has seen great
advances for the biosciences including new studies of single molecules
and force studies on cells. In the physical sciences, studies have also seen
groundbreaking work in many areas. In this paper we describe some of the
recent work at St Andrews looking particularly at the trapping of particles
in liquid, air and vacuum with an emphasis on optical angular momentum
transfer.

An optically trapped nano- or micro- particle in vacuum is an ideal system
for investigating quantum effects as the particle is well isolated from
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the thermal environment. Recently, we have worked on the rotation of
birefringent particles (vaterite) in vacuum and also studied these particles
and silica particles in beams with orbital angular momentum.

9548-4, Session 1

Optical trapping using focused optical
vortices with broadband flat spiral zone
plates

Mark Jayson M. Villangca, DTU Fotonik (Denmark);
Shengtao Mei, Muhammad Qasim Mehmood, Cheng-
Wei Qui, National Univ. of Singapore (Singapore); Jesper
Gllckstad, DTU Fotonik (Denmark)

Light has been used to exert microscopic force on dielectric particle through
conservation of linear momentum as light refracts through the particle. In
the past years, it has been realized that light can also impart orbital angular
momentum (OAM) by incorporating a helical phase profile. This is normally
done using a spatial light modulator (SLM) and the generated beam is
commonly called as optical vortex or Laguerre-Gaussian (LG) beam. It has
been used in trapping of low-index particles [1] and has been extended to
optical communications [2]. However, increasing the topological charge of
LG beam results in large dark spot in the center due to phase singularity
and thus not suitable for applications requiring high photon density.

One approach is to use helico-conical beam or optical twister where the
phase profile is dependent on the radial and angular coordinates [3].
Experimental results show that optical twister is capable of trapping particle
and imparting OAM [4]. In this work, we demonstrate nanostructured
logarithmic-spiral flat spiral zone plates (LSZP); etched through 100 nm
chromium film followed by the electron beam lithography (EBL). Numerical
calculations and optical characterizations of the LSZP, on the transmission
side, reveal the phenomenon of spatial focusing of optical vortex. Further
investigations unveil that our device maintains its intriguing ability of OAM
focusing under entire visible spectrum and different polarization states [5].
Owing to compactness of the LSZP, it may be integrated in microfluidics
systems to perform localized trapping and stirring, while putting an array of
LSZPs may be useful for applications such as particle sorting.

References

1. V. Garcés-Chavez, K. Volke-Sepulveda, S. Chavez-Cerda, W. Sibbett, and
K. Dholakia, “Transfer of orbital angular momentum to an optically trapped
low-index particle,” Phys. Rev. A 66, 1-8 (2002).
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beams?: a product of helical and conical phase fronts,” 13, 599-602 (2005).

4. V. R. Daria, D. Z. Palima, and J. Gluckstad, “Optical twists in phase and
amplitude.,” Opt. Express 19, 476-81 (2011).

5. H. Liu, M. Mehmood, and K. Huang, “Twisted Focusing of Optical Vortices
with Broadband Flat Spiral Zone Plates,” Adv. Opt. Mater. 2, 1193-1198 (2014).

9548-5, Session 1

Resonance near field coupling induced
optical counter torque for plasmonic
particle cluster

Jun Chen, Shanxi Univ. (China) and Hong Kong Baptist

Univ. (Hong Kong, China); Neng Wang, Fudan Univ.
(China) and Hong Kong Baptist Univ. (Hong Kong, China);
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Liyong Cui, Xiao Li, Hong Kong Baptist Univ. (Hong Kong,
China); Zhifang Lin, Fudan Univ. (China); Jack Ng, Hong
Kong Baptist Univ. (Hong Kong, China)

Light induced torques are common tools for micro-particle manipulation.
While novel and interesting ways were invented, applying strong optical
torque over a large area is still a challenging task. One major reason is that
angular momentum conservation must be fully fulfilled.

A simple argument shows the tendency for two strongly scattering objects
to develop counter torques that are much stronger than the total torque.
The effect is quite significant for metal particle cluster at resonance, but can
also be observed in other structures. Advantages include, but not limited
to, strong torque that is significantly stronger than that of a single isolated
object, and large torque to extinction cross section ratio allowing multiple
rotors to work in tandem. Our work contributes to the understanding of
optical rotation and introducing novel ways to manipulate the internal
degree of freedom of a structured particle.

9548-6, Session 2

Trapping of highly birefringent rutile
nanocylinders in the optical torque wrench

Yera Y. Ussembayev, Seungkyu Ha, Richard Janissen,
Maarten M. van Oene, Nynke H. Dekker, Technische Univ.
Delft (Netherlands)

The optical torque wrench (OTW) is a powerful technique to measure

the torsional properties of different biomolecules, including DNA, DNA-
processing protein complexes and rotary motors, such as the bacterial
flagellar motor. To date, quartz (SiO2) has proven to be a convenient
birefringent material out of which to synthesize the micron-sized particles
essential for this technique. However, the relatively low birefringence

of quartz, which limits the maximal torque that can be applied in OTW,
hampers the study of certain biological systems. A more attractive material
is rutile (TiO2), which has a thirty-fold higher birefringence. To date,
however, the application of rutile in the trapping has been restricted due
to its high refractive index, which results in low trapping efficiency. Here,
we have employed finite element method calculations to determine the
optimal dimensions of submicron-sized rutile cylinders for tight stable
optical trapping. Using these calculations as a guideline, we have designed
and developed a nanofabrication protocol that allows us to produce rutile
cylinders with the desired sizes at high yield. We have characterized the
fabricated cylinders in the OTW setup and quantified both their linear and
angular trapping properties. In addition, we demonstrate full translational
and rotational control of these functionalized cylinders tethered to individual
DNA molecules for use in single-molecule applications.

9548-7, Session 2

Initiating optics immersions
Gabriel C. Spalding, lllinois Wesleyan Univ. (United States)

To ensure an increased supply of well-prepared graduate students, and to
spread awareness of the research opportunities we offer, it is proposed that
your institution serve as a site for a 2.5-day training workshop for those
advanced lab instructors who mentor undergraduates at the stage when
they are considering their graduate school options. Data clearly suggests
that enormous impact can be achieved by reaching out to an identifiable
and relatively small cohort of individuals who collectively play a crucial role
in the experimental instruction of nearly all students with a major or minor
in physics at US institutions. Mentor stipends are available, and logistics,
advertising, registration, and follow-up for these Optics Immersions will be
coordinated by ALPhA, the “Advanced Laboratory Physics Association.”
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9548-8, Session 2

A simple explanation of opto-mechanical
cooling by the back action of cavity
photons

Masud Mansuripur, College of Optical Sciences, The Univ.
of Arizona (United States)

We present a simple classical analysis of the light reflected from a Fabry-
Perot cavity consisting of a fixed (dielectric) front mirror and a vibrating rear
mirror. In the adiabatic approximation, the returning light exhibits sideband
symmetry, which will go away as the photon lifetime becomes comparable
to or longer than the oscillation period of the rear mirror. When the
oscillation period is short compared to the cavity photon lifetime, one must
approach the problem differently, treating the vibrating mirror as a scatterer
which sends a fraction of the incident light into the sideband frequencies.
With proper detuning, the internal radiation pressure can be shown to slow
down the oscillating mirror. This is the principle of cooling a vibrating mirror
by the back action of the cavity photons.

9548-9, Session 3

Nano-optomechanics with optically
levitated dielectric nanoparticles (/nvited
Paper)

Levi Neukirch, Brandon Rodenburg, Mishkatul
Bhattacharya, Nick Vamivakas, Univ. of Rochester (United
States)

The inability to leverage resonant scattering processes involving internal
degrees of freedom differentiates optical cooling experiments performed
with levitated dielectric nanoparticles, from similar atomic and molecular
traps. Trapping in optical cavities or the application of active feedback
techniques has proven to be effective ways to circumvent this limitation.
We present our nanoparticle optical cooling apparatus, which is based

on parametric feedback modulation of a single-beam gradient force
optical trap. This scheme allows us to achieve effective center-of-mass
temperatures well below 1kelvin for our ? 1?10?18 kg particles, at modest
vacuum pressures. We will also discuss experiments in which the levitated
nanoparticle contains a single optically active quantum emitter. The
method provides a versatile platform, with parameter tunability not found
in conventional tethered nanomechanical systems. Potential applications
include investigations of nonequilibrium nanoscale thermodynamics, ultra-
sensitive force metrology, and mesoscale quantum mechanics and hybrid
systems.

9548-10, Session 3

Experimental opto-mechanics with
levitated nanoparticles: towards quantum
control and thermodynamic cycles (/nvited
Paper)

Nikolai Kiesel, Florian Blaser, Uros Delic, David Grass, Univ.
Wien (Austria); Andreas Dechant, Eric Lutz, Friedrich-
Alexander-Univ. Erlangen-NUrnberg (Germany); Marzieh
Bathaee, Sharif Univ. of Technology (lran, Islamic Republic
of); Markus Aspelmeyer, Univ. Wien (Austria)

Combining optical levitation and cavity optomechanics constitutes a
promising approach to prepare and control the motional quantum state of
massive objects (>10"9 amu). This, in turn, would represent a completely
new type of light-matter interface and has, for example, been predicted to
enable experimental tests of macrorealistic models or of non-Newtonian
gravity at small length scales. Such ideas have triggered significant
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experimental efforts to realizing such novel systems.

To this end, we have recently successfully demonstrated cavity-cooling of
a levitated sub-micron silica particle in a classical regime at a pressure of
approximately Tmbar. Access to higher vacuum of approx. 10"-6 mbar has
been demonstrated using 3D-feedback cooling in optical tweezers without
cavity-coupling.

Here we will illustrate our strategy towards trapping, 3D-cooling and
quantum control of nanoparticles in ultra-high vacuum using cavity-based
feedback cooling methods and clean particle loading with hollow-core
photonic crystal fibers. We will also discuss the current experimental
progress both in 3D-cavity cooling and HCPCF-based transport of
nanoparticles.

As yet another application of cavity-controlled levitated nanoparticles we
will show how to implement a thermodynamic Sterling cycle operating in
the underdamped regime. We present optimized protocols with respect to
efficiency at maximum power in this little explored regime. We also show
that the excellent level of control in our system will allow reproducing all
relevant features of such optimized protocols. In a next step, this will enable
studies of thermodynamics cycles in a regime where the quantization of the
mechanical motion becomes relevant.

9548-11, Session 3

Dispersive light-matter interaction in
programmable optical tweezers

Bianca J. Sawyer, Milena S. J. Horvath, Amita B. Deb, Niels
Kj?rgaard, Univ. of Otago (New Zealand)

Off-resonant probing via the dispersive light-matter interaction is a powerful
metrological tool in the manipulation and control of trapped ultracold gases.
We have developed a robust interrogation system that uses frequency
modulation spectroscopy to measure the quantum state-dependent phase
shift incurred on an off-resonant optical probe when transmitted by an
atomic medium. This is routinely used to track a number of dynamic atomic
processes in real time. An important design consideration for such a scheme
is the three-dimensional mode-matching at the interface between light

and matter when coupled by this dispersive interaction. The geometry of
the ellipsoidal ensemble of trapped atoms should be adjusted such that
scattering of the axially propagating probe field is optimized in the forward
direction. This allows the maximum signal to be collected by the photo-
detection optics.

The trapping potential for our ultracold gas is generated by programmable
optical tweezers, which preform precise spatial micro-manipulation of

the ensemble. The unit consists of a versatile vertical tweezer beam and
intersecting static horizontal waveguide. The vertical beam can be split into
multiple time-averaged potentials, producing a one-dimensional array of
cold clouds.

As an application, we use the tweezers as a pair of laser “test tubes” to
independently prepare two clouds of ultracold 87Rb in different internal
quantum states. The samples are then brought together and an external
magnetic field is swept across a Feshbach resonance. Dispersive probing
is used to track the resulting dynamics and identify the resonant magnetic
field value.

9548-13, Session 4

Extinction cross section measurements for
a single optically trapped particle (/nvited
Paper)

Michael I. Cotterell, Univ. of Bristol (United Kingdom);
Thomas C. Preston, McGill Univ. (Canada); Bernard J.
Mason, Univ. of Bristol (United Kingdom); Andrew J

Orr-Ewing, Jonathan P Reid, University of Bristol (United
Kingdom)

Bessel beam (BB) optical traps have become widely used to confine single
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and multiple aerosol particles across a broad range of sizes, from a few
microns to < 200 nm in radius. The radiation pressure force exerted by the
core of a single, zeroth-order BB incident on a particle can be balanced by
a counter-propagating gas flow, allowing a single particle to be trapped
over many hours. The pseudo non-diffracting nature of BBs enables
particles to be confined over macroscopic distances along the BB core
propagation length; the particle’s position along this length can be finely
controlled by modulating the BB laser power. We exploit this property to
optimise the particle’s position at the centre of the TEMOO mode of a high
finesse optical cavity, allowing cavity ring-down spectroscopy (CRDS) to
be performed on single aerosol particles and their optical cross section,
?ext, measured. Further, the variation in the light from the illuminating BB
elastically scattered by the particle is recorded as a function of scattering
angle. Such intensity distributions are fitted to Mie theory to determine the
particle’s radius. The trends in ?ext with particle radius are modelled using
cavity standing wave Mie simulations and a particle’s varying refractive
index with changing relative humidity is determined. We demonstrate
?ext measurements on sub-micrometre aerosol and determine the lowest
limit in particle size that can be probed by this technique. The BB-CRDS
method will play a key role in reducing the uncertainties associated with
atmospheric aerosol radiative forcing, among the largest uncertainties in
climate modelling.

9548-14, Session 4

Quadruple Bessel beam trap for single
droplet studies

Grégory David, Ruth Signorell, ETH ZUrich (Switzerland)

Metastable submicron droplets play an important role in atmospheric
processes. In this context, we use Bessel beam optical traps, which enable us
to isolate a single submicron droplet for a long time (several hours or days)
in air. However, the stability of a single counter-propagating Bessel beam
(CPBB) trap is very sensitive to the alignment [1]. Its trapping position may
change with the particle size and the particle may wobble by several tens of
micrometers. This can be a major problem for single droplet studies, such as
broadband light scattering and photo-acoustic measurements. We suggest a
new type of trap, which is much less sensitive to small optical misalignment
[11: the quadruple Bessel beam trap (QBB) consisting of two sets of CPBBs
perpendicularly arranged. This presentation shows the first experimental
realization and characterization of the stability and confinement of single
droplets in a QBB trap and compares it with numerical simulations of the
three-dimensional droplet dynamics [2].

The QBB trap is shown to be more predictable and several times more
stable than the CPBB trap, while it confines the particle much more tightly
by several orders of magnitude. QBB traps are thus better suited for single
droplet studies. In addition we will present results for the water uptake/
release and for the aging of metastable submicron droplets.

References

[1] Thanopulos I., D. Luckhaus, T. C. Preston and R. Signorell. J. Appl. Phys.,
115, 154304, 2014.

[2] David G., et al., manuscript in preparation.

9548-15, Session 4

Measuring forces and dynamics for
optically levitated 20um PS particles in air
using electrostatic modulation

Haesung Park, Thomas W LeBrun, National Institute of
Standards and Technology (United States)

Optical trapping in air and vacuum has become the subject of increased
attention due its applications to precision measurement and fundamental
physics. Unlike traditional studies of trapping in fluids (in support of
biological measurement, colloid science, cell sorting, and nanotechnology),
trapping in air or vacuum can present an underdamped system where inertia
rather than damping dominates dynamics. Under these conditions, the full
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nonlinear, three-dimensional nature of the trapping force can give rise to
much more complex behavior. We use electrostatic modulation to study
the forces on a 20um polystyrene bead trapped in air, and measure the
dynamics of the particle’s motion under impulse excitation.

A ring-type piezoelectric launcher allows us to introduce a selected target
particle into the optical trap, where it remains stably trapped indefinitely
(> 6 hrs). We combine quadrant photodiode measurement with video
microscopy to measure the particle motion after electrostatic impulse both
accurately and at high speed. An advantage of electrostatic modulation

is the ability to excite particle motion rapidly and without changing the
trapping beam or surrounding medium. We use this to determine the
stiffness and damping directly and independently of each other without
assumptions about temperature. In addition, we show that the full force
curve can be measured with no assumptions beyond Newton’s equations.

9548-16, Session 4

Optical trapping of individual gold
nanoparticles in air

Liselotte Jauffred, Lund Univ. (Sweden); Seyed
Mohammad-Reza Taheri, Univ. of Zanjan (lran, Islamic
Republic of); Regina K. Schmitt, Heiner Linke, Lund Univ.
(Sweden); Lene B. Oddershede, Niels Bohr Institute
(Denmark)

Since the ground breaking particle levitation experiments by Ashkin in

1975, huge efforts have been put into controlling micro- and nanometer
sized particles in both air and liquids. Till date, most progress has been
done in liquids with aerosol trapping proving more challenging. By utilizing
an air chamber designed to have a minimum of turbulence [1] and a laser
beam with a minimum of aberration, we succeeded to trap individual gold
nanoparticles with diameters between 80 nm and 200 nm in air using a
1064 nm laser. The positions visited by the trapped gold nanoparticle were
quantified using a quadrant photodiode placed in the back focal plane.

The time traces were analyzed and the trapping stiffness characterizing
gold aerosol trapping determined and compared to aerosol trapping of
nanometer sized silica and polystyrene particles. Calibration, however, is not
trivial as the ‘normal’ assumption of an underdamped system, underlying
the Langevin approach, is not a priori valid in the case of trapping

metallic nanoparticles in air. Based on our analysis, we conclude that gold
nanoparticles trap more strongly in air than similarly sized polystyrene and
silica particles, and that the spring constants characterizing aerosol trapping
of gold nanoparticles are approximately half of those characterizing
trapping of gold nanoparticles in water [2]. The gold nanoparticles absorb
part of the irradiating laser light and we also discuss the associated
nanoparticle heating, which is even more pronounced in air than in water [3]
due to a lower thermal conductance.

[11 S.M.R. Taheri, M. Sadeghi, E. Madadi, S.N.R. Reihani, Opt. Commun. 2014,
vol. 329 p. 196-199 (2014).

[2] P.M. Hansen, V.K. Bhatia, N. Harrit, and L. Oddershede, Nano Letters, vol.
5 p.1937-1942 (2005).

[3] P.M. Bendix, S.N.S. Reihani and L.B. Oddershede, ACS Nano, vol. 4
p.2256-2262 (2010)

9548-17, Session 5

Optical trapping of microdroplet
containing a single nanomaterial in helium
gas (/nvited Paper)

Yosuke Minowa, Masaaki Ashida, Ryoichi Kawai, Osaka
Univ. (Japan)

Quantum dots or nanometer-sized semiconductor nanocrystals are
fascinating quantum emitters having a discrete energy level structure
which is tunable through the quantum confinement effect. In particular,
chemically synthesized colloidal quantum dots are promising as they can
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be mass produced and their size can be precisely controlled. Colloidal
guantum dots can be treated as an isolated single particle. Therefore,
manipulation and alignment of colloidal guantum dots would enable the
realization of the ideal platform to investigate the mutual interaction
among quantum emitters and the ultra strong coupling between light and
matter. Optical manipulation is one of the universal techniques to control
the motion/position of microparticles and atoms. However, researches

on optical manipulation of quantum dots are scarce. The difficulties arise
from the relatively small polarizability, which normally tends to decrease
with decreasing the particle’s size in the Rayleigh regime. Here, we report
on the optical trapping of a single quantum dot within the microdroplet in
helium gas. The liquid droplet behaves as an optically-transparent container
with a larger volume enabling the stable optical trapping. We detected
bright single photon emission from the trapped quantum dot through the
two photon excitation process. We also observed intensity and spectral
fluctuation, which are well known features of a solid state quantum emitter.
Our results can lead to the isolation of nanomaterials from their environment
or substrates and provide unprecedented information on their intrinsic
material properties which are obscured by the environmental fluctuation.

9548-18, Session 5

Steering a jet of particles into an x-ray
beam with optically induced forces

Richard A. Kirian, Arizona State Univ. (United States); Niko
Eckerskorn, The Australian National Univ. (Australia); Salah
Awel, Max Wiedorn, Jochen KlUpper, Henry N. Chapman,
Ctr. for Free-Electron Laser Science (Germany); Andrei V.
Rode, The Australian National Univ. (Australia)

Optical trapping of light-absorbing particles in a gas environment has
shown to be governed by laser-induced thermal or photophoretic forces,
which can be orders of magnitude higher than the force of the light-induced
radiation pressure. Guiding of particles with photophoretic forces over large
distances in open air was recently realised by an optical pipeline, formed by
a vortex laser beam of doughnut-like intensity profile, with a high-intensity
ring of light that surrounds a dark core. The exact formation mechanism

of photophoretic force and the influence on the particle movement are

still unclear. Here we report on our efforts to utilize the optical pipeline
concept to guide particles into the focus of an x-ray free-electron laser
(XFEL). XFELs produce coherent femtosecond-duration pulses of high-
energy x-rays with immense brightness. In the “diffract-and-destroy”

mode, such pulses destroy any illuminated target, but terminate prior to
the onset of atomic motion and hence overcome fundamental problems
associated with radiation damage. Through coherent diffractive imaging
methods, one can form single-shot nanometer-resolution projection images
of thick irreproducible targets such as cells, or Angstrom-resolution 3D
electron density maps from reproducible macromolecules exposed in many
orientations. The combination of a touch-free optical system for pin-point
delivery of bioparticles to the focal spot of an XFEL would significantly
enhance the efficiency of XFEL-based serial diffractive imaging experiments.

9548-20, Session 5

Bistable dynamics of a levitated
nanoparticle

Francesco Ricci, ICFO - Institut de Ciencies Fotoniques
(Spain); M. Spasenovic, Univ. of Belgrade (Serbia) and
ICFO - Institut de Ciéncies Fotoniques (ltaly); Raul A.

Rica, ICFO - Institut de Ciéncies Fotdoniques (Spain); Lukas
Novotny, ETH ZUrich (Switzerland); Romain Quidant, ICFO
- Institut de Ciéncies Fotoniques (Spain)

Bistable systems are ubiquitous in nature. Classical examples in chemistry
and biology include relaxation kinetics in chemical reactions [1] and
stochastic resonance processes such as neuron firing [2,3]. Likewise, bistable
systems play a key role in signal processing and information handling at the
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nanoscale, giving rise to intriguing applications such as optical switches [4],
coherent signal amplification [5,6] and weak forces detection [5].

The interest and applicability of bistable systems are intimately connected
with the complexity of their dynamics, typically due to the presence of

a large number of parameters and nonlinearities. Appropriate modeling

is therefore challenging. Alternatively, the possibility to experimentally
recreate bistable systems in a clean and controlled way has recently
become very appealing, but elusive and complicated. With this aim, we
combined optical tweezers with a novel active feedback-cooling scheme to
develop a well-defined opto-mechanical platform reaching unprecedented
performances in terms of Q-factor, frequency stability and force sensitivity
[7,8]. Our experimental system consists of a single nanoparticle levitated in
high vacuum with optical tweezers, which behaves as a non-linear (Duffing)
oscillator under appropriate conditions. Here, we prove it to be an ideal tool
for a deep study of bistability.

We demonstrate bistability of the nanoparticle by noise activated switching
between two oscillation states, discussing our results in terms of a double-
well potential model. We also show the flexibility of our system in shaping
the potential at will, in order to meet the conditions prescribed by any
bistable system that could therefore then be simulated with our setup.

References
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switching of cantilever motion,” Nature Communications, 4 (2013) 3624
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feedback cooling of a Laser-Trapped nanoparticle” Phys. Rev. Lett. 109
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Coupling and Synchronization of a Vacuum-Trapped Nanoparticle,” Phys.
Rev. Lett. 112 (2014) 103603

9548-21, Session 6

Continuum electrodynamics and the
Abraham-Minkowski controversy

Michael E. Crenshaw, U.S. Army Aviation & Missile
Research, Development & Engineering Ctr. (United States)

The Abraham--Minkowski controversy refers to a long-standing inability
to deal with issues involving the momentum of an electromagnetic field
in a linear dielectric medium. In 1908, Minkowski derived a tensor energy-
-momentum continuity equation. Abraham subsequently argued that the
Minkowski tensor violates conservation of angular momentum because
the tensor is not symmetric. Based on the continuing work in the field, the
resolutions that have been proposed over the last century have not been
persuasive.

We treat continuum electrodynamics as an axiomatic formal theory based
on the macroscopic Maxwell equations applied to a thermodynamically
closed system consisting of an antireflection coated block of a linear
dielectric situated in free-space that is illuminated by a quasimonochromatic
field. We demonstrate that the Abraham and Minkowski formulations of

the continuity of energy and momentum are valid theorems of the formal
theory of continuum electrodynamics that are proven false by conservation
laws. Furthermore, we show that another valid theorem of continuum
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electrodynamics is contradicted by special relativity. Our options are: 1)
that the axioms of the formal theory, the macroscopic Maxwell equations,
are proven false by conservation laws and relativity, 2) that conservation
and relativity are proven false by continuum electrodynamics, or 3) all of
the above. Electrodynamics, conservation, and relativity are fundamental
principles of physics that are intrinsic to the vacuum in which the speed of
light is c. The contradictions are resolved by a reformulation of physics for a
region of space in which the speed of light is ¢/n.

9548-22, Session 6
Electromagnetic angular momentum

Masud Mansuripur, College of Optical Sciences, The Univ.
of Arizona (United States)

In addition to energy and linear momentum, electromagnetic (EM) fields
possess the capacity to carry spin and orbital angular momentum. With

a view to Maxwell’s macroscopic equations and the laws governing EM
force and torque, we discuss the fundamental properties of EM angular
momentum and point out several facts concerning the angular momentum
content and behavior of static as well as dynamic fields. Certain paradoxes
arise from the exchange of angular momentum between fields and material
media, all involving the conservation of angular momentum, especially when
the media are endowed with magnetic properties. We examine the origin
of these paradoxes, discuss their connection to the Abraham-Minkowski
controversy, and explain how the paradoxes can be resolved.

9548-23, Session 6

Physics of electromagnetic and material
stresses in optical manipulation

Brandon A. Kemp, Cheyenne J. Sheppard, Arkansas State
Univ. (United States)

Modeling the dynamics optical manipulation experiments relies upon a
precise mathematical representation of electromagnetic fields and the
interpretation of optical momentum and stresses in materials. However,

the momentum of light within media has been an issue of debate over the
past century. Multiple mathematically energy-momentum models have
been advanced, each, under certain conditions, agreeing with experimental
observation and mathematically consistent with classical electromagnetism.

The modern view is that the various formulations of electrodynamics
represent different divisions of the total energy-momentum tensor, with
the separation of field and matter being ambiguous. Recently, a proposed
view of photon momentum identified two leading forms as the kinetic and
canonical momenta. The Abraham momentum is responsible for the overall
center-of-mass translation of a material, while the Minkowski momentum
is responsible for translations with respect to the surrounding medium.
However, the Abraham momentum corresponds to multiple, unique
electromagnetic energy-momentum tensors that attempt to separate field
from material responses (e.g. Abraham, Chu, and Einstein-Laub). However,
only the form of the kinetic momentum density has been revealed, while the
formulation that uniquely separates the kinetic stress tensor has remained
ambiguous.

In this correspondence, multiple formulations are considered within the
framework of relativistic electrodynamics. We apply various mathematical
techniques to identify the kinetic subsystem of electrodynamics. While
optical manipulation is usually modeled using a stationary medium
approximation, the lessons from relativistic electrodynamics reveal a specific
distribution of electromagnetic stress in media. The physics of optical

and static manipulation of dielectric particles are described within this
framework.
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9548-24, Session 6

Discriminatory effects in the optical
binding of chiral nanoparticles

Kayn A. Forbes, Univ. of East Anglia (United Kingdom);
David S Bradshaw, David L Andrews, Univ of East Anglia
(United Kingdom)

The laser-induced intermolecular force that exists between two or more
particles subjected to a moderately intense laser beam is termed ‘optical
binding’. Completely distinct from the single-particle forces that give rise

to optical trapping, the phenomenon of optical binding is a manifestation
of the coupling between optically induced dipole moments in neutral
particles. In conjunction with optical trapping, the optomechanical forces

in optical binding afford means for the manipulation and fabrication of
optically bound matter. The Casimir-Polder potential that is intrinsic to all
matter can be overridden by the optical binding force in cases where the
laser beam is of sufficient intensity. Chiral discrimination can arise when

the laser input has a circular polarization, if the particles are themselves
chiral. Then, it emerges that the interaction between particles with a
particular handedness is responsive to the left- or right-handedness of the
light. The present analysis, which expands upon previous studies of chiral
discrimination in optical binding, identifies a novel mechanism that others
have previously overlooked, signifying that the discriminatory effect is much
more prominent than originally thought. The new theory leads to results

for freely-tumbling chiral particles subjected to circularly polarized light.
Rigorous conditions are established for the energy shifts to be non-zero and
display discriminatory effects with respect to the handedness of the incident
beam. Detailed calculations indicate that the energy shift is larger than
those previously reported by three orders of magnitude.

9548-25, Session 6

1D problems of radiation pressure on
elastic solids

Tomaz Pozar, Janez Mo?ina, Univ. of Ljubljana (Slovenia)

When light exerts pressure on elastic solids, the properties of both, light and
matter change. In the simplest cases, the energy and momentum transferred
between the light and matter can be solved in one dimension.

We treat the light-matter interaction solely due to radiation pressure
using the fundamental nonrelativistic conservation principles of energy
and momentum with the assumption that solids are considered as elastic
objects. This optodynamic approach only assumes that the momentum
of a light pulse propagating in vacuum equals its energy divided by the
speed of light and that the speed of light is constant in any reference
frame. The methodology intentionally avoids other known properties of
light, such as the fact that light is an electromagnetic wave and that its
energy is quantized. Since we handle solids as elastic objects, the results
are consistent with the principles of causality and agree with recent
experimental observations.

Employing the above mentioned assumptions, we shall tackle the problem
of reflection of a laser pulse from a fully reflective mirror and show that

its reflection gives rise to an elastic wave with measurable amplitude that
propagates within the mirror and that our results predict a larger Doppler
shift in the reflected pulse for the most common setting, when the mirror is
initially at rest, compared to the results obtained when the mirror is treated
as rigid.

Similarly, we will revisit the Balazs thought experiment. The final example
will explain the infinite expansion of a fully reflective 1D resonator filled with
light.
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9548-26, Session 6

Optodynamic description of optical
manipulation

Tomaz Pozar, Janez Mo?ina, Univ. of Ljubljana (Slovenia)

We treat optical manipulation of solid objects from the perspective of
optodynamics, a research field which investigates light-induced motion

of macroscopic matter. Contrary to general notion of optical manipulation
which investigates the means to move an object as a whole, optodynamics
also focuses on the redistribution of the acquired momentum from the
initial, time-developing, extremely low-amplitude propagating mechanical
waves to the final net motion of the object.

When a solid object is manipulated/propelled by a pulse of light, various
types of mechanical waves are generated whenever and wherever light
exchanges momentum with matter. In the case of opaqgue objects, the
following elastic waves are launched from the illuminated surface towards
the bulk of the solid: ablation-induced waves (AIWSs) resulting from material
recoil, thermoelastic waves (TEWSs) caused by light absorption and the
subsequent thermal expansion, and the light-pressure-induced waves
(LIWs) emanating exclusively from the photon linear momentum transfer
(radiation pressure). Even though the macroscopic motion of the object is
the superposition of all these waves, only AIWs and the much weaker LIWs
are involved in the translation of the object’s center of mass.

In this contribution, we will present two unigue measurements revealing
AIWSs and LIWs, and discuss the time-development of the transferred
momentum. We shall report on the measurements that show how TEWs
can be sufficiently suppressed in order to discern the presence of LIWs. The
required experimental techniques will be reviewed. The Abraham-Minkowski
debate and Balazs thought experiment shall also be theoretically expanded
to include elastic wave motion.

9548-27, Session 7

A model for traumatic brain injury using
laser induced shockwaves

Aaron R. Selfridge, Daryl C. Preece, Veronica Gomez,
Linda Z. Shi, Univ. of California, San Diego (United States);
Michael W. Berns, Univ. of California, Irvine (United States)

Traumatic brain injury (TBI) represents a major treatment challenge in
both civilian and military medicine; on the cellular level, its mechanisms
are poorly understood. As a method to study the dysfunctional repair
mechanisms following injury, laser induced shockwaves (LIS) are a useful
way to create highly precise, well characterized mechanical forces.

We present a simple model for TBI using laser induced shockwaves as
a model for damage. Our objective is to develop an understanding of
the processes responsible for neuronal death, the ways in which we can
manipulate these processes to improve cell survival and repair, and the
importance of these processes at different levels of organization.

The physics of shockwave creation has been modeled and can be used to
calculate forces acting on individual neurons. By ensuring that the impulse
is in the same regime as that occurring in practical TBI, the LIS model can
ensure that in vitro conditions and damage are similar to those experienced
in TBI. This model will allow for the study of the biochemical response of
neurons to mechanical stresses, and can be combined with microfluidic
systems for cell growth in order to better isolate areas of damage.

9548-28, Session 7

Periodic cavitation in an optical tweezer

Viridiana Carmona-Sosa, José E. Alba-Arroyo, Pedro A.
Quinto-Su, Univ. Nacional Auténoma de México (Mexico)

We show that microscopic explosions (cavitation) can be generated
periodically in an optical tweezer. An absorbing microparticle is attracted

help@spie.org 87



Conference 9548:
Optical Trapping and Optical Micromanipulation XII

to the trapping beam waist where it is superheated resulting in a cavitation
bubble that impulsively pushes the particle close to the starting position
where the cycle restarts.

We find that multiple microparticles can briefly coexist oscillating in asingle
optical trap, increasing the frequency of microscopic explosions.

9548-29, Session 7

Interesting physics and applications using
microbubbles in thermo-optic tweezers

Basudev Roy, Subhrokoli Ghosh, Soumyajit Roy, Ayan
Banerjee, Indian Institute of Science Education and
Research Kolkata (India)

We have developed a technique of generating a micro-bubble inside

an optical trap by using a material (Mo-based Soft Oxometalate (SOM)
compound) that absorbs at the trapping laser wavelength. A high
concentration aqueous dispersion of the SOMs is taken in a sample chamber,
and the trapping laser is focused on SOMs adsorbed on one of the surfaces
of the chamber, so as to create a ‘hot spot’ due to which a microbubble is
nucleated. Due to the temperature gradient on the bubble, a surface tension
gradient results, which leads to Marangoni type flows around the bubble.
The resultant Marangoni flow around the bubble causes self-assembly of
material at its base, which undergoes a phase transition into a crystalline
state when the laser spot is translated causing the bubble to follow due

to convective effects [1]. We have used this technigue to pattern materials
ranging from dyes to carbon nano-tubes to conducting polymers which
co-assemble in a mixture with the SOMs. The method is rather universal
and has been used to develop catalytic chips [2] and solution processed
printable electronics. The flow generated by the bubbles can be studied

by mapping the trajectories of probe particles in the vicinity of the bubble.
We show interesting self-assembly of the particles on the bubble surface,
as well as manipulation of trajectories of the particles by multiple bubbles.
The bubble can also be used to capture, transport, and release particles in a
perfectly controlled manner.

9548-30, Session 8

Reactive oxygen species production in
single cells following laser irradiation

Michelle L. Duquette, Justine Kim, Linda Z. Shi, Michael W.
Berns, Univ. of California, San Diego (United States)

Region specific DNA breaks can be created in single cells using laser light
that damages DNA but does not directly generate reactive oxygen species
(ROS). We have examined the cellular response to directly generated DNA
breaks in single cells. Using a combination of ROS specific dyes and oxidase
inhibitors we have found that the oxidase and chromatin remodeling protein
Lysine demethylase | (LSD1) generates detectable ROS as a byproduct of its
chromatin remodeling activity during the initial DNA damage response. ROS
is produced at detectable amounts primarily within the first 3 minutes post
irradiation. LSD1 activity has been previously associated with transcriptional
regulation therefore these findings have implications for regulation of gene
expression following DNA damage particularly in cells with altered redox
states.

9548-31, Session 8
Integrated 3D macro-trapping and light-
sheet imaging system

Zhengyi Yang, Peeter Piksarv, David E. K. Ferrier, Frank J.
Gunn-Moore, Kishan Dholakia, Univ. of St. Andrews (United
Kingdom)

Light-sheet imaging technique is particular suitable for forming three-
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dimensional (3D) image of large samples. Construction of 3D image needs
scanning sample along the detection axis, which is currently accomplished
by moving the fixed sample in agent such as agarose. However, this fixing
agent limits the development of the living sample, moreover the refractive-
index mismatch between this agent and water introduces optical aberration
which degrade the quality of image. Here we demonstrate a light-sheet
imaging system integrated with dual-beam trap. The specimen was trapped
by two counter-propagating beams and moved optically by a scanning
mirror. Trapping and imaging of BY-2 cells and Pomatoceros lamarckii larva
were successfully demonstrated.

9548-32, Session 8

Single-cell diffraction tomography with
optofluidic rotation about a tilted axis

Paul Mdller, Mirjam Schirmann, Jochen Guck, Technische
Univ. Dresden (Germany)

The refractive index is an inherent property of every biological cell and
its measurement does not require any markers. The knowledge of the
three-dimensional refractive index distribution inside a cell helps to
better characterize cell shape, dry mass, or volume. Its measurement thus
complements techniques that investigate the inner structure of cells.

Optical diffraction tomography is a technique that produces refractive
index maps with sub-cellular resolution. The refractive index can be inferred
from quantitative phase maps which are recorded with imaging techniques
such as digital holographic microscopy (DHM). We combine DHM with
optical micromanipulation techniques to obtain tomographic projections

of single biological cells in the visible spectrum of light. We employ optical
diffraction tomography with the Rytov approximation to reconstruct the
three-dimensional refractive index distribution of single cells from these
projections. Optical diffraction tomography opens the possibility to monitor
structural changes in cells, but also enables us to derive their optical
properties which are of high interest for applications that involve optical
forces.

9548-33, Session 9

Acoustic force spectroscopy (/nvited
Paper)

Iddo Heller, Vrije Univ. Amsterdam (Netherlands)
No Abstract Available

9548-34, Session 9

Structured interference force for enhanced
optical trapping (/nvited Paper)

Michael A. Taylor, The Univ. of Queensland (Australia)
and Research Institute of Molecular Pathology (Austria);
Muhammad Waleed, Alexander B. Stilgoe, Halina
Rubinsztein-Dunlop, Warwick P. Bowen, The Univ. of
Queensland (Australia)

Interferometry can completely redirect light, providing the potential for
exceptionally strong and controllable optical forces. When a beamsplitter
combines two fields, the output power is directed via the relative phase
between the incident fields. Since the phase changes with beamsplitter
displacement, the interference force can be used to stably trap; with
displacements as small as (?/4n) able to completely redirect the light. The
resulting change in optical momentum causes an opposing optical force.
However, optical forces are most useful for trapping and manipulating small
scattering particles. Optical scattering is not generally thought to allow
efficient interference; essentially, it appears that small particles cannot
act as beamsplitters. As such, optical traps have relied upon much weaker

spie.org/op Return to Contents



Conference 9548:
Optical Trapping and Optical Micromanipulation XII

deflection-based forces.

Here we show that efficient interference can be achieved by appropriately
structuring the incident light. This relies on Mie scattering fringes to
combine light which is incident from different incident angles. This results
in a force, which we call the structured interference force, which offers
order-of-magnitude higher trap stiffness over the usual Gaussian trap. We
demonstrate structured interference force trapping (SIFT) of 10?m diameter
silica spheres with a stiffness 20.1 times higher than is possible using
Gaussian traps, while also increasing the measurement signal-to-noise ratio
by two orders of magnitude. This is demonstrated using only phase control
of the incident light, making the technique directly compatible with most
existing holographic optical traps. These results are highly relevant to many
applications, including cellular manipulation, fluid dynamics, micro-robotics,
and tests of fundamental physics.

9548-35, Session 9

Mapping of independent force and
position measurements for calibration of
non-Hookean optical traps

Ann A. Bui, Alexander B. Stilgoe, Timo A. Nieminen, Halina
Rubinsztein-Dunlop, The Univ. of Queensland (Australia)

Optical tweezers use highly focussed beams to trap microscopic

particles in three dimensions. It is possible to carry out quantitative force
measurements, on the order of piconewtons, if calibration of the system is
done first. This requires finding the optical force for a given trapping power
and position in the trap. Two tools commonly used for calibration are the
camera and position-sensitive detector (PSD). Both are commonly used

to track trapped particles, but they give complementary information. The
camera gives the position of the particle. The PSD measures the defection
of the beam, which is the force exerted on the particle. Since these data are
obtained on different instruments, usually at vastly different rates, there

is difficulty in synchronising the force and position data. Here we look at a
force calibration method, without synchronising the data, by mapping force
and position measurements. If the force-position relation is monotonic,
then the median of the force distribution corresponds to the median of the
position distribution; in general, the nth percentile of one corresponds to
the (100-n)th percentile of the other. This intuitively works for traps whose
force-position relations are monotonic, which includes Hookean traps like a
single round symmetric trap. We discuss the limits at which this method can
be applied to non-Hookean trapping arrangements, such as independent or
coherent double-well traps.

9548-36, Session 9

A new method for calibrating the nonlinear
range of a single-beam optical trap

Jamianne C. Wilcox, Benjamin J. Lopez, Otger Campas,
Megan T. Valentine, Univ. of California, Santa Barbara
(United States)

Optical traps allow for the precise application and measurement of pico-
Newton forces in a wide variety of situations, and are particularly well
suited for biophysical measurements of motor proteins and cells. Nearly all
experiments exploit the linear regime of the optical trap, where force and
displacement are related by a simple spring constant that does not depend
on the trapped object’s position. This typically limits the useful force range
to < 100 pN for high-NA objective lenses and reasonable laser powers.
Several biological studies require larger forces, which are not accessible in
the linear regime of the trap. The best means to extend the maximum force
is to make use of the entire nonlinear range; however, current techniques
for calibrating the full nonlinear regime are limited. Here we report a new
method for calibrating the nonlinear trap region that uses the fluctuations
in the position of a trapped object when it is displaced from the center

of a single gradient optical trap by controlled flow. From the position
fluctuations, we measure the local trap stiffness, in both the linear and
non-linear regimes. This approach requires only knowledge of the system
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temperature, and is especially useful for measurements involving trapped
objects of unknown size, or objects in a fluid of unknown viscosity.

9548-37, Session 9

Measurement of radiation pressure in an
ambient environment

Dakang Ma, Joseph L. Garrett, Jeremy N. Munday, Univ. of
Maryland, College Park (United States)

Light reflected off a material or absorbed within it exerts radiation pressure
through the transfer of momentum. Although this effect is small, microscale
mechanical transducers have progressed to the point that radiation
pressure can play an important role in these systems. Understanding these
effects and distinguishing radiation pressure from photothermal effects

is thus of great importance for future optomechanical devices. Here we
discuss our recent measurements of radiation pressure on a silicon nitride
microcantilever under ambient conditions. Using our technique, we are
able to separately identify the radiation pressure and photothermal forces
through an analysis of the cantilever’s frequency response. Additionally,
the radiation pressure is found to be much stronger than the effective
photothermal forces when excitation occurs near the free end of the
cantilever. In such a regime (where the photothermal forces make up less
than 1% of the total cantilever amplitude at resonance), we measure the
force resulting from the radiation pressure. Measured forces range from
1-10 pN for illumination powers of 1-9 mW at 660 nm. A model is used to
calculate the radiation pressure, which is found to agree with experimental
results within the measured and calculated uncertainties. We envision this
method as a practical way to determine the response of optomechanical
devices and as an alternative method for cantilever spring constant
calibration. Further, we expect this technique to be an effective method
for the study of optical forces on exotic metamaterials, which might be
hindered by photothermal forces.

9548-38, Session 10

Photonic force microscopy of surface
electromagnetic waves in a one-
dimensional photonic crystal

Daniil Shilkin, Evgeny V. Lyubin, Lomonosov Moscow State
Univ. (Russian Federation); Irina V. Soboleva, Lomonosov
Moscow State Univ. (Russian Federation) and A.N. Frumkin
Institute of Physical Chemistry and Electrochemistry
(Russian Federation); Andrey A. Fedyanin, Lomonosov
Moscow State Univ. (Russian Federation)

The Bloch Surface Electromagnetic Waves (SEWSs) providing large field
enhancement in all-dielectric structures are shown to be promising tool for
optical manipulation of dielectric microparticles. In our work, momentum
of the SEW at a one-dimensional photonic crystal/water interface is
experimentally demonstrated to be transferred to a 1-?m polystyrene
microsphere trapped by optical tweezers in the vicinity of the photonic
crystal surface. By means of optical microscopy, the interaction force
generated by the SEW evanescent field is shown to be large enough for
particles localization near the surface and propulsion along the SEW
propagating direction. Using photonic force microscopy, the force is
measured quantitatively as a function of the exciting beam angle of
incidence and the distance from the photonic crystal surface. The force is
shown to decay exponentially with moving off the surface at large distances,
but there is a surprising diminution of the force at surface/particle gaps
less than 150 nm. The maximum force of 0.25 fN at the exciting radiation
intensity of 1.6 kW/cm? is observed at the SEW excitation resonance. The
SEW-induced gradient force was estimated in the dipole approximation.
Because of the small width of the resonance (0.1° in our experiment), the
angular divergence of the exciting radiation should be taken into account.
The results are in a good agreement with the experimental data.
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9548-39, Session 10

Optical epitaxial growth of gold
nanoparticle arrays

Ningfeng Huang, The Univ. of Southern California (United
States); Luis J. Martinez, The Univ. of Southern California
(United States) and Ecole Normale Supérieure de Cachan
(France); Eric Jaguay, Michelle L. Povinelli, The Univ. of
Southern California (United States)

We demonstrate optical trapping of a periodic array of closely spaced

gold nanoparticles. To achieve the experimental result, we considered
competition between optical gradient forces and strong interparticle
interactions. We achieve control of the gradient forces using a photonic-
crystal template designed to create a periodic optical trapping potential. We
modeled the interparticle interactions using a kinetic Monte Carlo approach.
The results predict the formation of different particle superstructures (such
as chains or filled-in arrays) depending on lattice constant and symmetry.
Using the model prediction, we designed and demonstrated a template that
allows trapping of a regular periodic array.

9548-40, Session 10

Submicron particle manipulation using
slotted tapered optical fibers

Mark J. Daly, Viet Giang Truong, Sile Nic Chormaic,
Okinawa Institute of Science and Technology Graduate
Univ. (Japan)

Optical micro- and nanofibers (MNFs) have, in recent years, been used for
trapping and manipulating micron, and even submicron scale particles with
varying degrees of success. Despite their versatility, their applications to
the trapping of submicron particles without a high refractive index have
remained somewhat limited. To increase their performance in this regime,
we demonstrate the use of a slotted tapered optical fiber (STOF), which
was previously proposed in the context of cold atom trapping. This fiber
has an increased evanescent field via nanostructuring, hence increasing the
trapping strength for submicron particles. The structuring process consists
of the removal of a rectangular section of the fiber with a focused ion beam,
thus producing a region of increased electric field, when compared to that
of an unstructured fiber. The STOF, with typical slot dimensions of 20 um
by 300 nm, can be used to propel and trap submicron particles. Using 1064
nm trapping beams, which are propagated through a STOF, particles can
be localized to the slot region. We present the trapping and manipulation
of submicron fluorescent particles, with diameters in the range of 100 -
300 nm, using this novel fiber design, alongside a brief presentation of

the operational abilities and fabrication process of a STOF. The STOF’s
increased ability to trap submicron particles reliably within its evanescent
field may lead to future applications in particle sorting, particle counting,
and even opening up the possibility of performing in situ spectroscopic
measurements on STOF trapped particles.

9548-41, Session 11

Optical manipulation of single
microparticle for microfluidic flow rate
sensing

Yuan Gong, Univ. of Electronic Science and Technology of
China (China)

Sensitive flowmeter with large dynamic range is highly desirable for
microfluidic applications. We developed an optofluidic flow rate sensor, with
a dynamic range of 3 orders of magnitude and a minimum detectable flow
rate change (MDFRC) as low as 5 nL/min, based on optical manipulation

of a microparticle by a single mode fiber (SMF). A single polystyrene
microsphere was trapped on the optical axis by the 980nm laser emitting
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from SMF and the force balance between optical force and flow force was
used for sensing. The manipulation distance was detected as a function of
the flow rate. The measurement range of the flow rate is 20 - 22000 nL/
min with laser power of 11.43 mW to 146.31 mW. The maximum manipulation
distance is about 715 ?m. The MDFRC can achieve 5nL/min at low rate range
between 20 nL/min and 100nL/min which is 2 orders of magnitude better
than the state-of-the-art microfluidic flowmeters. At other ranges, the
MDFRC is around 5% of the measurand. The experimental results indicates
that the sensor has a good repeatability for flow rate measurement.
Theoretical analysis and numerical simulations were also provided and used
for experimental discussion.

9548-42, Session 11

Optically-induced circulation of dielectric
particles with fiber optic Bessel beam

Boram Joo, Sungrae Lee, Kyunghwan K. Oh, Yonsei Univ.
(Korea, Republic of)

Bessel beams are important for applications in optical trapping because
they have non-diffracting and self-reconstructing properties. Bessel

beams are usually generated by bulk optic systems using ring apertures or
axicons. We fabricated a fiber device to generate a Bessel-like beam that

is significantly more compact than a conventional bulk-optic Bessel beam
generation system. This Bessel beam generation(BBG) device is composed
of two fiber segments: a single mode fiber section and a coreless silica
fiber(CSF), both with diameter 125?m. The fundamental LPO1 mode from
the input SMF excites LPOm higher order modes in the CSF to form an
interferometric concentric intensity distribution similar to a Bessel function.
This alignment-free and micro-scale BBG device is well-suited for “Lab on a
Chip” systems.

In this experiment, the BBG devices are connected to 980 nm He-Ne laser
diodes. Three BBG devices are located inside a solution of polystyrene
beads(n=1.55, D=15?m) and water to form a 3-beam array. The polystyrene
beads are trapped by the beams and transported along the beam
propagation direction. At the points where the Bessel-like beams are
crossed, the bead changes its path from the initial trapping beam to the
next beam. We were able to change the bead’s path at a crossing of 120
degrees by utilizing the optical power difference between the beams. We
set up a triangular beam route with three BBG devices. By controlling the
speed and angular motion of the particles, we have demonstrated optically
induced circulation of particles along triangular routes. This technique

is applicable to the control of motion of living cells in a microscopic
environment.

9548-43, Session 11

Ultrathin optical fibers for particle
trapping and manipulation

Sile G. Nic Chormaic, Okinawa Institute of Science and
Technology Graduate Univ. (Japan); Aili Maimaiti, Okinawa
Institute of Science and Technology Graduate Univ.
(Japan) and Univ. College Cork (Ireland); Marios Sergides,
Ilvan Gusachenko, Viet Giang Truong, Okinawa Institute of
Science and Technology Graduate Univ. (Japan)

In recent years, optical micro- and nanofibres (MNF) have shown their
potential as trapping devices across a range of particle size regimes, from
atoms to microparticles. The fibers, with waist diameters close to or less
than the wavelength of the guided light, have unique properties due to

the strong evanescent field that extends from the waist region into the
surrounding environment. This field can have very high intensities for very
low guided light powers over the full length of the nanofiber, which is
typically a few millimeters. This provides experimentalists with a relatively
easy method of extending the interaction length between a tightly focused
light beam and the surrounding environment. To date, most work on micron
sized particles around optical MNFs has dealt with multiparticle trapping
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and propulsion, and has been limited to fundamental mode propagation
within the optical fiber. Research on higher order mode (HOM) particle
trapping and manipulation was avoided due to the difficulties in fabricating
MNFs that permit HOM propagation. Here, we report on HOM propagation
in MNFs and the speed enhancement that can be achieved for dielectric
particles moving under the influence of this mode. Optical binding using
HOMs in MNFs has also been investigated. Detailed simulations support the
experimental results and provide insight into the inter-dynamics of particle
assembly within the multiparticle chains.

9548-44, Session 12

Stochastic thermodynamics with a
Brownian particle in an optical trap
(Invited Paper)

Ignacio A. Martinez, ICFO - Institut de Ciéncies
Fotdoniques (Spain) and Ecole Normale Supérieure

de Lyon (France); Edgar Roldan, ICFO - Institut de
Ciencies Fotoniques (Spain) and Max-Planck-Institut

far Physik komplexer Systeme (Germany) and Grupo
Interdisciplinar de Sistemas Complejos (Spain); Luis Dinis,
Grupo Interdisciplinar de Sistemas Complejos (Spain)
and Univ. Complutense de Madrid (Spain); Pau Mestres,
ICFO - Institut de Ciencies Fotoniques (Spain); Juan M. R.
Parrondo, Grupo Interdisciplinar de Sistemas Complejos
(Spain) and Univ. Complutense de Madrid (Spain); Raul A.
Rica, ICFO - Institut de Ciencies Fotonigques (Spain)

Stochastic thermodynamics [1,2] is a recently developed framework to deal
with the thermodynamics at the microscope, where thermal fluctuations
strongly influence their behaviour. Typical such systems are colloids and
biomolecules or cells. These thermal fluctuations do not only lead to
Brownian motion, but to a continuous and unavoidable heat exchange
between the suspending medium and the particles, leading to a very
interesting phenomenology. In order to explore such phenomenology and
to test theoretical results obtained from stochastic thermodynamics, we
developed an “experimental simulator” of thermodynamic devices in the
microscale with an optically trapped bead that is subject to an external
noise that mimics a controllable thermal bath. The noise is applied by means
of electric fields acting on the charge of the trapped particle.

In this talk, | will present some of the results we obtained with this
simulator, demonstrating excellent control over the effective temperature
of the system and a control parameter. This allows us to perform a variety
of equilibrium and non-equilibrium thermodynamic processes [3-5]. In
particular, we were able to realize microadiabatic processes, where no

heat is exchanged on average between the particle and the medium [6].
This achievement allowed us to implement a Carnot microengine as a
concatenation of isothermal and adiabatic processes [7], whose theoretical
study is playing a key role in the foundations of stochastic thermodynamics.
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9548-45, Session 12

Auto correlation and relaxation time
measurements on metal oxide core:
dielectric shell beads in an optical trap

Shruthi S. lyengar, Praveen Parthasarathi, Rekha Selvan,
Sarbari Bhattacharya, Sharath Ananthamurthy, Bangalore
Univ. (India)

Optical Tweezers are capable of trapping individual particles of sizes that
range from sub micrometers to micrometers. By measuring the fluctuations
in the position of the trapped particle with time, one can compute the trap
strength experienced by the particle. It is reported that the trap strength
of a dielectric bead, increases linearly with increase in the power of the
trapping laser. The situation with metallic particles, however, is strongly
dependent on the particle size. Available literature shows that metallic
Rayleigh particles, despite having scattering no different from dielectric
particles of similar sizes, experience enhanced trap strengths due to larger
polarizability. On the contrary, micrometer sized metallic particles are
poor candidates for trapping due to high reflectivity. We report here that
core-shell (metal oxide-dielectric) micrometer sized beads are trapped like
dielectric beads, but with reduced corner frequency compared to ordinary
dielectric beads at the same laser power. We attribute this anomaly to

an increase in the temperature of the surrounding of the bead due to an
enhanced dissipation of the laser power as heat. The variation in the auto
correlation coefficients and thereby relaxation times of such beads with
laser power contrasted with that of ordinary dielectric beads supports our
claim. We propose to extend this work towards extracting hydrodynamic
correlations between beads where one is a heat source and study its
variation as a function of the inter bead separation.

9548-46, Session 12

Tailoring defects in colloidal crystals using
an external “non-affine” field

Saswati Ganguly, Indian Association for the Cultivation
of Science (India); Surajit Sengupta, TIFR Ctr. for
Interdisciplinary Sciences (India); Peter Sollich, King’s
College London (United Kingdom)

Thermal fluctuations of displacements of particles within a small sub-
volume in a two-dimensional colloidal crystal may be either affine or
non-affine. Displacements are fully affine only if the instantaneous positions
of all the particles in the sub-volume can be represented as an uniform
deformation of the ideal reference configuration. Mostly however, these
displacements are non-affine with the overall deviation from affine-ness
being measured by a well defined non-affine parameter X. We show that

X has all the characteristics of a thermodynamic variable and may be

tuned using the conjugate non-affine field h_X. We show further that the
largest contribution to X comes from displacements which are precursors
to the creation of elementary dislocation dipoles. Hence, tuning X also
automatically changes dislocation concentrations. Finally, we present a
proposal for an experiment aiming to construct h_X using laser tweezer
techniques. With presently available particle manipulation techniques

one can only increase the defect concentration by introducing dislocation
dipoles in colloidal crystals. Manipulating h_X, on the other hand, would
allow one to both increase or decrease X and, therefore, the defect
concentrations. Our method may find application in the study of the stability
of crystals or in the manipulation of mechanical properties of colloidal
crystals by external fields. A preprint presenting preliminary results from this
work is available at http://arxiv.org/abs/1502.00042.
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9548-47, Session 12

Plasticity avalanches for colloidal crystals
in dynamical optical traps

Cynthia J. Reichhardt, Los Alamos National Lab. (United
States); Danielle McDermott, Wabash College (United
States); Charles M. Reichhardt, Los Alamos National Lab.
(United States)

Colloidal assemblies are an ideal system in which to study general features
of equilibrium and nonequilibrium phenomena since, due to their size scale,
microscopic information about the particle configurations and dynamics
can be accessed directly. Additionally, recent advances in optical trapping
techniques permit the manipulation of colloidal particles at individual

and collective levels. Here we numerically examine a collection of charge-
stabilized colloids forming a triangular crystal that is placed in a quasi-
one-dimensional confining potential which could be created using optical
means. The potential depth is slowly increased to uniaxially compress the
colloidal assembly. During the compression process, colloid motion occurs
via both slow elastic distortions as well as short bursts or avalanches in
which plastic rearrangements of the colloids occur. These rearrangements
are associated with structural changes in the colloid lattice that make the
configuration more isotropic and permit new triangular arrangements to
fit in the trap. At high compression the avalanches are associated with row
reduction events for the number of colloids that fit across the width of

the confining potential. We also find that the colloid velocity distributions
during the avalanches have power law tails with exponents close to those
found for gliding dislocations. We also examine cases in which the colloidal
interactions are more complex and consist of both attractive and repulsive
components. Here we observe sharp transitions in which the entire structure
of the lattice can change, producing sudden volume-collapse type events
that result in the formation of a more compact colloidal lattice structure.

9548-48, Session 12

Combined magneto- and optofluidic
assembly of colloidal chains of
controllable length

Tao Yang, Ning Wu, David WM Marr, Colorado School of
Mines (United States)

Because of their unique characteristics, colloids have been used to
investigate the fundamental physics of soft materials including both
equilibrium phase behavior and kinetic processes. Unlike atoms, colloidal
sizes can be conveniently tailored and are typically large enough to be
probed individually with interaction strengths and effective ranges that can
be modulated over several orders of magnitude. Despite these significant
advantages, only relatively simple colloidal models such as spheres have
been created; such systems in turn assemble into crystals of fairly limited
symmetry, precluding the study of problems associated with complex
structure. To push towards the synthesis of more complicated colloidal
molecules, we use combined applied magnetic and anisotropic optical fields
to fabricate colloidal chains. By integrating these induced forces within
microfluidic channels and in flow, we grow colloidal chains one particle at
one time, mimicking step-growth polymerization. The key advantage of this
method is the ability to precisely control chain length and sequence, both
essential for studies of self-assembly. In this, chain length is determined by a
balance between the hydrodynamic shear stress, applied magnetic field, and
the optical forces applied. Once a desired chain length is achieved, we fix
the assembly in situ via the use of thiol-functionalized magnetic beads and
a functionalized polyethylene glycol crosslinker. With the ability to perform
directed assembly and irreversible fixation in flow, a route to the high-
throughput synthesis of colloidal molecules can be achieved.
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9548-49, Session 13

Controlling hydrodynamic interactions in
driven systems (/nvited Paper)

David B. Phillips, Rebecca F. Hay, Graham Gibson, Univ.

of Glasgow (United Kingdom); Stephen H. Simpson,
Institute of Scientific Instruments of the ASCR, v.v.i. (Czech
Republic); Miles J. Padgett, Univ. of Glasgow (United
Kingdom)

Hydrodynamic interactions in low Reynolds number environments, where
inertial forces are dominated by viscous ones, can give rise to some unusual
effects.

At the micro-scale, particles continually undergo random walks due to
the stochastic forces of Brownian motion. Nearby particles feel correlated
Brownian forces, and so their motion is coupled.

The addition of external forces on such particles induces more coupling,

as the flow-field generated around a moving particle in turn exerts
hydrodynamic forces on surrounding objects. Although the underlying rules
at play are well known, they can result in counter-intuitive behaviour, even in
simple systems.

In this work we study two such systems. Firstly we show that an optically
trapped microsphere in a time-reversible oscillating flow-field (created
by a nearby optically trapped microsphere driven in an oscillatory
manner) can exhibit a trajectory that breaks time-reversal symmetry.
This is a consequence of the competition between the time-dependent
hydrodynamic flow and the positiondependent optical force as the
microsphere moves in the harmonic potential of the optical trap. We
investigate the transfer of energy between the two hydrodynamically
coupled particles, and describe how the topology of the resulting
trajectories varies as the driven beads motion is altered.

Secondly, we study how such systems can exhibit yet more elaborate effects
by moving the driving optical traps according to feedback on the positions
of hydrodynamically interacting microspheres.

9548-50, Session 13

Hydrodynamic synchronisation in arrays of
hollow beams

Luke J. Debono, Univ. of Bristol (United Kingdom);
Stephen Simpson, Institute of Scientific Instruments of the
ASCR, v.v.i. (Czech Republic); Simon Hanna, Univ. of Bristol
(United Kingdom)

Hydrodynamic synchronisation has previously been observed in pairs

of simple rotors controlled by optical tweezers. In one scenario, pairs

of beads were driven on circular trajectories by moving Gaussian traps
[Kotar et al, PRL 11,228103 (2013)]; in another, rigid spheroids were

rotated by the angular momentum in vortex beams [Arzola et al, Opt.

Exp. 22, 16207 (2014)]. In both cases, synchronised motion resulted from
hydrodynamic interactions (HI). In the present computational study, we
examine the stochastic behaviour of ensembles of microspheres trapped

in the bright annuli of arrays of LG beams. In this model, the angular
momentum of the beams provides the azimuthal driving force, while HI

lead to synchronicity. The conditions for synchronisation are explored.
Intriguingly, synchronisation is more difficult to achieve as the number of

LG beams increases. This results from the long-range nature of Hl in the low
Reynolds number regime. In square arrays of rotors, the corner rotors are

in substantially different environments from those on the edges and on the
inside of the array, and experience correspondingly lower synchronisation
forces and lower velocities. On the other hand, patches of rotors moving in
concert tend to speed up, owing to the additive effects of the hydrodynamic
forces. The net result, for large arrays of rotors, is a fragile synchrony;
patches of synchronisation forming due to Hl, are constantly moving,
breaking up and re-forming due to stochastic forces. Learning to control the
synchronised motion of large arrays of rotors is viewed as an important step
in the development of micro-machines to deliver motion on the macroscopic
scale.
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9548-51, Session 13

Hydrodynamics of micro-objects near
curved surfaces

Shu Zhang, David Carberry, Timo A. Nieminen, Halina
Rubinsztein-Dunlop, The Univ. of Queensland (Australia)

Boundary walls have a strong influence on the drag force on optically
trapped object near surface. Faxen’s correction has shown how a flat surface
modifies the hydrodynamic drag. However, to date, the effect of curved
walls at microscopic scale on both translational and rotational movement

of micro-objects has not been studied. Here we describe our experiments
which aim to study the drag force on optically trapped particles moving
near walls with different curvatures.

The curved walls were made using 3D laser nano-printing (Nanoscribe),

and optical tweezers were used to trap micro-objects near the walls. The
translational and rotational motion of the optically trapped particle is related
to the drag coefficients. By monitoring the change in the motion of particle,
we determined the increase in drag force for particles translating or rotating
at different distances from surfaces with different curvatures.

These results are essential for calibrating the drag force on particles, and
thus enable accurate rheology at the micron-scale. This opens the potential
for microrheology under different conditions, such as within microdevices,
biological cells and studies of biological processes

9548-52, Session 13

Boundary element method for optical
force calibration in microfluidic dual-beam
optical trap

Mehmet E. Solmaz, Izmir Katip Celebi Univ. (Turkey);
Barbaros Cetin, Bilkent Univ. (Turkey); Besim Baranoglu,
Atilim Univ. (Turkey); Murat Serhatlioglu, Necmi Biyikli,
Bilkent Univ. (Turkey)

The potential use of optical forces in microfluidics environment enables
highly selective bioparticle manipulation [1, 2]. Manipulation could be
accomplished via trapping or pushing a particle due to optical field.
Empirical determination of optical force is often needed to ensure efficient
operation of manipulation. The external force applied to a trapped particle
in a microfluidic channel is a combination of optical and drag forces. The
optical force can be found by measuring the particle velocity for a certain
laser power level and the Faxen’s law [3] is applied as the multiplicative
correction factor for the proximity of the particle to the channel surface.
This method is not accurate especially for small microfluidic geometries
where the particle size is in Mie regime and is comparable to channel cross
section. In this work, we propose to use Boundary Element Method (BEM) to
simulate fluid flow within the microchannel with the presence of the particle
to predict drag force on the particle. This way, the drag force on the particle
will be determined accurately and the optical power will be calibrated. We
will perform pushing experiments in a dual-beam optical trap and extracted
the particle’s position information. We will then obtain the drag force

acting on the particle using BEM. We will also compare our results with the
traditional drag force correction factor.

9548-53, Session 13

Rotational behavior of oblate spheroids in
circularly polarized dual beam optical trap

Martin ?iler, Oto Brzobohat?, Institute of Scientific
Instruments of the ASCR, v.v.i. (Czech Republic); Alejandro
V. Arzola, Univ. Nacional Auténoma de México (Mexico);
Luka? Chvatal, Petr Jakl, Stephen H. Simpson, Pavel
Zemanek, Institute of Scientific Instruments of the ASCR,
V.Vv.i. (Czech Republic)
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We study the rotational dynamics of oblate spheroids in an optical trap
which is based on interference of two counter-propagating Gaussian
beams that are circularly polarized. Single spheroid may either rotate with
a frequency determined by its size and aspect ratio or it may be oriented
in a symmetric state where it is not rotating. The experimental results are
supported by numerical calculations based on Finite elements method and
T-matrix. Furthermore, a pair of spheroids display phase locking behavior
and the introduction of additional particles leads to yet more complex
behavior.

9548-54, Session 13

Spatial optical solitons in bidisperse
fluorescent nanocolloids

M. Yadira Y. Salazar Romero, Instituto de Investigaciones
en Materiales (Mexico); Juan Hernandez-Cordero, Karen

P. Volke-Sepulveda, Alejandro V. Arzola, Univ. Nacional
Auténoma de México (Mexico); Yareni Ayala, Univ Nacional
Auténoma de México (Mexico)

We report on the nonlinear effects of light propagation through a
fluorescent nanocolloid. The medium was formed by a bidisperse
suspension of fluorescent and nonfluorescent nanospheres of similar
diameters (60nm and 57nm, respectively) in distilled water. A CW laser
beam (532 nm wavelength) was focused into the nano-suspension,
generating a spatial optical soliton of a few millimeters in length as a result
of the compensation between beam diffraction and the self-focusing
nonlinearity. The threshold power and focusing conditions to create the
soliton were analyzed as a function of the pump power and hysteresis
effects were observed. We also varied the concentration of both types of
particles and the size of the nonfluorescent nanospheres and studied their
effect in the soliton formation. Thermal effects caused by the absorption of
the fluorescent particles are discussed.

9548-55, Session 13

Spatio-temporal formation of amyloid
aggregates by laser trapping of domain-
swapped dimeric cytochrome ¢

Ken-ichi Yuyama, National Chiao Tung Univ. (Taiwan);
Mariko Ueda, Satoshi Nagao, Shun Hirota, Nara Institute
of Science and Technology (Japan); Teruki Sugiyama,
National Applied Research Labs. (Taiwan); Hiroshi
Masuhara, National Chiao Tung Univ. (Taiwan)

Laser trapping of a focused laser beam has been employed to gather
molecules in solution spatio-temporally and realized the formation of a
small molecular assembly in the focal volume. When the small molecular
assembly evolves to a nucleus, it is grown outward from the focal spot, and
eventually a crystal or a dense liquid droplet is generated under certain
trapping conditions. In this paper, we present the spatio-temporal formation
of protein amyloid aggregate by laser trapping in solution. Protein amyloids
have recently attracted considerable interest because their accumulation

in vivo is related to serious diseases and they have unique morphology of
nanometer-scale fibrils. When a continuous-wave laser beam of 1064 nm
was focused into a D20 solution of domain-swapped dimeric cytochrome

¢ through an objective lens (100 magnification, NA = 1.4), the proteins were
gathered at the focal spot, and a particle-like small assembly was formed

in the focal volume. The small assembly greatly extended toward the
outside of the focal spot after a certain lag time and eventually reached a
diameter of over 10 ?m. Through a few kinds of analyses of the assembly,
we confirmed that the large assembly resultant from dimeric cytochrome ¢
consists of amyloid fibrils measuring several hundred nanometers in length
and 5-10 nm in diameter. This spatio-temporal formation of amyloids by
laser trapping is useful for fabricating and patterning amyloids as well as for
elucidating the dynamics and mechanism of amyloid formation.
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9548-56, Session 14

Behavior and applications of active
Brownian particles in complex and
crowded environments (/nvited Paper)

Giovanni S. Volpe, Bilkent Univ. (Turkey)

Active Brownian particles, also know as microswimmers and nanoswimmers,
have recently come under the spotlight, becoming the focus of the research
of many groups around the world from the physical and biophysical
communities alike. These swimmers are biological or manmade microscopic
and nanoscopic particles that can propel themselves. Their behavior can
therefore only be explained and understood within the framework of far-
from-equilibrium physics. Several microscopic biological entities perform
active Brownian motion, for example, when moving away from a poison or
towards a source of food; a paradigmatic example is the swimming behavior
of bacteria such as Escherichia coli. Inspired by these microorganisms,
researchers around the world have been developing artificial active particles
that can reproduce the swimming behavior of motile biological cells based
on very different and varied physical mechanisms; the reason for this
interest lies in the potential these manmade micro- and nanomachines

hold as autonomous agents for healthcare, sustainability and security
applications: for example, by enabling the targeted localization, pick-up and
delivery of nanoscopic objects with applications including bioremediation,
catalysis, chemical sensing and drug-delivery. In this talk | will review this
field of research and present some of my latest results.

9548-57, Session 14

Pattern formation for active particles on
optically created ordered and disordered
substrates

Charles M. Reichhardt, Dipanjan Ray, Cynthia J. Reichhardt,
Los Alamos National Lab. (United States)

There has been tremendous growth in the field of active matter, where the
individual particles that comprise the system are self-driven. Examples of
this class of system include biological systems such as swimming bacteria
and crawling cells. More recently, non-biological swimmers have been
created using colloidal Janus particles that undergo chemical reactions on
one side to produce self-propulsion. These active matter systems exhibit

a wide variety of behaviors that are absent in systems undergoing purely
thermal fluctuations, such as transitions from uniform liquids to clusters or
living crystals, pushing objects around, ratchet effects, and phase separation
in mixtures of active and passive particles. Here we examine the collective

effects of active matter disks in the presence of static or dynamic substrates.

For colloids, such substrates could be created optically in the form of
periodic, random, or quasiperiodic patterns. For thermal particles, increasing
the temperature generally increases the diffusion or mobility of the particles
when they move over a random or periodic substrates. We find that when
the particles are active, increasing the activity can increase the mobility

for smaller run lengths but decrease the mobility at large run lengths.
Additionally we find that at large run lengths on a structured substrate, a
variety of novel active crystalline states can form such as stripes, squares
and triangular patterns.

9548-58, Session 14

Study of microparticles’ anomalous
diffusion in active bath using speckle light
fields

Ercag Pince, Sabareesh K. P. Sabareesh, Bilkent Univ.
(Turkey); Giorgio Volpe, Univ. College London (United
Kingdom); Sylvain Gigan, Univ. Pierre et Marie Curie
(France); Giovanni S. Volpe, Bilkent Univ. (Turkey)
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Particles undergoing a stochastic motion within a disordered medium

is a ubiquitous physical and biological phenomenon. Examples can be

given from organelles as molecular machines of cells performing physical
tasks in a populated cytoplasm to human mobility in patchy environment

at larger scales. Our recent results showed that it is possible to use the
disordered landscape generated by speckle light fields to perform advanced
manipulation tasks at the microscale. Here, we use speckle light fields to
study the anomalous diffusion of micron size silica particles (5 ?m) in the
presence of active microswimmers. The microswimmers we used in the
experiments are motile bacteria, Escherichia coli (E.coli). They constitute

an active background constantly agitating passive silica particles within
complex optical potentials. The speckle fields are generated by mode
mixing inside a multimode optical fiber where a small amount of incident
laser power (maximum power =12 ?W/?m2) is needed to obtain an effective
random landscape pattern for the purpose of optical manipulation. We
experimentally show how complex potentials contribute to the anomalous
diffusion of silica particles undergoing collisions with swimming bacteria.
We observed an enhanced diffusion of particles interacting with the

active bath of E.coli inside speckle light fields: this effect can be tuned

and controlled by varying the intensity and the statistical properties of

the speckle pattern. Potentially, these results could be of interest for many
technological applications, such as the manipulation of microparticles inside
optically disordered media of biological interests.

9548-59, Session 14

Noise, fluctuations, and nonlinear
mechanical properties of living cells

H. Daniel Ou-Yang, Ming Tzo Wei, Dimitrios Vavylonis,
Sabrina Jedlicka, Lehigh Univ. (United States)

Living cells are a non-equilibrium mechanical system, largely because
intracellular molecular motors consume chemical energy to generate

forces that reorganize and maintain cytoskeletal functions. Persistently
under tension, the network of cytoskeletal proteins exhibits a nonlinear
mechanical behavior where the network stiffness increases with intracellular
tension. We examined the nonlinear mechanical properties of living cells by
characterizing the differential stiffness of the cytoskeletal network for Hela
cells under different intracellular tensions. Combining optical tweezer-based
active and passive microrheology methods, we measured non-thermal
fluctuating forces and found them to be much larger than the thermal
fluctuating force. From the variations of differential stiffness caused by the
fluctuating non-thermal force for cells under different tension, we obtained
a master curve describing the differential stiffness as a function of the
intracellular tension. Varying the intracellular tension by treating cells with
drugs that alter motor protein activities we found the differential stiffness
follows the same master curve that describes intracellular stiffness as a
function of intracellular tension. This observation suggests that cells can
regulate their mechanical properties by adjusting intracellular tension.

9548-60, Session 15

Using optical tweezers to assess the role
of inter-protein interactions in collagen
self-assembly (/nvited Paper)

Tuba Altindal, Marjan Shayegan, Evan Kiefl, Nancy R.
Forde, Simon Fraser Univ. (Canada)

Collagen is a structural protein which is capable of self-assembling into
hierarchical fibrillar structures. These structures form the basis of the
extracellular scaffolding in the connective tissues of vertebrates. Further,
collagen-based structures continuously remodel in a dynamic fashion.
Collagen self-assembly into fibrils relies on specific interactions between
these constituent proteins. Identification and characterization of these
interactions is crucial for our understanding of the extracellular environment
and cellular decisions prompted by this environment.

Here, we describe the results of the experiments where we probed the
frequency-dependent viscoelasticity of collagen solutions with intact and
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removed telopeptides using optical-tweezers-based passive microrheology.
Telopeptides are short non-helical regions at the ends of triple helical
collagen molecules, and their proteolytic removal results in a delay in

the onset of fibril formation. We find that the removal of telopeptides
significantly reduces elasticity of collagen solutions at timescales from ~10
msec to ~1sec. By examining the loss modulus, we also find that increasing
the concentration of telopeptide-intact collagen results in a growing non-
Maxwellian behavior at low frequencies. Telopeptides have previously been
postulated to bind transiently to specific sites on adjacent collagen triple
helices in solution, and thus may facilitate the otherwise less probable
alignment of two collagen molecules in proper register. Our microrheology
experiments provide evidence of increased strength and duration of
interprotein contact arising from the presence of telopeptides, critical in
catalyzing self-assembly of fibrillar collagen systems.

9548-61, Session 15

Viscoelastic properties of subcellular
structures measured by fluorescence
correlation spectroscopy

Jens-Christian D. Meiners, Rudra P. Kafle, Molly R.
Liebeskind, Univ. of Michigan (United States)

Mechanical quantities like the elasticity of cells are conventionally measured
by directly probing them mechanically. This, however, is often impractical,
and even impossible when subcellular structures inside living cells are
concerned. We use a purely optical method instead; an adaptation of
fluorescence correlation spectroscopy (FCS) to measure such mechanical
quantities in chromosomal DNA in live E. Coli cells.

FCS is a fluorescence technique conventionally used to study the kinetics of
fluorescent molecules in a dilute solution. Being a non-invasive technique,
it is now drawing increasing interest for the study of more complex systems
like the dynamics of DNA or proteins in living cells and cell membranes.
Unlike an ordinary dye solution, the dynamics of macromolecules like
proteins or entangled DNA in crowded environments is often slow and
subdiffusive in nature. This in turn leads to longer residence times of the
attached fluorophores in the excitation volume of the microscope and
artifacts from photobleaching abound that can easily obscure the signature
of the molecular dynamics of interest.

We present a method of calculating the intensity autocorrelation function
from the arrival times of the photons on the detector that maximizes the
information content while correcting for the effect of photobleaching to
yield an autocorrelation function that reflects only the underlying dynamics
of the sample. This autocorrelation function in turn is used to calculate the
mean square displacement of the fluorophores attached to DNA. By using a
suitable integral transform of the mean square displacement, we determine
the viscoelastic moduli for lambda-DNA solution and the DNA in E. coli. We
note that these mechanical quantities evaluated by an optical technique are
in good agreement with similar quantities measured by completely different
techniques.

9548-62, Session 15

Calibration of femtosecond optical
tweezer as a sensitive thermometer

Dipankar Mondal, Debabrata Goswami, Indian Institute of
Technology Kanpur (India)

We present the effects of a femtosecond perturbing heating source on an
optical tweezer. Our experiments involve a unique combination of a non-
heating femtosecond trapping laser at 780 nm with a femtosecond Infrared
(1560 nm) laser at low power (100-800 uW) to cause heating in the trapped
volume. We can control the temperature precisely around the optical trap
center with such an experimental system. The 1560 nm high repetition rate
laser acts as a resonant excitation source for the vibrational combination
band of the hydroxyl group (OH) of water, which helps to create the local
heating effortlessly within the trapping volume. We have observed for the
first time direct effect of temperature on the corner frequency deduced

Return to Contents +1 360 676 3290

SPIE.

NANOSCIENCE+
ENGINEERING

from power spectrum. This observation leads us to calculate the viscosity
as well as the temperature within the vicinity of the trapping zone. These
experimental results also support the well-known fact that the behavior
of Brownian motion is a response from optically trapped bead due to
temperature change of surroundings. Temperature rise near the trapping
zone can significantly change the viscosity of the medium. However, we
notice that though the temperature and viscosity are changing as per our
corner frequency calculations, the trap stiffness remains same throughout
our experiments conducted within the temperature range of about 20 K.

9548-63, Session 16

Three dimensional living neural networks

Anna M. Linnenberger, Meadowlark Optics, Inc. (United
States)

We investigate holographic optical tweezing combined with step-and-
repeat maskless projection stereolithography for fine control of 3D position
of living cells within a 3D microstructured hydrogel grid. PC12 cells were
chosen as a demonstration platform because they can easily differentiate
into neuron-like cells, exhibiting properties similar to neurons. PC12 cells

are positioned in the monomer solution with optical tweezers at 1064 nm
and then are encapsulated by photopolymerization of polyethylene glycol
(PEG) hydrogels formed by thiol-ene photo-click chemistry via projection of
a 512x512 spatial light modulator (SLM) illuminated at 405 nm. Fabricated
samples are incubated in differentiation media containing nerve growth
factor such that the PC12 cells cease to replicate and begin to form axon-like
structures. By controlling the position and direction of channels between
cells within the encapsulating hydrogel structure the formation of the
neuron-like circuits is controlled. The samples fabricated with this system
are a useful model for future studies of neural circuit formation, neurological
disease, cellular communication, plasticity, and repair mechanisms.

9548-64, Session 16

Multi-point optical manipulation and
simultaneous imaging of neural circuits
through wavefront phase modulation

Samira Aghayee, Dan Winkowski, Patrick Kanold,
Wolfgang Losert, Univ. of Maryland, College Park (United
States)

The spatial connectivity of neural circuits and the various activity patterns
they exert is what forms the brain function. How these patterns link to

a certain perception or a behavior is a key question in neuroscience.
Recording the activity of neural circuits while manipulating arbitrary neurons
leads to answering this question. That is why acquiring a fast and reliable
method of stimulation and imaging a population of neurons at a single
cell resolution is of great importance. Owing to the recent advancements
in calcium imaging and optogenetics, tens to hundreds of neurons in a
living system can be imaged and manipulated optically. We describe the
adaptation of a multi-point optical method that can be used to address
the specific challenges faced in the in-vivo study of neuronal networks in
the cerebral cortex. One specific challenge in the cerebral cortex is that
the information flows perpendicular to the surface. Therefore, addressing
multiple points in a three dimensional space simultaneously is of great
interest. Using a liquid crystal spatial light modulator, the wavefront of the
input laser beam is modified to produce multiple focal points at different
depths of the sample for true multipoint two-photon excitation.

9548-65, Session 16

Trapping and manipulation of bacteria
with circular Airy beams

Drew Bischel, Anna S. Bezryadina, Joseph C. Chen,
Zhigang Chen, San Francisco State Univ. (United States)
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In micromanipulation and optical trapping, rod-shaped objects have a
tendency to align along the propagation direction of the beam, which limits
simultaneous trapping and observation of the entire cellular structure.

We utilize a circular Airy beam (CAB) to optically trap rod-shaped and
multi-pronged bacteria in the observation plane and controllably stretch in
transverse direction. This is achieved by exploiting the outward transverse
acceleration of the autofocusing Airy beam, which acts as a radially outward
force along the poles of a bacterium in the sample plane. This beam can be
used to trap a multi-pronged bacterium by applying an evenly distributed
tunable lateral force to the parts of the cell caught within the adjustable
optical ring. We demonstrate that the CAB can be used as a tool to stretch
symmetric and asymmetrically mutated S. meliloti cells, as well as bacterial
clusters via its radial profile. This approach explores the use of the CAB

as a tool for micromanipulation and for studying cellular clustering and
aggregation, intercellular interactions, and viscoelasticity of cells with
nontrivial morphologies.

9548-66, Session 16

Label-free dynamic optical
chromatography for laser analysis of
biological samples

Alex V. Terray, U.S. Naval Research Lab. (United States)

Label-free Optical Chromatography is a transformative NRL grown
technology that is transitioning to industry. Over the last 12 years, this

NRL basic research program has matured from a simple experiment to
push a plastic particle with a laser against flow to a fully capable analytical
measurement and sorting instrument that measures the subtle optical
forces on micron sized particles and cells. This technology has been

used to distinguish the optical forces of Bacillus anthracis Sterne spores
for biological warfare agent detection and the optical forces of blood
components in the body. Recently, we have used this sensitive analysis
techniques to identify the host response in macrophage cells exposed to
Bacillus anthracis Sterne spores. Through a collaboration with our industry
partner LumaCyte, an NRL built prototype sits in UVA’s Flow Cytometry
Core Facility. Researchers are using it to study cancer, infectious diseases,
drug development and more. Because the technology is based on a
completely label-free method, the information revealed has the potential to
identify previously unknown changes in cells during infection or injury.

9548-67, Session 17

Listening to proteins and viruses with
nanoaperture optical tweezers (/nvited
Paper)

Reuven Gordon, Univ. of Victoria (Canada)

This talk will present a nanoaperture tweezer approach to measure the
acoustic spectra of viruses and single proteins. The approach, termed
extraordinary optical Raman (EAR), shows promise for uncovering the

structure and mechanical properties of nanoparticles as well as the effects
of their interactions.

9548-69, Session 17

Characterization of periodic plasmonic
nanoring devices for nanomanipulation
Marios Sergides, Viet Giang Truong, James R. Schloss,
Bishwajeet S. Bhardwaj, Sile G. Nic Chormaic, Okinawa
Institute of Science and Technology Graduate Univ.
(Japan)

We study the optical properties of hybrid gold nanodisk and nanohole
arrays and present experimental evidence of nanoparticle trapping using
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these devices. The fabrication procedure using electron beam lithography
(EBL) is also discussed. This hybrid design exhibits a splitting of the
resonance modes (low and high energy modes) due to the coupling of the
electromagnetic interaction between nanohole and nanodisk plasmons. The
devices demonstrate high plasmon resonance tunabilities from the visible
to the near-infrared region (NIR) by varying the periodicity, dimension of
the disks, and holes of the arrays. This enhancement in the NIR is highly
desirable for the purposes of biological sample manipulation where

photo damage is low. The characterization of the devices is achieved by
excitation using evanescent fields via the Kretschmann configuration. The
spectrometric measurements are conducted by monitoring the reflected
light at the prism-water interface and the dependency of the plasmon
resonance frequency on the incident angle and polarization is investigated.
Additionally, these devices consist of grooves connecting the hybrid
structures to each other. These regions provide further enhancement of the
local electric fields and play the role of the trapping sites. We demonstrate
multiple fluorescent dielectric nanoparticle trapping in these grooves.

The incident angle and polarization dependency is also considered in the
trapping experiments. The results provide good evidence of the potential of
this design to be used for the manipulation of biological samples with sub-
diffraction limit sizes.

9548-70, Session 17

Optical trapping of nanoparticles with
significantly reduced laser powers by
using counter-propagating beams

Chenglong Zhao, Thomas W. LeBrun, National Institute of
Standards and Technology (United States)

Gold nanoparticles (GNP) have wide applications ranging from nanoscale
heating to cancer therapy and biological sensing. Optical trapping of GNPs
as small as 18 nm has been successfully achieved with laser power as high as
855 mW, but such high powers can damage trapped particles (particularly
biological systems) as well heat the fluid, thereby destabilizing the trap.

In this article, we show that counter propagating beams (CPB) can
successfully trap GNP with laser powers reduced by a factor of 50 compared
to that with a single beam. The trapping position of a GNP inside a counter-
propagating trap can be easily modulated by either changing the relative
power or position of the two beams. Furthermore, we find that under our
conditions while a single-beam most stably traps a single particle, the
counter-propagating beam can more easily trap multiple particles. This
(CPB) trap is compatible with the feedback control system we recently
demonstrated to increase the trapping lifetimes of nanoparticles by more
than an order of magnitude. Thus, we believe that the future development
of advanced trapping techniques combining counter-propagating traps
together with control systems should significantly extend the capabilities
of optical manipulation of nanoparticles for prototyping and testing 3D
nanodevices and bio-sensing.

9548-71, Session 17

Plasmonic hybridization induced trapping
and manipulation of metallic nano-objects

Changjun Min, Shenzhen Univ. (China); Yuguan Zhang,
Nankai Univ. (China); Lichao Zhang, Xiaocong Yuan,
Shenzhen Univ. (China)

Hybridization in the narrow gaps between the surface plasmon polaritons
(SPP) along a metal surface and the localized surface plasmons (LSP)

on metallic nano-objects strongly enhance the electromagnetic field.
Here, we employ plasmonic hybridization to achieve dynamic trapping
and manipulation of metallic nano-objects (particle, nanowire, nanorod,
etc.) on a flat metal surface. We first reveal that metallic particles of
nanometer to micrometer sizes can be attracted and steadily trapped
due to the plasmonic hybridization in a plasmonic tweezers excited by

a highly focused radially polarized beam, instead of being repulsed by

a conventional optical tweezers due to high scattering force. Next we
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demonstrate that trapping and manipulating various metallic nano-objects
can be achieved by modifying the property of incident beam. We show
that plasmonic hybridization achieved by exciting plasmonic tweezers
with a linearly polarized laser beam could induce strong trapping forces
and large rotational torques on a single metallic nanowire. The position
and orientation of the nanowire could dynamically be controlled by the
hybridization-enhanced nonisotropic electric field in the gap. Based on
this technique, a plasmonic swallow tail structure is built to demonstrate
its potential in the fabrication of lab-on-a-chip plasmonic devices. This
work could provide a profound influence on manipulating various metallic
nano-objects and have an important contribution to plasmonic lab-on-a-
chip devices for quantum optics, optical characterization, spectroscopy, and
sensing applications.

9548-72, Session 17

Aggregation of gold nanorods by optical
forces for SERS biosensing in liquid
environment

Barbara Fazio, Antonino Foti, Cristiano D’Andrea, Elena
Messina, Valentina Villari, Onofrio M. Maragd, Norberto
Micali, Istituto per i Processi Chimico-Fisici (Italy); Pietro G.
Gucciardi, Consiglio Nazionale delle Ricerche (ltaly)

Here we report on a novel concept of label-free, all-optical SERS biosensor
for proteins detection in liquid, based on the laser-induced aggregation of
gold nanorods (NRs) in proteins buffered solution. Commercial gold NRs
dispersed in deionized water and capped with CTAB molecules are mixed
with the target proteins dissolved in PBS in a glass microcell. A laser beam
is then focused on a micron scale spot inside the liquid solution. Due to
radiation pressure, NRs-protein complexes thermally drifting through the
laser spot are pushed towards the bottom of the glass microcell. Here they
stick and accumulate, forming SERS-active aggregates. BSA has been used
as a model protein to test the sensor performances. We reach sensitivities
down to 10-7 M, whereas solution phase Raman spectroscopy of BSA is
already impossible at concentrations of 10-4 M. This methodology paves
the way to a new generation lab-on-chip sensors that implies user-friendly
experimental set up allowing for highly sensitive vibrational spectroscopy of
biomolecules in their natural habitat.

9548-73, Session 18

Tilted optical trapping of anisotropic
single crystal nanorod

Paul Brule-Bareil, Yunlong Sheng, Univ. Laval (Canada)

When a nanorod of typically d=100’s nm diameter and h=1-3 micrometers
length trapped in the optical tweezers, its orientation is along the trapping
beam axis for h/d > 2 and is normal to beam axis for h/d < 2. We report the
preliminary experimental observation that some anisotropic single crystal
nanorod was stably trapped at a tiled angle to the beam axis. We explain
the observation with the T-matrix calculation. In the anisotropic media,

as the divergence of is non zero, the conventional vector spherical wave
functions (VSWFs) do not individually satisfy the anisotropic vector wave
equation. Some new bases, such as the modified VSWFS and qVSWF, have
been proposed. Notice that the anisotropic nanorod is floating in the aquatic
isotropic medium, we make the VSWF expansions of the incident and
scattered fields in terms of , and the VSWF expansion of internal field in the
anisotropic nanorod in terms of . Both expansions are therefore legitimate.
The boundary condition was chosen as for the normal components of .

The internal field is represented as a sum of a set of compoment VSWF
expansions to gave better description with more expansion coefficients
and to help the convergence of the T-matrix solver. Our calculation showed
that when the optical axes of an anisotropic nanorod are not aligned to the
nanorod axis, the nanorod may be trapped at a tilted angle position where
the lateral torque is zero and its derivative is negative.
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9548-74, Session 18

Studies on shape anisotropy in red blood
cells

Argha Mondal, Basudev Roy, Sudipta Bera, Ayan Banerjee,
Indian Institute of Science Education and Research Kolkata
(India)

Red blood cells often demonstrate rotational motion (spin) inside optical
tweezers - a phenomenon that has been attributed to both shape
anisotropy and form birefringence induced due to the asymmetric shape,
resulting in a degree of ambiguity about the cause of such rotation. We
show by numerical simulations for a structure similar to RBCs’ having large
shape anisotropy, that the torque resulting from an imbalance in scattering
forces due to shape anisotropy is almost an order of magnitude higher
than that due to form birefringence. We also measure the entire Mueller
Matrix for a trapped RBC and observe that the measured retardance due
to form birefringence is similar to that numerically obtained in our model.
In addition, we probe an important signature of shape anisotropy - that of
a coupling between translational and rotational motion under the action
of the trapping force. We introduce a coupling term as a measure of the
shape anisotropy in the coupled Langevin equations, and numerically
demonstrate that the cross correlation would indeed depend significantly on
the value of the coupling term. We verify this experimentally by measuring
the translational and rotational Brownian motion simultaneously using a
quadrant photodiode. By trapping single RBCs’ of different degrees of shape
anisotropy, we demonstrate that the cross-correlation is indeed dependent
on the shape anisotropy and fits very well to the solution obtained for the
coupled Langevin equation numerically. Indeed, this could be a general
technique to determine the presence of any anisotropy in trapped objects.

9548-76, Session PWed

Low frequency dynamical stabilisation in
optical tweezers

Christopher J. Richards, Thomas J. Smart, Univ. College
London (United Kingdom); David Cubero, Univ. de Sevilla
(Spain); Philip H. Jones, Univ. College London (United
Kingdom)

It is well known that a rigid pendulum with minimal friction will occupy a
stable equilibrium position vertically upwards when its suspension point is
oscillated at high frequency. The phenomenon of the inverted pendulum
was explained by Kapitza by invoking a separation of timescales between
the high frequency modulation and the much lower frequency pendulum
motion, resulting in an effective potential with a minimum in the inverted
position.

We present here a study of an optical analogue of Kapitza’s pendulum that
operates in different regimes of both friction and driving frequency. The
pendulum is realised using a microscopic particle held in a scanning optical
tweezers and subject to a viscous drag force. The motion of the optical
pendulum is recorded and analysed by digital video microscopy and particle
tracking to extract the trajectory and stable orientation of the particle. In
these experiments we enter the regime of low driving frequency, where

the period of driving is comparable to, or greater than the characteristic
relaxation time of the radial motion of the pendulum with finite stiffness.

In this regime we find stabilisation of the pendulum at angles other than
the vertical (downwards) is possible for modulation amplitudes exceeding
a threshold value where, unlike the truly high frequency case studied
previously, both the threshold amplitude and equilibrium position are found
to be functions of friction. Experimental results are complemented by
analytical theory and Brownian motion simulations.
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9548-77, Session PWed

Laser trapping and assembling of
nanoparticles at solution surface studied
by reflection micro-spectroscopy

Shun-Fa Wang, Ken-ichi Yuyama, National Chiao Tung
Univ. (Taiwan); Teruki Sugiyama, National Applied
Research Labs. (Taiwan); Hiroshi Masuhara, National Chiao
Tung Univ. (Taiwan)

Nanometer-sized objects like nanoparticles, polymers, and amino acids can
be confined in the focal volume by conventional laser trapping in solution.
Interestingly, the trapping behavior at a solution surface is different from
that inside the solution, namely we have demonstrated laser trapping-
induced crystallization of amino acids at a solution surface. In this paper,
we present laser trapping dynamics of 200 nm polystyrene nanoparticles
at a solution surface studied by reflection micro-spectroscopy. When a CW
laser beam of 1064 nm was focused into a surface layer of the colloidal
D20 solution through an objective lens (60 magnification, NA = 0.9),
nanoparticle were gathered at and around the focal spot, and eventually a
nanoparticle assembly with a size much larger than the focal volume was
formed. The resultant assembly showed structural color in transmission
and backscattering images, meaning that constituent nanoparticles are
periodically packed in the assembly. The reflection micro-spectroscopy
revealed that the nanoparticle assembly has a reflection band in visible
region and the peak position is shifted to shorter wavelength with

the narrowing of band width during the assembly growth. This result
indicates that the nanoparticle packing structure in the assembly becomes
homogeneous with the decrease in inter-particle distance under the

laser irradiation. Turing off the laser led to the diffusion of constituent
nanoparticles, meaning that the assembly is temporarily formed under
dynamic force balance between optical trapping and inter-particle force.
Reflection spectra of the nanoparticle assembly were measured under
various laser trapping conditions, and we discuss the trapping and assembly
dynamics of nanoparticles based on the spectral change.

9548-79, Session PWed

Magnon-like properties of spin-3/2 chains

Jhon James J. Herndndez Sarria Sr., Univ. del Valle
(Colombia) and Ctr. for Bioinformatics and Photonics
(Colombia); Karem Cecilia C. Rodriguez Ramirez, Univ. del
Valle (Colombia)

Ultracold gases is optical lattices constitute an extraordinary tool for the
analysis of strongly-correlated gases under extremely well-controlled
condition. In this work, we study the magnon-like properties of repulsively
interacting spin-3/2 fermions in one-dimensional optical lattices. For large-
enough interactions, the system enters into the Mott-insulator regime with
maximally one fermion per site.

We perform the Holstein-Primakoff transformation to the fermionic system.
This is a useful technique based on the expansion of the spin operators in
terms of the creation and annihilation operators of the harmonic oscillator,
i.e. magnon-like position-operators. In this way, we obtain a spinless bosons
system described by an extended Bose-Hubbard model with a hole-like
lowest band. The magnon-like model involves single, pair and correlated
nearest neighbors hopping terms beside the on-site and nearest neighbor
interactions.

The magnetic phases present in the Mott-insulator of the spin-3/2 lattice
fermions namely the gapless spin liquid and the gapped spin Peierls
quantum phases, previously studied, are analyzed in the mirror frame

of their bosonic counterpart. Since the transformation is not linear and

the coupling between the oscillators has important consequences for
many properties of ordered systems, we perform the ground-state
characterization as a function of the spin-changing collision strength
including the calculation of several observables such as the magnetization
and spin-spin and dimer-dimer correlations in the magnon-like frame-work.

This kind of work pave the path of revealing magnetic phases signatures in
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the state-of-the-art spinless boson experiments. The many-body numerical
calculations are performed using the Matrix Product State formalism.

9548-80, Session PWed

Correlated fluctuations of optically
trapped particles

Thomas J. Smart, Christopher J. Richards, Univ. College
London (United Kingdom); Xian Han, National Univ. of
Defense Technology (China); Stefan Siwiak-Jaszek, Philip
H. Jones, Univ. College London (United Kingdom)

We present a study of correlated Brownian fluctuations between optically
confined particles in a number of different configurations. First we study
colloidal particles held in separate optical tweezers. In this configuration
the particles are known to interact through their hydrodynamic coupling,
leading to a pronounced anti-correlation in their position fluctuations at
short times. We study this system and the behaviour of the correlated
motion when the trapped particles are subject to an external force such
as viscous drag. The experiments are complemented by Brownian motion
simulations.

The second system considered is a chain of optically bound particles

in an evanescent wave surface trap. In this configuration the particles
interact both through hydrodynamic and optical coupling. Using digital
video microscopy and subsequent particle tracking analysis we study the
thermal motion of the chain and map the variation in fluctuation correlation
amplitude between pairs of particles. We further analyse the dynamics by
constructing the normal modes of the particle chain, extracting the mode
amplitudes and autocorrelation decay times.

Finally we examine the potential of these systems for probing fluctuation
theorems of thermodynamics when applied to systems of coupled or
interacting particles. In these systems with well-controlled coupling of

a well-defined number of particles we calculate the distribution of the
dissipation function (entropy production) in the system when one particle is
subject to an external driving force.

9548-81, Session PWed

Three-dimensional thermal noise imaging
of collagen networks

Tobias F. Bartsch, The Rockefeller Univ. (United States);
Martin D. Kochanczyk, Emanuel N. Lissek, The Univ. of
Texas at Austin (United States); Janina Lange, Friedrich-
Alexander-Univ. Erlangen-NuUrnberg (Germany); Ernst-
Ludwig Florin, The Univ. of Texas at Austin (United States)

Extracellular biopolymer networks show interesting mechanical properties
that are essential for living organisms. In particular, a highly nonlinear elastic
response to strain is seen, which gives biopolymer networks the ability

to comply with small stresses but resist to large ones. The macroscopic
mechanical properties have their origin in the properties of the individual
filaments and the properties of the network that they form, like cross-linking
geometry and pore size distribution. While the macroscopic properties

of biopolymer networks have been extensively studied, there has been

a lack of experimental techniques that can simultaneously determine
mechanical and architectural properties of the network in situ with single
filament resolution. Thermal Noise Imaging (TNI) is a novel scanning probe
technique that utilizes the confined thermal motion of an optically trapped
particle as a three-dimensional, noninvasive scanner for soft, biological
material. It achieves nanometer precision in probe position detection with
MHz bandwidth. Using feedback control we have recorded thermal noise
images on the micrometer scale inside a collagen | network for the first
time, extracting quantitative information about cross-linking geometry
and network architecture from the data. We are also able to quantify
filament fluctuations by monitoring the forward scattered light from the
collagen network structure. We find that the transverse fibril fluctuations
are negligible compared to their diameter, and cannot account for strain
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stiffening behavior. This is in agreement with recent models of stiff filament
networks and points towards elastic deformations and structural changes
as the origin of the nonlinear response to force. Thermal Noise imaging will
allow us to study network deformations and force distribution on the single
filament level under local and global stresses.

9548-82, Session PWed

A study of red blood cell deformability
in diabetic retinopathy using optical
tweezers

Thomas J. Smart, Christopher J. Richards, Rhythm
Bhatnagar, Univ. College London (United Kingdom); Carlos
Pavesio, Moorfields Eye Hospital NHS Foundation Trust
(United Kingdom) and Univ. College London (United
Kingdom); Philip H. Jones, Univ. College London (United
Kingdom); Rupesh Agrawal, Moorfields Eye Hospital NHS
Foundation Trust (United Kingdom) and Univ. College
London (United Kingdom) and Tan Tock Seng Hospital
(Singapore)

Red blood cells (RBCs) possess an ability to undergo significant cellular
deformation, allowing them to pass through capillaries in the human
microcirculation system whose diameters are smaller than their own. There
is evidence that diabetes mellitus impairs RBC deformability and it has
been suggested that this may be part of the cause of microangiopathy. A
common complication of diabetes mellitus, microangiopathy is a disease
that can cause capillaries to bleed, leak protein and slow the flow of blood.
In the eye, this may lead to diabetic retinopathy - microangiopathy in the
retina caused by high blood sugar levels, which can cause blindness.

Here we present an investigation into the deformability of RBCs in
patients with diabetic retinopathy using optical tweezers. We compare
the deformability with those of RBCs in healthy patients as well as to
those with other retinal vascular disorders: Behcet’s disease and birdshot
chorioretinopathy.

To extract a value for the deformability of RBCs we use a dual-trap optical
tweezers set-up to stretch individual RBCs. RBCs are trapped directly (i.e.
without micro-bead handles), so rotate to assume a ‘side-on’ orientation.
Video microscopy is used to record the deformation events and shape
analysis software is used to determine parameters such as maximum RBC
length. 3D imaging of individual RBCs is also performed using defocusing
microscopy to ascertain the radius, volume, surface area and sphericity
index to test the hypothesis that it is increased volume and sphericity index
of RBCs that leads to the decreased deformability of the pathological cells.

9548-83, Session PWed

Absortion model of different fluids in an
optical fiber trap using CFD

Jenny Emmanuelle Herndndez Zavala, Univ. Veracruzana
(Mexico); Hector H. Cerecedo, Univ. Autonoma
Veracruzana (Mexico)

It is important to determine the heat absorption of a fluid where a micro-
particle is merge in an optical fiber trap and to be capable to predict the
impact in the particle movement. In this sense, this document presents

a first approach to study the thermal behavior of an initially static fluid
radiated by infrared light (980nm, 100mW) transmitted by a single-mode
optical fiber, for this simulation temperature and radiation pressure are
calculated based on the intensity delivered by a laser diode.

With the help of Computing Fluid Dynamics (CFD) it is possible to study the
absorption of heat of a specific fluid due to thermal radiation. Experiments
show that as the particle moves along the axis, temperature decreases,
having the points of mayor temperature around the axis, with a different
thermal spectrum depending on the substance and heat model used.
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9548-84, Session PWed

Noticeable nonlinear optical effect in
plasmon-assisted radiation force

Masayuki Hoshina, Osaka Prefecture Univ. (Jordan);
Nobuhiko Yokoshi, Hajime Ishihara, Osaka Prefecture Univ.
(Japan)

For the optical manipulation of nanoparticles, the light of extremely high
intensity is required in order to gain the radiation force overwhelming the
effects of fluctuating environment. One of the ways to produce such a high
intensity field is to utilize localized surface plasmons (LSP) induced on the
metallic nanostructures [1]. Although there exist many works to investigate
and demonstrate the LSP-assisted optical manipulation [2], theoretical
analyses have been limited within the linear response theory. However,

the recent works of our group have revealed essential roles of optical
nonlinearity in resonant molecular trapping by the conventional method
[3]. Thus, considering the great enhancement of the field intensity by LSP, a
theoretical method incorporating the optical nonlinearity is also desired for
the system including arbitrary-shaped metallic structures.

In this work, we develop a new calculation method for the LSP-assisted
optical manipulation based on the quantum master equation combined
with the discrete dipole approximation method. This method enables us to
investigate the radiation force including the strong nonlinear optical effect
such as absorption saturation of the excited states. Our demonstration
reveals that the consideration of optical nonlinearity leads to significantly
different behavior of molecules near the resonant region even for the
incident intensity around a few kW/cm2.

[11S. Zhang, K. Bao, et al, Nano Lett. 11,1657 (2011). [2] M. L. Juan, M. Righini,
and R. Quidant: Nature. Photon. 5 349 (2011). [3] T. Kudo and H. Ishihara,
Phys. Rev. Lett. 109, 087402 (2012), Phys. Chem. Chem. Phys. 15, 14595
(2013).

9548-85, Session PWed

Three-dimensional trapping with a focused
Bessel beam

Yareni Ayala, Karen P. Volke-Sepulveda, Alejandro V.
Arzola, Univ. Nacional Auténoma de México (Mexico)

A Bessel beam generated with an axicon lens is focused by a low numerical
aperture objective lens to create an optical levitation trap. This configuration
allows a full three dimensional trapping of solid glass spheres of few microns
in diameter immerse in water. We establish a comparison with an optical
levitation trap generated with a Gaussian beam under the same focusing
conditions. In both cases the particles are lifted up in an axial position above
the focal region that depends on the incident power. The spatial stability

is investigated in both cases as a function of axial position, which in turn
depends on the input optical power.

9548-86, Session PWed

Non-radially symmetric dark-hollow
optical beams for manipulation elongated
microobjects

Aleksey P. Porfirev, Samara State Aerospace Univ. (Russian
Federation); Roman V. Skidanov, Image Processing
Systems Institute (Russian Federation)

We theoretically and experimentally investigate shaping of non-radially
symmetric dark-hollow optical beams (DHOBs) generated by superimposed
non-coaxial Bessel beams. Transverse dimensions of the traps can be
changed by varying a number of Bessel beams. Thus it is possible to adjust
the size of the trap to the size of the captured objects. We used scalar
theory diffraction to theoretically investigate shaping of DHOBs. Also

the generation of non-radially symmetric DHOBSs, especially by using the
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laser radiation with different wavelengths (from 400 to 1000 microns), is
experimentally investigated. In this experiments, we used EKSPLA NT200
series tunable laser systems (output wavelength range from 335 nm to

12 000 nm, Lithuania). We used diffractive optical elements and a spatial
light modulator PLUTO VIS (Holoeye Pluto-Vis, Germany) to demonstrate
experimentally the generation of DHOBs. Dynamically forming by a spatial
light modulator non-radially symmetric DHOBs can create a device to
manipulate elongated microobjects. Trapping of non-spherical particles is
essential for microassembling and driving microstructures in optofluidic
systems and for manipulating of biological microobjects, that are mostly
non-spherical.

9548-87, Session PWed

Creation of three-dimensional volume
chain under high numerical aperture
illumination

Jiming Wang, Nanjing Univ. of Aeronautics and
Astronautics (China)

Recently, the beams with unconventional polarization states have attracted
increasing interests in their generation, manipulation, and focusing. The
polarizations of this vector beams are spatially inhomogeneous in the
transverse cross-section. Generalized vector beams can be obtained through
engineering the phase, polarization and amplitude of the incoming beams.
For their unique properties, the beams meet potential applications in many
fields. As a new way to explore phenomenon and physics on nano-scale,
the focused field with desired intensity shaping and polarization structuring
in the focal volume has been investigated in a high-numerical-aperture
(NA) imaging system. In this paper, we attempt to construct a focused field
with a shape of complex chain. Here the three-dimensional uniform optical
chain consists of arrayed bubbles with high radial barrier and quasi-periodic
location. Except for this bubbles array along the optical axis, the dark

fields exist in the focused field. In the rz plane, the focused field presents a
volume feature of chain, so-called volume chain. Ten holes appear and six
of them exist beside the z-axis at r=0.42?. The six formed holes is located
at the cross section of the dark fields at r=0.42? and the other four arrange
along z-axis at r=0. This focused field as a tool can provide effective optical
manipulation. Optical bubbles generated by the vectorial beam have the
trapping capability of the low-refractive-index particles. The constructed
optical chain may be used as an effective tool for multiple particles trapping,
delivering and self-assembling.

9548-88, Session PWed

Single-shot multiphoton fabrication of
polygonized structures by a novel fresnel
zone lens via spatial light modulator

Chenchu Zhang, Dong Wu, Yanlei Hu, Jiawen Li, Zhaoxin
Lao, Bin Xu, Jiaru Chu, Wenhao Huang, Univ. of Science
and Technology of China (China)

Recently, annular beams has been developed to rapidly fabricate microscope
tubular structures via two-photon polymerization, but the distribution of
light field is limited to ring pattern. Here a novel Fresnel lens is designed and
applied to modulate the light field into a uniform quadrangle or hexagon
shape with controllable diameters. By applying spatial light modulator

to load the phase information of Fresnel lens, quadrangle and hexagon
structures are achieved through single exposure of a femtosecond laser.

A 37?6 array of structures is made within 9 seconds. Comparing with the
conventional holographic processing, this method shows higher uniformity,
high efficiency, better flexibility, and easy-operation. The novel approach
exhibited the promising prospect in rapidly fabricating structures such as
tissue engineering scaffolds and various shape tubular arrays.
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9548-89, Session PWed

Analysis of the phage lambda DNA
packaging motor by optical tweezers
measurements and site-directed
mutagenesis of residues involved in ATP
binding

Mariam Ordyan, Damian J. Deltoro, Douglas E. Smith, Univ.
of California, San Diego (United States)

We use optical tweezers to measure molecular-motor driven packaging of
single DNA molecules into single viral proheads. Analysis of the sequence
of the lambda gpA motor protein suggests it contains a “Walker A”-like

ATP binding region spanning amino acids K76 to S83 that is essential for
motor function. Systematic alteration of the amino acids in this region by
genetic mutations causes moderate to nearly complete impairment of viral
replicationOptical tweezers measurements of mutants exhibiting moderate
impairment in viral productionreveal clear impairments in DNA translocation
in every case. We characterize the impairments by determining motor
velocity distributions from ensembles of single-molecule packaging events.
Our findings support the hypothesis that this region corresponds to a
Walker A motif and shed light on the relative importance of different amino
acids within this region for DNA translocation. Relationships between the
functional roles and positions of specific amino acids in the protein structure
are explored via the use of a structural model based on homology with
other ATP binding proteins.

9548-90, Session PWed

Single-molecule mechanics of the
molecular spring that underlies hearing

Tobias F. Bartsch, Albert J. Hudpeth, The Rockefeller Univ.
(United States)

The astounding sensitivity, frequency selectivity, and dynamic range of
mammalian hearing result from the ear’s sensory receptors, the hair cells
of the inner ear. Atop each hair cell stands a hair bundle, a cluster of stiff
stereocilia, whose deflection causes mechanically gated ion channels to
open. One candidate for the mechanical element that converts bundle
deflection to a force capable of opening the channels is the tip link,

a biopolymer of cadherin molecules that connects pairs of adjacent
stereocilia. The link’s elasticity results both from the extensibility of
individual cadherin domains, which was recently explored by molecular-
dynamics simulations, and from the rearrangement of the domains relative
to each other, which is stabilized by Ca2+ binding and remains unexplored.

We show that the elasticity of the tip link’s constituents can be measured
in the physiologically relevant low-force regime by a single-molecule
experiment with a custom-built photonic force microscope. In our assay
thermal forces are exploited to sample the proteins’ energy landscapes. A
single protein molecule is positioned between a fixed glass substrate and
a probe nanoparticle held in a weak optical trap. The three-dimensional
spatial probability distribution of the probe’s thermal motion is measured
with nanometer precision and megahertz bandwidth by interfering on a
quadrant-photodiode the unscattered trapping beam with light scattered
forward by the probe. The protein’s energy landscape can be computed
directly from the measured spatial probability distribution.

We next intend to investigate the effects on the proteins’ energy landscapes,
and thus on their mechanical properties, of varying the Ca2+ concentration
and of pathologically relevant mutations.
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9549-1, Session 1

Interface design principles for high
efficiency organic semiconductor devices
(Invited Paper)

Adiitya D. Mohite, Los Alamos National Lab. (United
States)

Present day electronic devices are enabled by design and implementation
of precise interfaces that control the flow of charge carriers. However,
unlike the well-controlled interfaces in conventional electronics based on
silicon and other inorganic materials, organic semiconductor interfaces

are relatively poorly characterized and understood. Here, we describe

how precise manipulation and control of organic-organic interfaces using
interface modification strategies can overcome a long-standing bottleneck
of interface recombination at the donor-acceptor interface in an organic
photovoltaic device. These strategies lead to a dramatic increase in the
average power conversion efficiency by 2-5 times in a model bilayer system
and when applied to practical architectures like the bulk heterojunction
result in a dramatic increase in the overall efficiency from 4.1% to ~8.0 %.
Moreover, these interface strategies are applicable to a wide variety of
donor-acceptor systems,, making them both fundamentally interesting and
technologically relevant for achieving high efficiency organic electronic
devices.

In addition, | will also briefly describe our most recent work on organic-
inorganic perovskite solar cells. We have developed a new solution-
based hot-casting technique to grow continuous, pin-hole free thin-films
of organometallic perovskites with millimeter-scale crystalline grains.
Photovoltaic devices show hysteresis-free response, which had been

a fundamental bottleneck for stable operation of perovskite devices.
Characterization and modeling attribute the improved performance to
reduced bulk defects and improved charge-carrier mobility in large-grain
devices.

9549-3, Session 1

In situ transient optical studies of bulk
and interfacial recombination processes in
nanostructured photocatalytic materials
(Invited Paper)

Matthew Y. Sfeir, Kannatassen Appavoo, Mingzhao Liu,
Brookhaven National Lab. (United States)

Generating hydrogen-fuel by photoelectrochemical (PEC) water splitting is a
promising renewable energy technology and also a complex and fascinating
mesoscale science problem. Efficient photocatalytic water splitting requires
both a high quantum yield for transport of charge carriers to the reactive
interface (occurring on ps timescales) and for charge transfer (occurring on
ns and longer time scales). Using in situ ultrafast optical methods, we have
developed an experimental framework to separately measure recombination
losses during charge separation and interfacial charge transfer in
nanostructured semiconductor photocatalysts. This approach allows us to
quantify and understand the origins of differences in performance between
different materials through concurrent electrical characterization and in

situ optical studies carried out in a customized PEC cell. Using a transient
emission technique with sub-ps resolution, we preferentially probes the
photogenerated excitons and directly monitor parasitic recombination
processes that occur on timescales shorter than interfacial charge transfer.
Performing these measurements at various applied potential, we tune the
depletion region to direct the flow of photogenerated minority carriers and
to correlate the measured carrier dynamics to the electrical properties of the
photoelectrochemical device. Losses occurring on picosecond timescales
are found to represent a major loss channel in heavily doped nanostructured
photocatalytic materials, even when the size of the nanostructure is below
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its carrier diffusion length. Furthermore, this approach allows us to evaluate
the role of ultrathin (- 1 nm) surface layers, which, in our model system,
provides enhanced chemical activity in addition to reducing corrosion.

9549-4, Session 1

Avoding the kinetics of the bulk
heterojunction: self-assembled materials
and sequential processing for organic
photovoltaics (/nvited Paper)

Benjamin Schwartz, Univ. of California, Los Angeles
(United States)

One of the key issues with improving the efficiency of conjugated polymer-
based phovoltaics is controlling the nm-scale morphology of the two active
components. Typically, efficiency is optimized by trial-and-error: component
weight ratios, solvent additives, post-processing thermal annealing, etc.

are all used to attempt to obtain the desired bulk heterojunction (BHJ)
interpenetrating network. In this talk, we discuss some of our recent work
aimed at using alternate, more reproducible methods for controlling BHJ
morphology. We present results showing new amphiphilic semiconducting
polymers and fullerenes that spontaneously selfassembly into co-axial
cylindrical micelles in solution, and thus provide a built-in connected
network when cast into gels that form thin films. Photoexcitation of the
polymer in these systems produces separated charges on sub-ps time
scales, and the separated charges are stable for weeks to months in air-free
environments. The stability of the charge-separated pair can be controlled
by changing the gel morphology. We also show that sequential processing
of the polymer and fullerene components can provide an exquisite degree
of control of the nm-scale morphology of a BHJ, and that the degree

of crystallinity of the polymer controls both the amount of intercalated
fullerene and the geometry of the interpenetrating network.

9549-5, Session 2

Interfacial considerations in organo-halide
perovskite optoelectronics (/nvited Paper)

Paul Meredith, Qiangian Lin, Ardalan Armin, Dani Lyons,
Ravi Nagiri, Paul L. Burn, The Univ. of Queensland
(Australia)

The organo-halides perovskites have recently emerged as one of the leading
candidates for low cost, next generation thin film photovoltaics [1]. The
working principles of CH3NH3PbI3-based homojunction solar cells were
recently disclosed by Lin et al. [2] who proposed the material to be non-
excitonic with high static dielectric constant. Lin et al. also discussed the
origin of the cell Voc, suggesting that it arises directly from the difference

in work functions between the anode and cathode consistent with minimal
chemical potential loss across the perovskite homojunction. In this regard
the interface between the active layer and both electrodes is critical, and
this was demonstrated using a range of semiconducting polymers to modify
the anode electronics.

In our paper we will discuss these interfacial considerations, and also
highlight the differences between solution processed and evaporated
perovskites on various work function modified anodes. In principle, the

cell Voc could be optimised by increasing the electrode work function
difference, but in practise this is very difficult due to surface energy
considerations which control the morphology and quality of the subsequent
perovskite active layer. These principles are not only relevant to solar cells
but organo-halide perovskite optoelectronics in general.

[1] Liu et al., Nature 501, 395-398 (2013).
[2] Lin, et al., Nature Photonics, DOI:10.1038/NPHOTON.2014.284 (2014).
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9549-6, Session 2

Investigation on the initial photophysics in
hybrid perovskite-polymer solar cells

Jan C. Brauer, Univ. de Fribourg (Switzerland); Arianna
Marchioro, Univ. of Washington (United States); Yong Hui
Lee, Mohammad K. Nazeeruddin, Jacques-Edouard Moser,
Ecole Polytechnique Fédérale de Lausanne (Switzerland);
Natalie Baneriji, Univ. de Fribourg (Switzerland)

Perovskite solar cells based on alkali-metal halides represent an emerging
photovoltaic technology that has attracted a lot of attention in the scientific
community due to an incredible increase in efficiency over the last years
starting from 3-4 % in 2009 to a certified efficiency over 20% in 2015.
These performances rivaling the best thin-film photovoltaic devices in
combination with their ease of fabrication present a major breakthrough

in the quest for renewable energy devices. A variety of cell architecture
including the use of a mesopourous TiO2 or Al203 scaffolds, planar TiO2/
perovskite heterojunctions as well as architectures using purely organic
charge transport layers sandwiching the central perovskite layer have been
investigated in literature. While a lot of effort has been invested in order
to improve device performance, the fundamental understanding of the
involved mechanisms and material-properties is lagging behind.

In this work we investigate the early photophysics of hybrid perovskite-
polymer solar cells by means of ultrafast transient absorption spectroscopy
and THz spectroscopy. We were particularly interested in the charge transfer
reactions at the perovskite-TiO2 and perovskite-polymer interfaces since
theses reactions are crucial for the proper functioning of the cell. In this
regards we investigated the influence of the choice of the organic hole-
conductor with respect to the early time dynamics of the charge transfer
reaction as well as the quenching efficiency in comparison to the standard
organic hole-conductor spiro-MeOTAD.

9549-7, Session 2

Mapping the electrical properties of
methylammonium lead triodide perovskite
films using conductive tip atomic force
microscopy for photovoltaic applications

James G. Stanfill, R. Clayton Shallcross, Neal R. Armstrong,
The Univ. of Arizona (United States)

This paper focuses on our recent studies of the mapping of the electrical
properties of ultrathin methylammonium lead triodide (MAPbI3) perovskite
(PVSK) films on bare and chemically modified metal oxide surfaces through
conductive tip atom force microscopy (cCAFM). Despite the impressive
growth in PV efficiencies using PVSK active layers, we hypothesize that

the charge harvesting efficiencies in fully optimized PV platforms using
these active layers, especially those obtained by massively scalable
processing approaches, will be dependent upon PVSK crystal morphologies,
orientations, and energetic heterogeneity in ways that can be uniquely
probed by cAFM. Our approach has been to control nucleation free energy
of either the stoichiometric PVSK film (direct deposition), or the Pbl2
precursor (two-step deposition) using surface modifiers which vary in
polarity and functional groups that might incorporate into the Pbl2 or PVSK
during the initial 1-2 nm of film growth. Correlations will be shown between
differences in crystalline morphology, which low-index faces are exposed,
and the long range order in the PVSK lattice, with dark J/V behavior,

on substrates and with cAFM tips designed to produce either rectifying
behavior or a purely ohmic contact. These dark electrical properties are
correlated with band edge energetics and density-of-states observed
above the valence band edge, out to the Fermi energy, obtained with high
sensitivity UV-photoemission spectroscopies and finally to differences in PV
device performance.
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9549-8, Session 2

Induction of photocurrent by the hole
transporting layer to adjacent photoactive
perovskite sensitized TiO2 thin film for the
solar cell application

Sadia Ameen, Mohammed Nazim, Hyung-Kee Seo, Hyung-
Shik Shin, Chonbuk National Univ. (Korea, Republic of)

The high performance perovskite solar cell is fabricated using unique

and well-defined morphology of polyaniline nanoparticles (PANI-NPs) as
efficient hole transporting layer (HTL) with methyl ammonium lead iodide
perovskite (CH3NH3PbI3) as sensitizer to fabricate the high performance
perovskite solar cell. PANI NPs are simply synthesized by the oxidative
chemical polymerization of aniline monomer at 0-5 oC. The reasonable
solar-to-electricity conversion efficiency of ~-6.29 % with high short circuit
current (JSC) of ~17.97 mA/cm2 and open circuit voltage (VOC) of ~0.877

V are accomplished by Ag/PANI-NPs/CH3NH3PbI3/mp-Ti02/bl-Ti0O2/FTO
perovskite solar cell. The IPCE measurement reveals that the fabricated Ag/
PANI-NPs/CH3NH3PbI3/mp-TiO2/bl-TiO2/FTO perovskite solar cell presents
the maximum value of ~51% in the wavelength range of ~450-700 nm and
drops at longer wavelengths. The transient photocurrent and photovoltage
studies reveal that the fabricated solar cell shows better charge transport
time, diffusion coefficient, diffusion length and the charge collection
efficiency. Herein, the use of PANI NPs as HTL improves the charge carrier
generation and the charge collection efficiency of the fabricated solar cell.

9549-9, Session 3

Linking molecular features of conjugated
polymers, acceptors, and additives to the
blend morphology for organic electronics
applications (/nvited Paper)

Arthi Jayaraman, Univ. of Delaware (United States)

Organic solar cells consist of an active layer made of an electron donating
species (e.g. conjugated polymer) and an electron accepting species (e.g.
fullerene derivative). The efficiency of a solar cell is dependent on the
spatial organization or morphology of the donor and acceptor materials.
The donor-acceptor blend morphology is dependent on the chemistry
and architecture of the conjugated polymer and its interactions with the
acceptor material (fullerene derivatives), and other additive material. This
talk will present our recent work using theory and simulation techniques
to connect molecular features of polymers and nanoscale additives to the
blend/composite morphology, thereby guiding synthesis of new materials
for organic photovoltaic applications.

9549-10, Session 3

Describing and quantifying tightly packed
molecular aggregate properties using
innovative electronic structure methods
(Invited Paper)

Clémence Corminboeuf, Ecole Polytechnique Fédérale de
Lausanne (Switzerland)

Improving the performance of organic materials (e.g., charge-carrier
mobility in field-effect transistors) relies upon the adjustment of the
w-conjugated molecules or chains at the molecular level. A relevant and
efficient strategy consists in fine-tuning specific non-covalent interactions,
which dictate the lateral displacements, intermolecular distances and
relative orientation of the w-conjugated moieties. The use of efficient
computational schemes can be very useful to identify promising structural
patterns and analyze their electronic structure properties. This talk will
discuss novel electronic structure approaches capable of modeling and

spie.org/op Return to Contents



Conference 9549: Physical Chemistry of
Interfaces and Nanomaterials XIV

analyzing the structures, energies and properties of molecular assemblies
relevant to the field of organic electronics. Special emphasis will be placed
on molecular architectures designed to feature unusually close w-stacking
interactions. The proposed electronic structure approaches will range
from the DORI (i.e., density overlap region indicator) molecular descriptor
capable of visualizing and comparing the “electronic compactness” of
quatertiophene-based crystals and up to recently introduced density
functional-based schemes aiming at improving the electronic structure
description of large-sale systems and overcoming the obvious failures

of standard DFT methods. In this context, we will also address lingering
difficulties associated with the accurate description of ground and excited
state properties of molecular aggregates using standard density functionals
and post-Hartree-Fock approaches.

9549-11, Session 3

Diffusion, recombination, and photon
emission properties of interacting excitons
in semiconductor carbon nanotubes
(Invited Paper)

Andrei Piryatinski, Los Alamos National Lab. (United
States); David H. Dunlap, The Univ. of New Mexico (United
States); Oleksiy Roslyak, Fordham Univ. (United States);
Han Htoon, Los Alamos National Lab. (United States)

Semiconductor single-walled carbon nanotubes (SWCNTs) are near-perfect
1D materials with great potential for applications in opto-electronic and
photonic devices. Their unique optical properties are determined by highly
mobile interacting excitons. Motivated by recent experimental studies, we
examine competition between exciton diffusion dynamics and their local
interactions resulting in the exciton-exciton annihilation (EEA). Treating the
EEA as the exciton coalescence reaction, we propose a mean field model
based on non-linear diffusion equation for exciton density with generalized
time-dependent EEA coefficient. This model interpolates between short-
time Auger recombination and long-time diffusion-limited recombination
dynamics. While exciton key model parameters such as diffusion and

Auger recombination constants are physically independent quantity, we
demonstrate that environment disorder perturbing the exciton energy
landscape gives rise to their correlation. Our model based simulations reveal
important dependence of the exciton emission profile on exciton population
prepared by optical pule. These results are rationalized by partitioning
exciton density into spatial diffusion length segments that are identify as
independent quantum emitters. This coarse-grained model is further applied
to interpret the photon counting statistics available from 2nd order photon
correlation measurements. Provided exciton density is prepared on the
scale larger than exciton diffusion length (i.e., case of multiple independent
emitters), our calculations show strong photon bunching. Reduction of the
exciton density spread to the diffusion lengthscale causes photon anti-
bunching whose degree is limited by the strength of the EEA processes.
These findings have strong implications toward development of SWCNT-
based room-temperature single photon sources.

9549-12, Session 3

Impact of mesoscale order on open-circuit
voltage in organic solar cells

Carl Poelking, Max-Planck-Institut far Polymerforschung
(Germany); Max L. Tietze, Chris Elschner, Technische Univ.
Dresden (Germany); Selina Olthof, Dirk Hertel, Univ. zu
Koln (Germany); Bjérn Baumeier, Max-Planck-Institut fur
Polymerforschung (Germany); Frank Wuirthner, Julius-
Maximilians-Univ. Wirzburg (Germany); Klaus Meerholz,
Univ. zu Kéln (Germany); Karl Leo, Technische Univ.
Dresden (Germany); Denis Andrienko, Max-Planck-Institut
fur Polymerforschung (Germany)
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Structural order in organic solar cells is paramount: it reduces energetic
disorder, boosts charge and exciton mobilities, and assists exciton splitting.
Owing to spatial localization of electronic states, microscopic descriptions of
photovoltaic processes tend to overlook the influence of structural features
at the mesoscale. Long-range electrostatic interactions nevertheless probe
this ordering, making local properties depend on the mesoscopic order.
Using a technique developed to address spatially aperiodic excitations in
thin films and in bulk, we show how inclusion of mesoscale order resolves
the controversy between experimental and theoretical results for the
energy-level profile and alignment in a variety of photovoltaic systems, with
direct experimental validation. Optimal use of long-range ordering also
rationalizes the acceptor-donor-acceptor paradigm for molecular design of
donor dyes. We predict open-circuit voltages of planar heterojunction solar
cells in excellent agreement with experimental data, based only on crystal
structures and interfacial orientation.

Reference: Nature Materials, (2014) doi:10.1038/nmat4167

9549-13, Session 3

Modeling electric field-induced quenching
in conjugated polymers and oligomers

Christian M. Legaspi, Linda A. Peteanu, David J. Yaron,
Carnegie Mellon Univ. (United States)

The phenomenon of electric field-induced emission quenching is important
in organic light-emitting diodes which require the application of large
electric fields for their function. Past experimental work on light-emitting
polymers and oligomers showed that field-induced quenching (FIQ)
efficiencies are higher in non-rigid molecules such as poly(p-phenylene
vinylene) or PPV, than in similar, more planar molecules.(ref 1) Based on
this relationship, we proposed that the applied field enhances internal
conversion decay channels.(refs 2,3) The current study builds on this idea
by examining FIQ in PPV oligomers of varying length using computational
methods. Calculations performed at the INDO/S-CI level show the presence
of free electron-hole pair (FEHP) states which are stabilized by the uniform
external electric field. These FEHP states undergo an avoided crossing with
the fluorescent 1Bu bound exciton state at sufficiently high field magnitudes.
The magnitude of the electronic coupling between the FEHP and 1Bu

state, determined from these avoided crossings, is found to be a function
of the field at which these states cross. This function is universal in that it
applies across different length oligomers and across different FEHP states
on the same oligomer. A model for FIQ is developed by combining this
electronic-coupling function with Marcus theory and a simple model for the
surrounding dielectric medium. To better reproduce the gradual increase of
quenching with field seen in experiment (ref 3), inhomogeneous broadening
of state energies is also included. The resulting model yields reasonable
quantitative agreement with FIQ magnitudes, dependence on oligomer
length, and threshold field strengths at which quenching is observed.

(1) Moscatelli, A,; Livingston, K.; So, W. Y,; Lee, S. J.; Scherf, U.; Wildeman,
J.; Peteanu, L. A. Electric-Field-Induced Fluorescence Quenching in
Polyfluorene, Ladder-Type Polymers, and MEH-PPV: Evidence for Field
Effects on Internal Conversion Rates in the Low Concentration Limit. J. Phys.
Chem. B 2010, 114, 14430-14439.

(2) Smith, T. M,; Hazelton, N.; Peteanu, L. A.; Wildeman, J.
Electrofluorescence of MEHPPV and Its Oligomers: Evidence for Field-
Induced Fluorescence Quenching of Single Chains. J. Phys. Chem. B 2006,
10, 7732-42.

(3) Smith, T.; Kim, J.; Peteanu, L.; Wildeman, J. Electric Field Effects
on Internal Conversion: An Alternative Mechanism for Field-Induced
Fluorescence Quenching of MEHPPV and Its Oligomers in the Low
Concentration Limit. J. Phys. Chem. C 2007, 111, 10119-10129.

9549-15, Session 4

Singlet, triplet, electron and hole transport
along single polymer chains (/nvited Paper)

Matthew Bird, Brookhaven National Lab. (United States);
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Gina Mauro, Brookhaven National Lab. (United States) and
Dowling College (United States); Xiang Li, Brookhaven
National Lab. (United States); Lori Zaikowski, Brianne
Karten, Dowling College (United States); Sada Asauoka,
Kyoto Institute of Technology (Japan); Qin Wu, Hung-
Cheng Chen, Andrew Cook, John Miller, Brookhaven
National Lab. (United States)

The diffusion of singlet and triplet excitons along single polyfluorene chains
in solution has been studied by monitoring their transport to end traps.
Time-resolved transient absorption and steady state fluorescence were
used to determine fractions of excitons that reach the end caps. In order
to accurately determine the singlet diffusion coefficient, the fraction of
polymer ends that have end traps was determined through a combination
of NMR and triplet quenching experiments. The distributions of polymer
lengths were also taken into account and the resulting analysis points to a
surprisingly long singlet diffusion length of 34nm. Experiments on triplet
transport also suggest that the entire 100nm+ chain is accessible to the
triplet during its lifetime suggesting a lack of hindrance by defects or traps
on this timescale.

Pulse radiolysis microwave conductivity measurements were performed

on single chains of homo polymers and alternating donor-acceptor
copolymers. Through the careful addition of electron or hole scavengers,
the electron and hole mobilities could be independently extracted for a
series of common OPV polymers. A surprising result has been the similarity
of electron and hole mobility in polymers where quantum chemical
calculations would suggest large asymmetries in the localization of their
respective wavefunctions.

9549-16, Session 4

Cross-linking high-k fluoropolymer gate
dielectrics enhances the charge mobility in
rubrene field effect transistors

Jwala M. Adhikari, Enrique D. Gomez, Matthew R. Gadinski,
Qing Wang, The Pennsylvania State Univ. (United States)

Polymer dielectrics have the potential to incorporate the chemical and
mechanical flexibility of polymers into gate insulators. For example,
polymers can be functionalized with polar groups to enhance the dielectric
constant. Nevertheless, fluctuations in chain conformations at the
semiconductor-dielectric interface can introduce energetic disorder and
limit charge mobilities in organic thin-film transistors. Here we demonstrate
a photopatternable high-K fluoropolymer, poly(vinylidene fluoride-
bromotrifluoroethylene) P(VDF-BTFE), with a dielectric constant between
8 and 11. The bromotrifluoroethylene moiety enables photo-crosslinking
and stabilization of gate insulator films while also significantly enhancing
the population of trans torsional conformations in the chain backbones.
Using rubrene single crystals as the active layer, charge mobilities exceeding
10 cm2/Vs are achieved in thin film transistors with cross-linked P(VDF-
BTFE) gate dielectrics, in contrast to 4 cm2/Vs without crosslinking. We
hypothesize that crosslinking reduces energetic disorder at the dielectric-
semiconductor interface by suppressing segmental motion and controlling
chain conformations of P(VDF-BTFE), thereby leading to approximately

a three-fold enhancement in the charge mobility of rubrene thin-film
transistors over devices incorporating uncross-linked dielectrics or silicon
oxide.

9549-17, Session 4

The deactivation of a conducting polymer
Ricardo I. Tucceri, Univ. Nacional de la Plata (Argentina)

The aim of this work was to study the effect of prolonged potentiodynamic
cycling (PPC) on the conducting properties of poly(o-aminophenol) (POAP)
film electrodes. PPC reduces strongly the electron transport rate at POAP
films. This effect is called here deactivation. Cyclic Voltammetry (CV) and
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Rotating Disc Electrode Voltammetry (RDEV) were employed in this study.
The attenuation of the voltammetric response of the polymer with the
increase in the number of oxidation-reduction cycles allowed one to define
a degree of deactivation. RDEV was employed to obtain the dependence

of the electron-transport rate on the degree of deactivation of the polymer.
RDEV data were interpreted in terms of the electron hopping model. POAP
films maintain their conducting properties almost unaltered for about 500
potential cycles at a scan rate of 0.010 V s-1. However, a loss of conductivity
was observed as the number of potential cycles was extended beyond 500.
The slower electron transport with the increase in the degree of deactivation
was attributed to the increase of the electron hopping distance between
redox sites.

9549-18, Session 5

Excited state dynamics in next-generation
photovoltaic materials (/nvited Paper)

Cody W. Schlenker, Univ. of Washington (United States)

Interface states and defect states are often responsible for some of the most
interesting processes observed in next-generation solid-state optical devices
such as organic and hybrid photovoltaics. We explore these states in a

range of organic and hybrid materials by using transient optical absorption
spectroscopy and field-dependent excited state spectroscopy. In all-organic
systems, we find evidence for a connection between nanostructure and
charge recombination mechanisms that appears to be correlated with

the susceptibility of different interfacial spin states to be influenced by an
electric field. We will also discuss our recent work focused on using transient
optical spectroscopy to understand the role of photon energy and flux in
determining excited state population kinetics in hybrid systems.

9549-19, Session 5

Photo-induced electron transfer processes
in doped conjugated polymer films (/nvited
Paper)

Garry Rumbles, National Renewable Energy Lab. (United
States) and Univ. of Colorado (United States); Obadiah

G. Reid, Univ. of Colorado at Boulder (United States) and
National Renewable Energy Lab. (United States); Jaehong
Park, National Renewable Energy Lab. (United States);
Jessica Ramirez, Hilary Marsh, Univ. of Colorado at Boulder
(United States); Tyler T. Clikeman, Colorado State Univ.
(United States)

With increasing knowledge of the role of the different phases in the bulk
heterojunction organic solar cell, the primary site for charge generation is
now considered to be the mixed phase, and not the clean interface between
neat polymer and neat fullerene. To gain a better understanding of the
primary charge generating and recombination steps in this region of the
system, we focus our studies on the role of the solid-state microstructure

of neat polymers and light-doping of these polymers with a variety of
electron-accepting dopants at low concentration.

This presentation will describe some recent work on the doping of
polythiophene and polyfluorene derivatives with fullerenes, phthalocyanines
and perylenes, which provide a range of reduction potentials that serve to
control the driving force for electron transfer processes. Results from flash
photolysis, time-resolved microwave conductivity (fp-TRMC), femtosecond
transient absorption spectroscopy (fTA) and photoluminescence
spectroscopy will be presented.
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9549-20, Session 5

Using the Stark effect to understand
charge generation in organic solar cells

Natalie Baneriji, Univ. de Fribourg (Switzerland)

The photoactive material of organic solar cells commonly consists of

a conjugated polymer blended with a fullerene derivative, yielding a
complex network of intermixed and phase-pure domains. The charges

that are photo-generated in the blend create an electric field in their
vicinity, which can affect neighboring molecules and shift their absorption
spectrum (Stark effect). The corresponding electro-absorption signature is
a powerful tool to understand charge generation in the organic materials.
We have investigated pBTTT:PCBM samples with a variety of well-defined
microstructures, exploiting the Stark effect in two complementary ways.
First, we have studied the evolution of the electro-absorption signal present
in ultrafast transient absorption data (no external bias). This has allowed for
the first time to directly visualize the migration of charges from intermixed
to phase-pure regions, leading to significant insight to the still poorly
understood mechanism by which the neat domains favour spatial separation
of charges. Second, we have looked at the field-dependent generation and
transport of charges in full solar cell devices with externally applied reverse
bias, where the photo-generated charged cause a time-resolved reduction
of the electro-absorption induced by the external field.

9549-21, Session 5

Exciton dissociation at organic small
molecule donor-acceptor interfaces

Steven W. Robey, National Institute of Standards and
Technology (United States)

Exciton dissociation at organic semiconductor donor-acceptor (D-A)
heterojunctions is critical for the performance of organic photovoltaic
(OPV) structures. Interfacial charge separation and recombination processes
control device efficiency. We have investigated these fundamental interfacial
issues using time-resolved two-photon photoemission (TR-2PPE), coupled
with the formation of well-controlled D-A structures by organic molecular
beam epitaxy. The interfacial electronic and molecular structure of

these model interfaces was well-characterized using scanning tunneling
microscopy and ultraviolet photoemission. Exciton dissociation dynamics
were investigated by using a sub-picosecond pump pulse to create Pc
w?w* transitions, producing a population of singlet (S1) Pc excitons.

The subsequent decay dynamics of this population was monitored via
photoemission with a time-delayed UV pulse. For CuPcC60 interfaces, S1
exciton population decay in the interfacial CuPc layer was much faster than
decay in the bulk due to interfacial charge separation. The rate constant for
exciton dissociation was found to be = 7 x 10 12 sec-1 (= 140 fs). Excitons
that lose energy via intersystem crossing (ISC) to triplet levels dissociate
approximately 500 to 1000 times slower. The dependence of exciton
dissociation on separation was also studied. Exciton dissociation falls of
rapidly with distance from the interface. Dissociation from the 2nd, and
subsequent, layers of H2Pc is reduced by at least a factor of 10 from that

in the interfacial layer. Finally, investigations of the relative efficiency for
interfacial exciton dissociation by alternative acceptors based on perylene
cores, (perylene tetracarboxylic dianhydride, or PTCDA) compared to
fullerene-based acceptors such as C60 will also be discussed.

9549-22, Session 5

Fluorescence and UV/VIS absorption
spectroscopy studies on polymer blend
films for photovoltaics

Jan van Stam, Camilla Lindqgvist, Rickard Hansson, Leif K.
E. Ericsson, Ellen Moons, Karlstad Univ. (Sweden)

The quinoxaline-based polymer TQ1 (poly[2,3-bis-(3-octyloxyphenyl)
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quinoxaline-5,8-diyl-alt-thiophene-2,5- diyl]) [1] is a promising candidate
as electron donor in organic solar cells. In combination with the electron

acceptor [6,6]- phenyl-C71-butyric acid methyl ester (PC70BM), TQ1 has

resulted in solar cells with power conversion efficiencies of 7 % [2].

We have studied TQ1 films, with and without PC70BM, spin-casted from
different solvents, by fluorescence spectroscopy and UV/VIS absorption
spectroscopy. We used chloroform (CF), chlorobenzene (CB), and
o-dichlorobenzene (0-DCB) as solvents for the coating solutions and
1-chloronaphthalene (1-CN) as solvent additive. 1-CN addition has been
shown to enhance photo-conversion efficiency of these solar cells [2,3].
Phase-separation causes lateral domain formation in the films and the
domain size depends on the solvent [2,3]. These morphological differences
coincide with changes in the spectroscopic patterns of the films.

From a spectroscopic point of view, TQ1 acts as fluorescent probe and
PC70BM as quencher. The degree of fluorescence quenching is coupled

to the morphology through the distance between TQ1 and PC70BM.
Furthermore, if using a bad solvent for PC70BM, morphological regions

rich in the fullerene yield emission characteristic for aggregated PC70BM
[4]. Clear differences were found, comparing the TQ1:PC70BM blend films
casted from different solvents and at different ratios between the donor and
acceptor. The morphology also influences the UV/VIS absorption spectra,
yielding further information on the composition.

The results show that fluorescence and UV/VIS absorption spectroscopy
can be used to detect aggregation in blended films and that these methods
extend the morphological information beyond the scale accessible with
microscopy.

References:

[1]1 EWang et al., Adv. Mater. 2010, 22, 5240-5244.

[2] Y. Kim et al., Energy Environ. Sci. 2013, 6, 1909-1916

[3] R. Hansson et al., submitted.

[4]S. Cook et al., Chem. Phys. Lett. 2007, 445, 276-280.

9549-2, Session 6

Electronic coupling at hybrid organic/
inorganic interfaces (/nvited Paper)

Oliver L. A. Monti, The Univ. of Arizona (United States)

Hybrid organic / inorganic interfaces play a central role in organic
optoelectronics as charge harvesting layers or charge-recombination
layers. The properties that determine electronic structure, dynamics and
charge collection efficiencies are however at present poorly understood.
| will discuss recent results for the paradigmatic interface of organic
semiconductors with highly conductive ZnO films. Using a wide range of
steady-state and time-resolved spectroscopic approaches, | will show how
defect-driven strong electronic interactions determine interfacial energy-
level alignment, carrier dynamics on the sub-fs time-scale and device
function. These interactions can be controlled by judicious preparation
of the interface, with immediate consequences for carrier-harvesting
efficiencies.

9549-23, Session 6

Ultrafast excited-state dynamics at
interfaces: fluorescent DNA probes at the
dodecane/water interface (/nvited Paper)

Giuseppe Licari, Eric Vauthey, Univ. de Genéve
(Switzerland)

Although liquid/liquid interfaces play a key role in many area of science
and technology, their properties are only partially understood. Our strategy
to obtain an insight into these properties is to investigate the ultrafast
excited-state dynamics of environment-sensitive molecular probes at

liquid interfaces using time-resolved surface second harmonic generation
(SSHG), and to compare it with the dynamics of the same molecules in bulk
solutions. This approach gives additionally rich information on how the
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chemical reactivity may change when going from the bulk liquid phase to
the interface.

This will be illustrated by several examples, concentrating on results
obtained with several fluorescent DNA probes, such as YO (oxazol yellow)
and the homodimeric probe YOYO, as well as with chiral helicenium dyes.
Stationary and time-resolved SSHG measurements reveal substantial
differences in the structure and the excited-state lifetime of these DNA
probes at the interface compared to bulk water. For example, whereas
some of these dyes form H aggregates in agueous solution, J aggregation is
observed at the alkane/water interface. Similarly, the excited-state lifetime
of these flexible molecules increase substantially when going from the bulk
phase to the interface, pointing to higher friction.

The sensitivity of SSHG to the chirality of the interface has been used to
observe the intercalation of these dyes in B-DNA. Our effort to exploit this
sensitivity to measure temporal photoinduced changes of optical activity
and hence to monitor structural dynamics will be illustrated with results
obtained with helicenium dyes.

9549-24, Session 6

Absolute polaron yield generated in
donor-acceptor P3HT:fullerene bulk
heterojunction composites (/nvited Paper)

Saptaparna Das, Alia A. Latif, William Thornbury, Barry C.
Thompson, Stephen E. Bradforth, The Univ. of Southern
California (United States)

Broadband pump-probe spectroscopy over the entire time range (200 fs
to 500 ns) relevant to monitor the polaron generation and recombination
dynamics were performed on the bulk heterojunction composites of

poly (3-hexylthiophene) (P3HT) and poly(3-hexylthiophene-thiophene-
diketopyrrolopyrrole) (P3HTT-DPP-10%) with [6,6]-phenyl-C61-butyric
acid methyl ester (PCBM) as the acceptor. The modeling of the polaron
dynamics with the Debye-Smoluchowski diffusion model provides the
charge separation length at the polymer:fullerene interface. Using the
polaron cross-section obtained from the chemical doping measurements,
the computed polaron yield over the entire time range reveals how many
photo-generated charges are created and survive in P3HT:PCBM and P3HTT-
DPP-10%:PCBM bulk-heterojunction thin films.

9549-25, Session 6

Photoinduced carrier generation and
recombination dynamics of a trilayer
cascade heterojunction composed
of poly(3-hexylthiophene), titanyl
phthalocyanine, and C60

Jaehong Park, Obadiah G. Reid, Garry Rumbles, National
Renewable Energy Lab. (United States)

We demonstrated that the combination of flash-photolysis time-resolved
microwave conductivity experiments (fp-TRMC) and classic fs-ns pump-
probe transient absorption spectroscopy can serve to complement

each other and can be utilized to elaborate photoinduced carrier
generation and recombination dynamics for more complicated trilayer
cascade heterojunction system (P3HT/TiOPc/C60) composed of poly(3-
hexylthiophene) (P3HT), titanyl phthalocyanine (TiOPc), and C60. Carrier
generation following selective photoexcitation of TiOPc is independently
observed at both the P3HT/TiOPc and TiOPc/C60 interfaces. Moreover,
fp-TRMC results show that the yield-mobility product (???) of the trilayer
(P3HT/TiOPc/C60) exceeds the sum of ??? each bilayer (PZHT/TiOPc and
TiOPc/C60), suggesting that carriers generated at one interface undergo

a second charge transfer step at the other interface. Pump-probe transient
absorption spectroscopic studies probe carrier generation through hole and
electron transfer processes at the interfaces of P3HT/TiOPc and TiOPc/C60,
respectively. Each bilayer (P3HT/TiOPc) and (TiOPc/C60) exhibited ultrafast
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electron/hole transfer as well as exciton-diffusion limited processes. These
transient absorption results indicates that following initial charge generation
processes to produce P3HT++/TiOPc—+ and TiOPcs+/C60—+ at each
interface from (P3HT/TiOPc*/C60) via electron transfer and hole transfer
processes, the final charge separated product of (P3HT+/TiOPc/C60—s) is
responsible for the long-lived photoconductance signals in fp-TRMC.

9549-26, Session 6

Cause of absorption band shift of disperse
red-13 attached on silica spheres

Byoung-Ju Kim, Hyung-Deok Kim, Na-Rae Kim, Byeong-
Gyu Bang, Eun-Hye Park, Tea Wuk Kang, Kwang-Sun Kang,
Kyungil Univ. (Korea, Republic of)

A reversible color change and large absorption band shift have been
observed for the disperse red-13 (DR-13) attached on the surface of the
monodisperse silica spheres. Two step synthetic processes including
urethane bond formation and hydrolysis-condensation reactions were used
to attach the DR-13 on the surface of the silica spheres. After the reaction,
the characteristic absorption peak at 2270 cm-1 representing the -N=C=0
asymmetric stretching vibration disappeared, and the a new absorption
peak at 1700 cm-1 corresponding the C=0 stretching vibration appeared. A
visual and reversible color change was observed before and after wetting
in alcohol. Although the absorption peak of DR-13 in alcohol is at 510 nm,
the absorption peak shifts to 788 nm when it is dried. The absorption peak
shifts to 718 nm when it is wetted in alcohol. This result can be explained by
the formation of intramolecular charge transfer band.

9549-27, Session 7

Nano-optical spectroscopic imaging of
MoS2: probing 2D materials at the length
scales that matter (/nvited Paper)

James P. Schuck, The Molecular Foundry (United States)
No Abstract Available

9549-28, Session 7

Surface-enhanced, multi-dimensional
attenuated total reflectance spectroscopy
(Invited Paper)

Jan Philip Kraack, Univ. of Zlrich (Switzerland); Davide
Lotti, Univ. of Zurich (Switzerland); Peter Hamm, Univ. of
ZUrich (Switzerland)

Vibrational dynamics of molecules at solid-liquid interfaces attract attention
due to their involvement in heterogeneous catalysis.1 This includes simple
samples like small molecules (e.g., CO) and large organic molecules (e.g.,
self-assembled monolayers) on metallic substrates. It is therefore desirable
to develop spectroscopic techniques for obtaining surface-sensitive
molecular information.

We present a new method for delivering coherent, time-resolved two-
dimensional (2D) infrared (IR) spectra from adsorbates on metallic thin
films.2,3 The technique is based on reflection absorption spectra obtained
under total reflection conditions at interfaces of different refractive index
materials. Details of femtosecond 2D ATR IR spectroscopy are presented
along with benefits and challenges. 2D ATR IR spectroscopy is used to
resolve ultrafast interfacial dynamics of molecules on metallic thin films. We
characterize surface-enhancement effects due to the presence of the metal.
The experiments focus on the impact of different chemical environments
on samples vibrational dynamics. The technique is capable for a surface-
sensitive characterization of vibrational lifetimes, dephasing, spectral
diffusion and sample inhomogeneity. Finally, we discuss the future scope
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of 2D ATR IR spectroscopy regarding its applicability on more complex
samples such as heterogeneous photocatalysts or transient intermediates in
spectro-electrochemistry.

1H. Arnolds and M. Bonn, Surf. Sci. Rep. 65, 45 (2010).
2 J.P. Kraack, D. Lotti, and P. Hamm, J. Phys. Chem. Lett. 18, 2325 (2014).
3 J.P. Kraack, D. Lotti, and P. Hamm, J. Chem. Phys. submitted (2015).

9549-29, Session 7

Ultrafast carrier photogeneration dynamics
in polymer: fullerene solar cells probed by
photocurrent-detected two-dimensional
coherence spectroscopy (/nvited Paper)

Carlos Silva, Univ. de Montréal (Canada)

In solar cells that incorporate semiconductor polymers as electron donors
and fullerene derivatives as acceptors, a number of reports based on
ultrafast optical probes reveal that charges can be generated on timescales
significantly faster than ~100 fs in certain solid-state microstructures.
Techniques that have been applied in these studies include variants of
visible transient absorption and photoluminescence spectroscopy, terahertz
spectroscopy, time-resolved infrared spectroscopy, and femtosecond
stimulated Raman spectroscopy. These probes allow measurement of
population dynamics of relevant photoexcitations (excitons, polarons) but
do not reveal directly how these interact to produce photocarriers. Here, we
present a non-linear coherent spectroscopy, photocurrent-detected two-
dimensional spectroscopy (2DPC), which is an ultrafast optical thechnigue
belonging to a family of 2D Fourier- domain spectroscopies that allows
measurement of correlations between optical transitions induced by short
optical pulses. In our implementation, spectral correlations are detected
via the time-integrated photocurrent produced in a photovoltaic diode.
Four collinear ultrashort laser pulses (10 fs, centered at 600 nm in our
experimental setup) excite the semiconductor polymer in the solar cell,
with a variable delay that is independently controlled between each pulse
in the sequence. Each pulse separately excites a quantum wavepacket with
spectral phase and amplitude imparted by that pulse, while the effect of
the pulse sequence is to collectively excite multiple quantum coherences.
Interferences between the various combinations of the wavepackets
determine linear and non-linear contributions to the material optical
response. The fourth-order signal terms of the detected photocurrent are
read using phase-sensitive detection schemes with reference waveforms
corresponding to a modulation of specific phase combinations of the four
femtosecond excitation pulses. By scanning the time delay between the
pulses 1and 2, as well as that between pulses 3 and 4 (coherence times),
at a fixed delay between pulses 2 and 3 (population waiting time), one
measures a two-dimensional coherence decay function that is Fourier
transformed to produce a 2D photocurrent correlation excitation spectrum.
Measurement of such spectra at different population waiting times
provides insight into the role of spectral correlations and state coherence
in photocurrent generation in such complex functional materials. We focus
on solar cells produced by blends of a common carbazole-thiophene-
benzothiadiazole polymer, PCDTBT (the donor polymer), and PCBM (the
fullerene acceptor), in which we analyse the dynamics of total photocurrent
generation via the time evolution of diagonal and off-diagonal spectral
correlations. We address the role of vibronic coherence as well as resonant
tunneling in charge separation pathways on ultrashort timescales.

9549-30, Session 7

Controlling electron transfer in condensed
phase with bond specific Infrared
excitation (/nvited Paper)

Milan Delor, Paul A. Scattergood, The Univ. of Sheffield
(United Kingdom); Igor V. Sazanovich, Gregory M.

Greetham, STFC Rutherford Appleton Lab. (United
Kingdom); Anthony J. H. M. Meijer, The Univ. of Sheffield
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(United Kingdom); Anthony W. Parker, Michael Towrie,
STFC Rutherford Appleton Lab. (United Kingdom); Julia A.
Weinstein, The Univ. of Sheffield (United Kingdom)

The ability to direct chemical change by targeted external perturbation

is a long sought after gateway to controllable reactivity. Photochemically
driven electron transfer (ET), one of the few elementary processes, is a
particularly attractive target for such optical control. A key but elusive factor
that often determines the mechanism of ET is nuclear-electronic (vibronic)
coupling, known to considerably affect ultrafast photoinduced ET in a vast
range of biochemical systems. Vibronic effects are particularly difficult to
probe in condensed phase due to the convolution of multiple electronic

and structural processes occurring on ultrafast timescales. We use the
frequency-domain Transient 2-Dimensional Infrared (T-2DIR) pulse sequence
(UV pump, narrowband IR pump, broadband IR probe) to elucidate the
interplay between vibrational and electronic processes in charge transfer
complexes. We demonstrate the application of this technique to covalent
Donor-Bridge-Acceptor systems, where the Donor and Acceptor are
tethered together by a strongly IR-active Pt-acetylide bridge which is the
target for the IR pulse.

Using 400 - 470 nm excitation, we optically populate a gateway state
[D-B-AJ*, which branches over separate pathways, and then introduce a
~2-ps, ~15 cm(-1) IR-pulse to selectively perturb IR-vibrations coupled to a
charge-separation pathway. e show that vibrationally exciting intramolecular
bridge vibrations during visible-light induced ET between donor and
acceptor can result in substantial modulation of ET rates and photoproduct
yields, and in some cases, completely switches off charge-separation.

9549-31, Session 8

Exciton and polaron interactions in
self-assembled conjugated polymer
aggregates (/nvited Paper)

John K. Grey, The Univ. of New Mexico (United States);
Jian Gao, Lawrence Berkeley National Lab. (United States);
Alan Thomas, The Univ. of New Mexico (United States)

We study exciton coupling and interconversion between neutral and
charged states of different spin in pi-stacked conjugated polymer
aggregates. Rigorous self-assembly approaches are used to prepare
aggregate nanofibers that permit reliable control of polymer chain
conformational and packing (intra- and interchain) order within these
structures. Exciton coupling can be tuned between the H- and J-aggregate
limits which has important implications for determining the fates of excitons
and polarons. Single molecule intensity modulation spectroscopy was
performed on individual nanofibers and large quenching depths of emissive
singlet excitons by triplets are found in J-aggregate type structures.

We propose that high intrachain order leads to exciton delocalization

that effectively lowers singlet-triplet energy splittings thus increasing
triplet yields. Exciton-polaron and polaron-polaron interactions are next
investigated in both H- and J-type nanofibers where polarons are injected
by charge transfer doping. We find that the enhanced intrachain order of
J-aggregates enables efficient intrachain polaron transport and leads to
significantly larger doping efficiencies than less ordered H-aggregates. As
polaron densities increase, signatures of spin-spin interactions between
polarons on adjacent chains become appreciable leading to the formation
of a spinless bipolaron. Overall, these studies demonstrate the potential
for controlling and directing exciton and polaron interactions via tuning of
subtle intra- and interchain ordering characteristics of aggregates, which
could benefit various polymeric optoelectronic applications.

9549-32, Session 8

Controllable supramolecular architectures
for modulating the optical properties

Yongjun Li, Runsheng Jiang, Institute of Chemistry (China)

There is growing interest in the design of pi-conjugated systems that
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can self-assemble into uniform aggregates with specific shape and
novel functionalities. Indeed, an effective way to shape supramolecular
architectures is through molecular self-assembly technology based on
intramolecular, intermolecular, and molecule-substrate interactions. The
optical properties of the conjugated molecules can also be influenced
by different conformations and spatial arrangements, such as observed
in conformation-dependent fluorescent enhancement induced by laser
irradiation.

A thiophene-substituted perylene bisimide has been synthesized and
used to demonstrate a relatively simple associated approach to the
construction of nano- and microstructures with zero and two dimensions.
The thiophene substituted perylene bisimide showed conformation-
dependent hypochromatic shift and fluorescent enhancement behavior in
the solid state, which is induced by tuning the intramolecular charge transfer
from the trithiophene unit to the perylene bisimide through light-induced
conformation changes of the trithiophenes. The mechanism differs from
the fluorescent bleaching of normal solid-state fluorescent materials, and
suggests potentially important applications in optical devices. This work
demonstrates the importance of controlling molecular conformation in
molecular aggregation systems to modulate optical properties.

1.Y. J. Li, T. F. Liu, H. B. Liu, M. Z. Tian, Y. L. Li, Acc. Chem. Res., 2014,
47(4)1186-1198.

2.R. S. Jiang, Z. Xue, Y. J. Li, Z. H. Qin, Y. L. Li, D. B. Zhu, Eur. J. Org. Chem.
2014, 5004-5009.

3. Y. W. Yy, Q. Shi, Y. J. Li, T. F. Liu, L. Zhang, Z. G. Shuai, Y. L. Li, Chem. Asian
J. 2012, 7, 2904-2911.

9549-33, Session 8

Characterization of nano-sized iron
particle layers spin coated on glass
substrate

Sunil Dehipawala, Queensborough Community
College (United States); Pubudu Samarasekara, Rasika
Dahanayake, Univ. of Peradeniya (Sri Lanka); George
Tremberger Jr., Tak D. Cheung, Queensborough
Community College (United States); Harry D. Gafney,
Queens College (United States)

Nanometer scale iron particles have a variety of technological applications.
They are vastly utilized in optical and microwave devices. Thin films with
various compositions of iron (lll) nitrate and ethylene glycol were deposited
on glass substrate using the spin coating technique. The micro structures of
iron particles in films prepared under different conditions were investigated
using X-ray Absorption spectroscopy and Mossbauer spectroscopy.

9549-34, Session 8

Influence of the molecular orientation
on the optical properties and
photomodification of cyanine thin film

Anton A Starovoytov, ITMO University (Russian
Federation); Elena N. Kaliteevskaya, Valentina P.
Krutyakova, Tatiana K. Razumova, National Research
Univ. of Information Technologies, Mechanics and Optics
(Russian Federation)

Cyanine dyes have a good ability to form layers from solutions of organic
solvents. Due to the high polarizability of the electron cloud in the
conjugation chain, the cyanines are optical materials with large nonlinear
susceptibility. The photorecording cyanine layers are widely used in optical
discs. Photochemical switches with subpicosecond response time are
developed based on cyanine films. lonic cyanines are used in light-emitting
electrochemical cells.

The structural photomodification of the multicomponent cyanine thin
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films was studied. Samples were prepared by spin-coating of the ethanol
solution of cyanine dye on the glass substrate. The spectrum of the film
shows different bands of components, formed by dye molecules. Optical
properties of the films were determined by the relative concentrations of the
components and their orientation angles, which depend on the temperature
of the substrate during coating of the layer.

Photoinduced modification of the film structure was provided by laser
pulses (duration of 10 ns). Laser irradiation carried out in the absorption
range of different monomer and aggregate components of the films.
Photoinduced changes in the absorption spectra of film associated with
the variation of the relative concentrations of the components and their
orientation angles. The dependences of angle on the total photoexcitation
energy, which was determined by the number of laser pulses, had the form
of saturating functions. With increasing pulse energy, the limiting angles
grow. The limiting angle vs. pulse energy dependences are the saturating
functions. Maximum limiting angles depend on the initial orientation angles
of the component.

9549-60, Session 8

SHG techniques to investigate the surface
and the bulk of aqueous solutions

Anthony Maurice, Institut Lumiéere Matiére (France); Q.
Ma, Institut Lumiére Matiere (France) and Commissariat
3 'Energie Atomique (France); Fabrice Canto, Laurent
Couston, Commissariat a ’'Energie Atomique (France);
Olivier Diat, Institut de Chimie Séparative de Marcoule
(France); Emmanuel Benichou, Pierre-Francois Brevet,
Institut Lumiere Matiéere (France)

During the last years, ion extraction processes were widely used in industry
to separate and concentrate ionic species in solutions. These processes

are of considerable interest both from the fundamental and the industrial
point of view, particularly in the fields of ore extraction or nuclear waste
treatment. In all cases, the region of interest is the interface between

the two media, where the structure and the dynamics remain elusive. In
order to access the interface and the bulk solution at the same time with

a high contrast, we have developed a method based on second harmonic
generation, namely the conversion of two photons into a single one at the
sum energy

We will present our recent results obtained for simple multivalent cations
and different counter-anions, standard organic dye molecules and metallic
nanoparticles. SHG profiles of these species at air-liquid and liquid-liquid
interfaces exhibit two distinct regions. The first one corresponds to the
interface where the bulk centrosymmetry is broken whereas the second one
corresponds to the bulk volume of the phases where incoherent second
harmonic is generated. A general framework to describe these data sets will
be provided and the structure of the interface discussed in light of these
results.

9549-35, Session 9

Mapping optoelectronic processes at
their native length scale in perovskite PV
materials (/nvited Paper)

Alexander Weber-Bargioni, The Molecular Foundry (United
States)

No Abstract Available
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9549-36, Session 9

Interfacial energy landscapes of organic
semiconductors probed on the sub-
molecular scale by STM (/nvited Paper)

Sarah A. Burke, Agustin E. Schiffrin, Katherine Cochrane,
Martina Capsoni, Tanya Roussy, The Univ. of British
Columbia (Canada)

The inter- and intra- molecular energy transfer underlying applications

in electronics, optoelectronics and catalysis relies on both the spatial
distribution of electronic states and their energy level alignment across
interfaces. As models for organic photovoltaic and catalytic materials,

we are investigating well-controlled nanostructures of the organic
semiconductor PTCDA, and an iron-terpyridine coordination polymer.
Scanning tunneling microscopy and spectroscopy, operated in a
spectroscopic mapping mode, allows us to visualize position and orientation
of molecules alongside the spatial distribution of states and shifts in the
energy level alignments across these organic nanostructures. In small
clusters of PTCDA, we have found a pronounced shift in the energy level
alignment and change in the semiconducting gap of up to 0.5eV, likely

due to the abrupt change in the local polarization environment. This
interfacial energy level shift has potential consequences for electronic
devices and organic heterostructures for photovoltaics where the distinct
local environment of the interface would need to be considered. On-surface
coordination of iron-terpyridine chains was used to generate well-controlled
and clean metal-ligand complexes as a model for dyes and catalytic
systems. Taking inspiration for existing molecular complexes, this surface-
bound macromolecular system exhibits spatial and energetic characteristics
that mimic the molecular complexes, most notably showing a metal-
centered HOMO and ligand-centered LUMO that indicates a low-lying MLCT
optical excitation exploited in related photoactive dyes. In each of these
examples, the sub-molecular resolution spectroscopy yields high resolution
energetic and spatial information that can be used to understand the local
electronic landscape.

9549-37, Session 9

Super-resolution imaging with mid-IR
photothermal microscopy on the single
particle level

Zhongming Li, Gregory V. Hartland, Univ. of Notre Dame
(United States)

Photothermal microscopy, as a label-free imaging technigue, has achieved
single molecule sensitivity. However, the analytes are usually restricted to
be natural absorbers in the visible light region. Mid-IR imaging, on the other
hand, encounters difficulties of diffraction-limited spatial resolution and
scarcity of ideal detectors. Here we present Mid-IR photothermal heterodyne
imaging (MIR-PHI) microscopy, which overcomes the diffraction limit and

is universally applicable to any analyte. It can also provide spectroscopic
information for further identification. In MIR-PHI, a tunable Mid-IR pulsed
laser at 150 kHz is used as a heating beam to transmit thermal energy

to an analyte particle. Energy relaxation creates a temperature gradient,
changing the refractive index of the surrounding solvent and creating a
thermal lens around this particle. A collinear counter propagating probe
beam (a 532 nm CW laser) is modified by the thermal lens and generates a
super-resolution photothermal image. We studied 1.1 um polystyrene beads
on the single particle level using this technique. Images were recorded at
3030 cm-1, which corresponds to the strong absorption from aromatic C-H
stretches. Various solvents with different heat capacities and refractive
indices are tested for the best image contrast. Spectra were recorded in the
2.5t0 3.7 um and 5.4 to 9.6 um regions, which cover the majority of both
of the functional group frequency region and the fingerprint region. The
spectra obtained can be used to distinguish different materials. The wide
applicability and high sensitivity of this technique make it promising for
biological imaging and identification.
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9549-38, Session 10

Emergence of collective luminescence
in mesoscopic conjugated polymer
aggregates by coherent and incoherent
processes (/nvited Paper)

Jan Vogelsang, Thomas Stangl, Philipp Wilhelm, Univ.
Regensburg (Germany); Klaas Remmerssen, Sigurd Héger,
Univ. Bonn (Germany); John Lupton, Univ. Regensburg
(Germany)

Many applications of conjugated polymers depend critically on the nature of
excitation energy transport in these materials. Bulk measurements regarding
these processes have the inherent disadvantage that an average physical

or chemical mechanism is probed, which can mask important microscopic
mechanisms, taking place on smaller subunits. An example of this problem
is coherent coupling between multiple chromophores, which leads to
efficient energy transport and is therefore masked by photoluminescence
quenching in the bulk.

By employing single molecule and aggregate spectroscopy on well-defined
conjugated polymer chains and differently sized aggregates composed

of multiple chains, we unravel the following non-intuitive behaviour in the
material poly(phenylene-ethynylene): (i) aggregation by solvent vapour
annealing [1] of multiple chains leads to coherent coupling between
chromophores, best described in the context of H-aggregation [2] or
excimer-like states [3] and resulting in a ~10-fold increase in the excited
state lifetime. (ii) This coupling between chromophores in aggregates is

so efficient that photon anti-bunching occurs in aggregates consisting of
up to ~20 chains, even though single chains do not show such an effect.
(iii) Quenching, due to photochemical quenchers, becomes increasingly
dominant with increasing aggregate size, resulting in a strong blinking
behaviour of the photoluminescence. These incoherent quenching
processes, mediated by FRET, lead to a decrease of the excited state lifetime
in the aggregate and also to a decrease in the fidelity of photon anti-
bunching. Our results demonstrate that important intermolecular processes
take place in the mesoscopic size regime, which do not exist on the single
chain and are masked in the bulk, but influence the bulk properties.

[11 J. Vogelsang, T. Adachi, J. Brazard, D. A. V. Bout, and P. F. Barbara, (2011)
Nature Mater. 10, 942.

[2] M. Kasha, (1963) Radiation Res. 20, 55.
[3] S. A. Jenekhe and J. A. Osaheni, (1994) Science 265, 765.

9549-39, Session 10

Transient absorption microscopy studies
of single metal and semiconductor
nanostructures (/nvited Paper)

Paul Johns, Mary Sajini-Devadas, Gregory V. Hartland, Univ.
of Notre Dame (United States)

Single particle spectroscopy is capable of providing detailed information
about how differences in size, shape and environment affect the properties
of nanomaterials. In this talk results from transient absorption experiments
performed with diffraction limited spatial resolution will be presented.

This technique allows us to perform ultrafast measurements on single
nanostructures, and provides information about their dynamics that is
washed out in ensemble experiments. The systems that have been examined
to date include metal nanoparticles and nanowires, carbon nanotubes,

and semiconductor nanowires. The time scales of interest range from a
few hundred fs to several ns, and the results provide detailed information
about how nanomaterials interact with their environment. In particular,
recent results on the damping of the breathing modes of Au nanowires
will be described. These modes are impulsively excited by rapid heating
from the pump laser. Their damping strongly depends on the viscosity of
the surrounding medium. Analysis of the results for viscous to moderately
viscous solvents shows that viscoelastic effects have to be included

to properly describe the experiments. Viscoelasticity is normally only
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important in complex fluids, such as concentrated colloidal dispersions. It
appears here because of the high frequencies inherent to the vibrational
modes of nanomaterials. Imaging experiments that provide information
about the propagation of surface plasmon polaritons (SPPs) in metal
nanowires will also be described. These measurements have been used to
determine how the SPPs couple between nanostructures. This was achieved
by investigating Au nanowires with gaps that were created by focused ion-
beam milling.

9549-40, Session 10

Single-molecule methods to quantify
adsorptive separations (/nvited Paper)

Christy Landes, Rice Univ. (United States)

Interfacial adsorption and transport are the chemical and physical processes
that underlie separations. Although separations technology accounts for
hundreds of billions of dollars in the global economy, the process is not well-
understood at the mechanistic level and instead is almost always optimized
empirically. One of the reasons is that access to the underlying molecular
phenomena has only been available recently via single-molecule methods.
There are still interesting challenges because adsorption, desorption, and
transport are all dynamic processes, whereas much of the advances in
super-resolution imaging have focused on imaging static materials. Our

lab has focused in recent years on developing and optimizing data analysis
methods for quantifying the dynamics of adsorption and transport in porous
materials at nanometer-resolution spatial scales. Our methods include
maximizing information content in dynamic single-molecule data and
developing methods to detect change-points in binned data. My talk will
outline these methods, and will address how and when they can be applied
to extract dynamic details in heterogeneous materials such as porous
membranes.

9549-42, Session 10

Stability studies on promethazine
unexposed and exposed to UV laser
radiation

Agota Simon, Adriana Loredana Smarandache, Tatiana
Tozar, Viorel V. Nastasa, National Institute for Laser, Plasma
and Radiation Physics (Romania) and Univ. of Bucharest
(Romania); Ruxandra Pirvulescu, Univ. of Medicine and
Pharmacy Carol Davila (Romania); Mihail Lucian Pascu,
National Institute for Laser, Plasma and Radiation Physics
(Romania) and Univ. of Bucharest (Romania)

Since multiple drug resistance evolved, it became crucial to develop new
medicines and to improve the action of the existing ones. A method to cope
with these requirements consists in the generation of new photoproducts
with possible bactericide, fungicidal effects, by modifying the parental
compound at the molecular level by exposure to UV laser beam. This is
particularly applied on phenothiazines which are photosensitive non-
antibiotics.

The phenothiazine derivative Promethazine (PMZ), was investigated from
the point of view of its stability before and after exposure to UV laser
radiation. PMZ is a neuroleptic drug with antihistaminic, antiemetic and
anticholinergic properties.

Stability studies of samples are imperative prior to be used in preclinical
applications. PMZ solutions have been studied by pH measurements,
absoption spectroscopy, laser induced fluorescence and FTIR before and
after irradiation. Samples (exposed and unexposed to UV laser beam) of
different concentrations have been prepared, to examine their time stability
while kept in different conditions: laboratory temperature and exposed to
white light, laboratory temperature in the dark, fridge in the dark. This study
involved the exposure of solutions utilizing the 4th harmonic (266nm) of a
Nd:YAG pulsed laser beam. Stability measurements have been performed
monitoring samples evolution for long time intervals after exposure. First
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results about applications of irradiated phenothiazines samples on infected
rabbit eyes are reported.

Acknowledgements: The NILPRP authors acknowledge research financing
by CNCS - UEFISCDI by project number PN-II-ID-PCE-2011-3-0922 and by
the Ministry of Education via NUCLEU project PN 0939/2009. Smarandache,
Tozar and Nastasa were supported by POSDRU/159/1.5/5/137750.

9549-43, Session 11

Effect of surface stoichiometry and
interfacial interactions on ultrafast carrier
dynamics of crystalline CdTe (/nvited
Paper)

Xing He, Napat Punpongjareorn, Chengyi Wu, Karjini
Rajagopal, Ding-Shyue Yang, Univ. of Houston (United
States)

To improve the efficiency of optoelectronic devices, it is critical to
understand the carrier dynamics of photoactive materials and the
mechanisms involved, including those effects caused by different surface
stoichiometry and/or interfacial interactions. A good example is CdTe,
which exhibits cost-effective high performance in thin-film photovoltaic
cells; it is also known to show surface oxidation, which may affect device
efficiency and hence limit the production methods used. In this contribution,
we present ultrafast carrier dynamics of crystalline CdTe specimens with
different surface conditions using transient reflectivity measurements,
following a femtosecond above-gap excitation. The distinct differences
observed in the dynamics and the time constants for oxidized and
stoichiometrically restored specimens indicate the major role of surface
tellurium oxide on the relaxation of photoinduced carriers. The much slower
recovery observed on oxidized surfaces is attributed to a transfer (and
trapping) of electrons to the tellurium atoms with a high oxidation state,
which signifies a charge separation near the surface. To distinguish the
effect caused by oxygen adsorption, we also examined the carrier dynamics
of CdTe surfaces covered by a thin layer of water molecules for comparison.
These results, which show clear interfacial effects, may have broader
implications for the understanding of carrier dynamics in nanostructured
and polycrystalline specimens under different chemical environments, as
such materials exhibit a high surface-to-volume ratio.

9549-44, Session 11

Quadratic nonlinear optics of liquids: from
bulk to surfaces and interfaces (/nvited
Paper)

Anthony Maurice, Isabelle Russier-Antoine, Christian
Jonin, Emmanuel Benichou, Pierre-Francois Brevet, Institut
Lumiére Matiere (France)

Quadratic nonlinear optical processes entailing the conversion of two
photons at a fundamental energy into one photon with the sum energy

are gaining a wider interest over the years, fueled by the development of
highly spatially resolved microscopy technigues. These processes obey
strict parity rules in order to occur. They are for instance forbidden in media
possessing inversion symmetry like liquids. However this constraint may

be turned into a benefit when used in special cases where it is broken by a
small amount. One of these processes, second harmonic generation, namely
the degenerate process of photon addition, can thus be used to investigate
liquids on short scales, within the bulk or at the interface. This property will
be illustrated through several examples of nanoscale molecular organization.
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9549-45, Session 11

High resolution patterning electronic
polymers using dopant induced solubility
control (/nvited Paper)

Adam J. Moule, lan E. Jacobs, Jun Li, Stephanie L. Burg,
David J. Bilsky, Brandon T. Rotondo, Pieter Stroeve, Univ.
of California, Davis (United States)

Organic electronics promise to provide flexible, large-area circuitry such

as photovoltaics, displays, and light emitting diodes that can be fabricated
inexpensively from solutions. A major obstacle to this vision is that

most conjugated organic materials are miscible, making solution-based
fabrication of multilayer or micro- to nanoscale patterned films problematic.
Here we demonstrate that the solubility of prototypical conductive
polymer poly(3-hexylthiophene) (P3HT) can be reversibly “switched off”
using high electron affinity molecular dopants, then later recovered with
light or a suitable dedoping solution. Using this technique, we are able to
stack mutually soluble materials and laterally pattern polymer films using
evaporation of dopants through a shadow mask or with light, achieving
sub-micrometer, optically limited feature sizes. After forming these
structures, the films can be dedoped without disrupting the patterned
features; dedoped films have identical optical characteristics, charge carrier
mobilities, and NMR spectra as as-cast P3HT films. This method greatly
simplifies solution-based device fabrication, is easily adaptable to current
manufacturing workflows, and is potentially generalizable to other classes
of materials.

9549-46, Session 11

Effect of substrate on Scanning Kelvin
Probe Microscopy (SKPM) of interface
polarity at carbon nanotube/fullerene
junctions

Olivia Alley, Johns Hopkins Univ. (United States); Meng-Yin
Wu, Univ. of Wisconsin-Madison (United States); Josue F.
Martinez Hardigree, Johns Hopkins Univ. (United States);
Michael S. Arnold, Univ. of Wisconsin-Madison (United
States); Howard E. Katz, Johns Hopkins Univ. (United
States)

Using our method of SKPM of lateral junctions, we have observed the
interfacial potential between semiconducting carbon nanotubes and
phenyl-C61 butyric acid methyl ester (PCBM). The lateral junctions are made
using a fluoro-polymer based lithography and dry etching technique. We
determined that the polarity of this potential is reversed when the lateral
junction is made on Al203 compared to when it is made on SiO2. We did
not observe this reversal for a polyemer/PCBM junctions made on these two
substrates. There are several possible reasons behind this difference. First,
the carbon nanotube layer is thinner and more conductive than the polymer
layer, so the substrate will have more of an effect on the potential at the
surface. Additionally, others have found that insulators with larger dielectric
constants, such as Al203, alter the electronic states of adjacent organic
semiconductors (OSCs). This is both from greater dipolar disorder in the
insulator, and a greater degree of polaron formation in the OSC. We think
these effects extend to this situation, and lead to greater charge trapping
near the dielectric interface. It is only evident in the nanotube/PCBM system
because the effects only extend a few nm beyond the interface with the
insulator. The surface of the thicker polymer film therefore is not affected.
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9549-47, Session 12

Interface engineering to eliminate bias-
stress effect in quantum dot transistors
(Invited Paper)

Matt Law, Univ. of California, Irvine (United States)

Colloidal quantum dot (QD) solids are the subject of active research with
applications emerging in light-emitting diodes, field-effect transistors,

and solar cells. In this talk, | describe the use of atomic layer deposition
(ALD) infilling to engineer the surfaces and interfaces of PbSe QD films

in order to produce high-performance QD field-effect transistors (FETs)

that completely lack bias-stress effect (i.e., drain current transients caused
by charge trapping near the dielectric/channel interface). This ALD

“matrix engineering” approach includes steps designed to manage ligand
concentrations, passivate surface states, and arrest ionic motion within the
films, resulting in the first high-mobility (14 cm V-1s-1), environmentally
stable, and transient-free PbX QD transistors. Two bias-stress mechanisms in
QD FETs are identified and discussed. The implications of these mechanisms
for the operation of QD solar cells is highlighted.

9549-48, Session 12

Exciton formation dynamics in Si
quantum dots and functionalized CdSe
nanorods studied with time-resolved THz
spectroscopy

Matthew C. Beard, National Renewable Energy Lab.
(United States)

Time-resolved THz spectroscopy is typically used to probe the complex
photoconductivity in a non-contact fashion with sub-picosecond temporal
resolution. As such the THz spectra is sensitive to the nature of carriers
within nanostructures. We show that the THz probe can distinguish between
free-carriers and excitons. The THz probe therefore distinguishes the initially
produced hot-carriers from excitons that are formed on a longer timescale.
We report size-dependent exciton formation dynamics within colloidal
silicon quantum dots. We find that the exciton formation time increases
from ~600 fs - 1 ps, as the size of the QD is reduced. At longer delay times
we extract the exciton-polarizability, which follows an ~r"4 dependence,
consistent with previous reports for quantum-confined excitons. The ability
to differentiate between excitons and free carriers makes time-resolved
terahertz spectroscopy a powerful technique for understanding the complex
carrier relaxation processes that can occur in semiconductor nanocrystals.

We studied the exciton formation dynamics within methylene blue (MB)
sensitized CdSe nanorods (NRs). In the absence of MB, free charge-carriers
are initially produced that then form excitons within the CdSe NRs within ~
2 ps. In the presence of MB, photoexcited electrons reduce the MB within

~ 3 ps and the hole remains delocalized. In the subsequent 17 ps the hole
becomes localized on the reduced MB as it is trapped by the Coulomb
potential that arises from the reduced MB. Our results explain why dot-in-
rod systems work better than NRs in photocatalytic systems and should
allow for designing a better photocatalytic system based on CdSe NRs.

9549-49, Session 12

Tunable emission properties of Au
nanoclusters

Woong Young So, Anindita Das, Hee Young Byun,
Carnegie Mellon Univ. (United States); Santosh Kumar,
Henkel Corp. (United States); Rongchao Jin, Linda A.
Peteanu, Carnegie Mellon Univ. (United States)

Despite the significant interest in the fluorescence properties of gold
nanoclusters, the emission mechanism remains unclear. This study reports
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the fluorescence properties of two structural forms of Au25, a nano-sphere
(Au25PET18) and a nano-rod ([Au25(PPh3)10(PET)5CI2]2+) in several
different solvent environments. For both materials, the strongest emission is
observed for excitation at energies higher than the HOMO-LUMO gap of the
material with the nano-rod form being significantly more emissive than the
nano-sphere. Increasing the polarity of the solvent results in a substantial
enhancement of the emission intensity of the nano-rod which is evident

in both bulk studies and at the single-molecule level. This enhancement
effect requires the presence of the solvent and does not persist in the solid
state. In addition, the fluorescence maximum is strongly red shifted in more
polar solvents which suggest that the emitting state has a highly dipolar
character. Similar to what has been previously reported for CdSe quantum
dots and silver nanoparticles[1,2], the emission intensity of the nano-rod

in solution increased by up to 250% after illumination for several minutes

at relatively low laser powers. Implications of these observations for the
emission mechanism of gold nanoclusters will be discussed.

[11 Noseung, M.; Yoon, J.B.; Allen, J.B. Nano Lett. 2003, 3, 747-749

[2] Geddes, C.D.; Parfenov, A.; Gryczynski, L.; Lakowicz, J. R. J. Phys. Chem.
B 2003, 107, 9989-9993

9549-50, Session 12

Electronic logic gates from three-
segment nanowires featuring two P-N
heterojunctions

Huibiao Liu, Yuliang Li, Chinese Academy of Sciences
(China)

We have fabricated a novel heterojunction structure combining one
inorganic and two organic semiconductors. The different segments
exhibited distinct self-assembly behavior, allowing us to control the
production of 1D three-segment nanowires featuring two diodes in series
on two interfaces; the isolated organic/inorganic semiconductor wires
displayed the novel properties of a two-input OR logic gate. We suspect
that these devices might have applicability for fundamental research in the
field of nanoscience and to applications in the field of nanotechnology, with
great potential to produce new molecular electronic devices.

9549-51, Session 13

Photophysical versus structural properties
in hybrid lead-halide perovskites (/nvited
Paper)

Annamaria Petrozza, Istituto Italiano di Tecnologia (ltaly)

Hybrid perovskites represent a new, disruptive, technology in the field of
optoelectronics. They have the potential to overcome the performance limits
of current technologies and achieving low cost and high integrability. Hybrid
halide perovskite, e.g. CH3NH3PbX3 [X = Cl, Br, or 1], are usually deposited
as polycrystalline thin-films with variable mesoscale morphology depending
on the growth conditions. The obtained grain size ranges from tens to
thousands of nm. Over the last two years the impressive improvement of
photovoltaic performance has been driven by radical empirical evolution of
the device architecture and processing methodologies. However, there is a
considerable lack of understanding of material properties, both as pristine
films and their embodiment in a device.

Here we demonstrate that the electron-hole interaction is sensitive to the
microstructure of the material. We find that by control of the material
processing during fabrication both free carrier and Wannier excitonic
regimes are accessible, with strong implications for optoelectronic devices.
The long-range order of the organic cation dipole field is disrupted by
polycrystalline disorder introducing domain walls where dipole twinning
breaks down. The variations in electrostatic potential found for smaller
crystallites suppress exciton formation, while larger crystals of the same
composition demonstrate an unambiguous excitonic statel,2. In addition,
we demonstrate that it is also possible to design the emissive properties
for a single material composition by designing the processing routs3. By
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simply tuning the average crystallite dimension in the film from tens of
nanometers to a few micrometers, it is possible to tune the optical band gap
of the material along with its photoluminescence lifetime. We demonstrate
that larger crystallites present smaller bandgap and longer lifetime which
correlates to a smaller rediative bimolecular recombination coefficient.

We also show that they present a higher optical gain, becoming preferred
candidates for the realization of lasing devices.

[1] G. Grancini et al, The Journal of Physical Chemistry Letters, 5, 3836, 2014

[2] G. Grancini et al, Exciton Stabilization in Hybrid Lead-Halide Perovskites,
manuscript submitted.

[3] V. D’Innocenzo et al, Tuning the light emission properties by band
gap engineering in hybrid lead-halide perovskite Journal of the American
Chemical Society, 136, 17730, 2014

9549-52, Session 13

Effect of substrate surface free energy

on the optoelectronic and morphological
properties of organolead halide perovskite
solar cell materials

R. Clayton Shallcross, James G. Stanfill, Neal R. Armstrong,
The Univ. of Arizona (United States)

Here, we show how the surface free energy of the electron-collecting

oxide contact has a very pronounced effect on the nucleation free energy

of solution-processed organolead halide perovskite thin films, which
influences the crystal size/orientation, band-edge energies, conductivity
and, ultimately, the performance of solar cell devices. While a great deal

of the research community’s attention has been focused on the perovskite
deposition methodology (e.g., starting precursors, annealing conditions,
etc.), we demonstrate how the surface free energy of the oxide contact itself
can be modified to control morphology and optoelectronic properties of the
resulting hybrid perovskite thin films. The surface free energy of high-quality
oxide contacts deposited by chemical vapor deposition (CVD) and atomic
layer deposition (ALD) is modified by functionalization with a variety of self-
assembled monolayers. We explore a number of deposition methodologies
(e.g., a variety of single step and sequential step approaches) and their
effect on the morphological and electronic properties of the resulting
perovskite thin films deposited on these modified oxide contacts. Standard
atomic force microscopy (AFM) and its conductive analog (cAFM) show how
the oxide surface free energy ultimately affects the nanoscale morphology
and charge transport characteristics of these semiconductor films.
Photoelectron spectroscopy is used to elucidate the chemical composition
(e.g., X-ray photoelectron spectroscopy ? XPS), band edge energies (e.g.,
ultraviolet photoelectron spectroscopy ? UPS), and the presence of gap
states above the valence band (high sensitivity UPS measurements near the
Fermi energy) of the hybrid perovskite materials as a function of the oxide
surface free energy.

9549-53, Session 14

Optical processes in molecular junctions
(Invited Paper)

Abraham Nitzan, Tel Aviv Univ. (Israel); Michael Galperin,
Univ. of California, San Diego (United States); Maxim
Sukharev, Arizona State Univ. (United States)

The interaction of light with molecular conduction junction is attracting
growing interest as a challenging experimental and theoretical problem on
one hand, and because of its potential application as a characterization and
control tool on the other. From both its scientific aspect and technological
potential it stands at the interface of two important fields: molecular
electronics and molecular plasmonics. | shall review the present state of
the art of this field and our work on optical response, Raman scattering,
temperature measurements, light generation and photovoltaics in such
systems.
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9549-54, Session 14

Site models for including effects
of torsions and disorder on charge
and energy transport in organic
semiconductors (/nvited Paper)

David J. Yaron, Nicolae M. Albu, Christopher R. Collins,
Christian M. Legaspi, Carnegie Mellon Univ. (United States)

In organic molecules with extensive pi conjugation, the motion of

charge and energy is strongly influenced by disorder and motion in the
torsional degrees of freedom. Site models provide a computationally
efficient description and make it possible to carry out the ensemble

and time averaging needed to gain insight into the phenomena. The
development of site models from quantum chemical calculations on a

large set of representative oligomers will be discussed. An important
feature of conjugated polymers, that is well described by site models, is

an increase in the torsional barrier in the vicinity of an exciton or charge.
This leads, for instance, to rapid planarization of the excited state following
photoexcitation. A Brownian dynamics model of this excited-state relaxation
reveals universal behaviors that apply across a wide range of polymer
systems. Among these universal features is the prediction of two timescales
for the relaxation such that short-time and longer-time dynamics differ
substantially. Similar to the planarization associated with photoexcitation,
oxidation or reduction to form a charge on the polymer increases the
torsional potential and so leads to self-trapping of the charge on a
planarized region of the polymer. Our models suggest that the solution-
phase charge mobility, as measured by microwave reflectivity, is established
by the stochastic motion of this planarized, charged region along the
polymer chain.

9549-55, Session 14

Size-dependent Hamaker constants for
silver and gold nanoparticles

Pavlo Pinchuk, Ke Jiang, Univ. of Colorado at Colorado
Springs (United States)

Hamaker-Lifshitz constants are material specific constants that are used to
calculate van der Waals forces between colloidal particles. Typically, these
constants do not depend on the size of the interacting particles in the
colloids. According to the Lifshitz theory, the Hamaker-Lifshitz constants can
be calculated by taking integrals that include dielectric permittivity of the
interacting particles as a function of the frequency. The complex dielectric
permittivity of the interacting metal nanoparticles can be calculated by
using the Drude model that describes the response of free conducting
electrons to the external excitations. Usually, the complex dielectric
permittivity of bulk metals does not depend on the size of the interacting
objects. However, metal nanoparticles with sizes smaller than the mean free
path of the electrons in the bulk metals exhibit size-dependent dielectric
complex permittivity. The size dependence of the complex dielectric
permittivity is the result of the scattering of the free conduction electrons
from the surface of the nanoparticles. This leads to the size dependence

of the Hamaker-Lifshitz constants for metal nanoparticles. In this work we
show theoretically that scattering of the free conducting electrons inside
silver and gold nanoparticles with the size of 1- 50 nm leads to their
size-dependent Hamaker-Lifshitz constants. We calculate numerically the
Hamaker-Lifshitz constants for silver nanoparticles with different diameters.
The results of the study might be of interests for understanding colloidal
stability of metal nanoparticles.

9549-56, Session 14

Effect of excess charge on metallic
nanoclusters

Shideh Ahmadi, Nanyang Technological Univ. (Singapore);
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Xi Zhang, Shenzhen Univ. (China); Yinyan Gong,
China Jiliang Univ. (China); Changqging Sun, Nanyang
Technological Univ. (Singapore)

Charged Ag, Cu, Pt, and Rh nanostructures have attracted enormous
research interest recently due to their unique properties comparison with
their bulk counterparts. The effect of excess charge on metallic nanoclusters
with Cuboctahedral and Marks decahedral structures has been studied
using density functional theory (DFT) calculations, bond order-length-
strength correlation (BOLS) [1] and nonbonding electron polarization (NEP)
[2] theories. Our calculations are consistent, in trend, with experimental
observations such as X-ray-absorption fine structure, scanning tunneling
microscope/spectroscopy, X-ray photoelectron differential spectroscopy,
photoelectron spectroscopy, and ultraviolet photoelectron spectra. The
agreement confirmed the predications based on BOLS-NEP notation,
suggesting that the bonds between under-coordinated atoms in the surface
skin of nanostructures become shorter and stronger, inducing entrapment
and polarization, which give rise to observed unique catalytic and magnetic
behaviors.

1. C. Q. Sun, Relaxation of the Chemical Bond. (Springer Series in Chemical
Physics, 2014).

2. Sun CQ. Nanoscale 10, 1930 (2010).

9549-57, Session 14

Multiscale molecular modeling of tertiary
supported lipid bilayers (/nvited Paper)

Holden T. Ranz, Roland Faller, Univ. of California, Davis
(United States)

Lipid bilayer structures supported on solid substrates are highly important
experimental analogs for understanding cell membranes. We use and adapt
different variations of the Martini model to study the differences in phase
behavior between supported and free bilayers and to explain observed
experimental discrepancies. The same phases are found in both cases but
the phase boundaries are different both in temperature and concentration.
We study the impact of the surface and the effect of the water layer
between surface and membrane. We also find differences in the structure of
the membranes. We particularly study for the first time computationally the
effect of cholesterol in supported bilayers.

9549-58, Session PWed

Electronic and optical properties of
novel carbazole-based donor-acceptor
compounds for applications in blue-
emitting organic light-emitting devices

Christian M. Legaspi, Regan E. Stubbs, Linda A. Peteanu,
David J. Yaron, Carnegie Mellon Univ. (United States);
Abraham Kemboi, Jesse Picker, Eric Fossum, Wright State
Univ. (United States)

The optical and electronic properties of polythiophenes and other
poly(heterocycles) have received extensive study due to their applications
in photovoltaic devices and organic transistors. Several short oligometric
thiophenes are highly emissive making them promising materials for
organic lighting and displays. This study focuses on the effect of steric
hindrance on the electronic spectroscopy of a series of bithiophenes with
emphasis on identifying those structural properties that give rise to high
emission yields. The simplest member of this series is 2,2’-bithiophene (2T),
which computations have shown to have a highly twisted ground state.1-4
Substitution in the inner ring positions (3 and 3’) with bromo (33’Br2T) and
methyl (33'Me2T) substituents show distinctly different optical properties
from 2T or 55’'Br2T, a derivative brominated in the outer ring positions (5
and 5°). 33’Br2T and 33’Me2T exhibit very large Stokes shifts compared to
2T and 55’'Br2T. Perhaps most interestingly, the excitation spectra of 33'Br2T
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and 33’Me2T do not overlap their respective absorption spectra except in a
low-absorbing red tail not present in 2T or 55’Br2T. Excitation in the red tail
shows a greater than ten-fold increase in the quantum vyield as compared
to excitation at the absorption maxima. This study explores this unusual
behavior by use of ultrafast spectroscopy to probe excited state dynamics
and theoretical calculations of the torsional energy surfaces and excited-
state structure. We theorize the mechanism is related to the presence of
small populations of highly-emissive conformers and that torsion about
inter-ring angle greatly influences the electronic properties of these
thiophene oligomers.

(1) Di Césare, N.; Belletéte, M.; Raymond, F.; Leclerc, M.; Durocher, G.
Conformational and Spectroscopic Analysis of Selected 2,2’-Bithiophene
Derivatives. J. Phys. Chem. A 1997, 101, 776-782.

(2) Aleman, C.; Domingo, V. M.; Fajari, L.; Julia, L.; Karpfen, A. Molecular and
Electronic Structures of Heteroaromatic Oligomers: Model Compounds of
Polymers with Quantum-Well Structures. J. Org. Chem. 1998, 63, 1041-1048.

(3) Millefiori, S.; Alparone, A.; Millefiori, A. Conformational Properties of
Thiophene Oligomers. J. Heterocycl. Chem. 2000, 37, 847-853.

(4) Wakamiya, A.; Yamazaki, D.; Nishinaga, T.; Kitagawa, T.; Komatsu,
K. Synthesis and Properties of Novel Oligothiophenes Surrounded by
Bicyclo[2.2.2]octene Frameworks. J. Org. Chem. 2003, 68, 8305-8314.

9549-59, Session PWed

Growth of axial nested P-N heterojunction
nanowires for high performance diode

Huibiao Liu, Chinese Academy of Sciences (China)

Heterojunction nanomaterials have attracted the interests of a broad range
of scientists and engineers to explore fundamental scientific understanding
the formation of heterojunction nanostructure, special properties with
enhanced electrical and optical performance and the relationship between
functionality and molecule structures. In this work, we synthesized a

novel axial nested P-N heterojunction nanowire combined inorganic
semiconductor PbS and organic conjugated polymers polypyrrole (PPy).
The nested P-N heterojunction nanowires (NWs) show higher rectification
ratio (exceeded 100), long-term stability and high unilateral conductivity
due to the producing bigger area of junction.
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9550-1, Session 1

Semiconductor quantum dots as delivery
and imaging platforms for intracellular
assembly

Lauren D. Field, James B. Delehanty, Igor L. Medintz, U.S.
Naval Research Lab. (United States)

The efficient and specific intracellular delivery of nanoparticle-based

drug formulations is a critical area of research which can allow for further
understanding of cellular processes and increased efficacy of therapeutic
treatments. The visualization of these delivery mechanisms is often achieved
using florescent molecules, some of which are bulky and can interfere with
the processes being studied. Alternatively, semiconductor nanocrystals

or quantum dots (QDs) are nanoscale particles that provide a scaffold

for both drugs and targeting moieties while providing superior optical
properties that include size-tunable photoluminescence and resistance

to photobleaching. Utilizing this nanoparticle platform, delivery methods
and intracellular assembly can be studied. Potential delivery mechanisms
include either specific delivery using targeting ligands or direct cytosolic
administration through microinjection or electroporation. Once within the
cytosol, the QDs can assemble to targeted proteins, a process that can be
visualized through the use of Forster resonance energy transfer (FRET).
Here, we characterize the effectiveness of various delivery methods and
the role of QD surface chemistry in mediating intracellular QD delivery and
assembly to targeted proteins.

9550-2, Session 1

Using a narrow linewidth spectral filter for
calibration of the spectrometer in spectral
domain optical coherence tomography

Tong Wu, Nanjing Univ. of Aeronautics and Astronautics
(China)

Calibration of the pixel-wavelength relationship is necessary for a custom-
built spectrometer in a spectral domain optical coherence tomography
(SDOCT) system. A calibration method based on a narrow linewidth
spectral filter (NLSF) is proposed and presented in this paper. Through
detecting the narrow linewidth spectral light generated by the NLSF with
the spectrometer and a commercial optical spectrum analyzer (OSA)
simultaneously, the absolute wavelength corresponding to each pixel can
be measured accurately. The wavelength filtering performance and the
spectral resolution of the NLSF is theoretically modeled, and the generated
narrow linewidth spectral signal can be covering the whole bandwidth of
the light source with a measured linewidth of 0.2 nm. The proposed method
may be applied to the general calibration process for the various type of
spectrometer.

9550-3, Session 1

Biodegradable bisphosphonate
nanoparticles for imaging and therapeutic
applications in osteosarcoma

Safra Rudnick-Glick, Enav Corem-Salkmon, Igor Grinberg,
Eran Gluz, Shlomo Margel, Bar-llan Univ. (Israel)

Osteosarcoma (OS) is amongst the most commonly diagnosed bone tumors
occurring in adolescence, young adults and adults over the age of 65.
Current treatment is based on a combination of surgery and chemotherapy.
Chemotherapy has improved the survival rate, however it is associated with
severe side effects due to the use of high dosages, nonspecific uptake and
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poor bone blood supply. At present bisphosphonates (BP) are widely used
in the treatment of bone disorders including OS. We have engineered a
unigue biodegradable BP nanoparticle that possesses a dual functionality:
1) covalent attachment of a dye (e.g., NIR dye) or drug to the nanoparticles
through the primary amine groups on the surface of the nanoparticle;

2) chelation to the bone mineral hydroxyapatite through the BP on the
surface of the nanoparticle. Due to a high concentration of PEG in the BP
nanoparticles they possess a relatively long plasma half-life time. Therefore,
the nanoparticle has potential for use both in diagnosis and therapy of OS.
Doxorubicin was conjugated to the free amine on the surface of the BP
nanoparticles, in vitro experiments on osteosarcoma cells demonstrated
that the doxorubicin-conjugated BP nanoparticles possess a higher efficacy
than the free doxorubicin. Further investigation in vivo confirmed that

both in chicken embryo and mouse models the doxorubicin-conjugated
nanoparticle was significantly more effective in inhibiting tumor growth
compared to free doxorubicin at a similar concentration. Additionally, we
have shown that these BP nanoparticles preferentially target OS tumor
tissue, thus increasing anti-cancer drug bioavailability at targeted site.

9550-4, Session 1

Enhanced in-vivo optical coherence
tomography of live mouse brain by the use
of implanted micro-lens (/nvited Paper)

Iman Hassani Nia, Daniel Dombeck, Hooman Mohseni,
Northwestern Univ. (United States)

Near-infrared optical coherence tomography (OCT) has gained a lot

of attention due to the fact that it is relatively cheap, non-invasive and
provides high resolution and fast method of imaging. However the main
challenge of this technique is the poor signal to noise ratio of the images
of the tissue at large depths due to optical scattering. The signal to noise
ratio can be improved by increasing the source power, however the laser
safety standards (ANSI Z136.1) restricts the maximum amount of power
that can be used safely to characterize the biological tissue. In this talk,

we discuss the advantage of implanting a micro-lens inside the tissue to
have a higher signal to noise ratio for confocal and OCT measurements. We
explain the theoretical background, experimental setup and the method

of implanting the micro lens at arbitrary depths within a live mouse brain.
The in-vivo 3D OCT and two-photon microscopy images of live mouse

with implanted micro-lens are presented and significant enhancement of
signal to noise ratio is observed. The confocal and OCT measurements have
been performed with super-luminescent LEDs emitting at 1300 nm. We
believe that the high resolution and high sensitivity of this technique is of
fundamental importance for characterization of neural activity, monitoring
the hemodynamic responses, tumors and for performing image guided
surgeries.

9550-5, Session 1

Probing cellular forces with an elastic
optical micro-cavity

Nils M. Kronenberg, Philipp Liehm, Anja Steude, Malte C.
Gather, Univ. of St. Andrews (United Kingdom)

Mechanical forces at the cellular level are increasingly recognized as an
important factor in numerous biological processes. Here, we present a
completely new approach to measure cellular forces which overcomes
limitations of existing methods such as traction force microscopy (TFM).
The centerpiece of our innovation is a novel optical micro-cavity sensor that
enables fast force mapping across a large field of view by analyzing changes
in resonance wavelength. Our approach avoids phototoxic effects and
therefore allows the measurement of cellular forces at high frame rates over
hours or days. Being based on wide-field imaging, the method measures
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deformation at each point of the image simultaneously and with diffraction
limited lateral resolution. Vertical displacements are detected with accuracy
far beyond conventional confocal microscopy (5 nm or better). Force

maps can be recorded without the need for zero-force images, increasing
throughput, eliminating the need to detach non-migrating cells after force
mapping and allowing measurements of multiple cells on one substrate.
Additionally, the optics needed for the readout of the new biosensor can
be readily integrated with a conventional inverted microscope. In this
presentation, we will discuss the fabrication of our micro-cavity sensors and
provide detailed investigations of force and spatial resolution of the device
by means of AFM indentation analysis. Cell mechanical measurements

of different cell lines will be presented and links between recorded force
patterns and subcellular structures labelled by fluorescence staining will be
discussed.

9550-6, Session 1

Beta-cyclodextrin functionalized gold
nanoparticles for trace cancer biomarker
quantification

Jian Wu, Fraser Hof, Reuven Gordon, Univ. of Victoria
(Canada)

We demonstrate the application of beta-cyclodextrin (?-CD) functionalized
gold nanoparticles (AuNPs) as a platform for surface enhanced Raman
scattering (SERS) quantification of the exogenous cancer biomarker

Acetyl Amantadine (AcAm). We utilize the ?-CD encapsulation to capture
the hydrophobic AcAm from solution, followed by drying and detection
using SERS. We achieve a detection limit of 0.6 ng/mL using this platform.
Compared with our previous ?-CD functionalized Klarite [1] and polystyrene
functionalized gold nanorods [2], this platform shows better sensitivity

and lower cost, which is promising for clinical adoption for early cancer
detection.

[11 G. Cao, G. Hajisalem, W. Li, F. Hof, R. Gordon, “Quantification of an
exogeneous cancer biomarker in urinalysis by Raman spectroscopy,” Analyst
139, 5375-5378 (2014).

[2] J. Wu, W. Li, G. Hajisalem, A. Lukach, E. Kumacheva, F. Hof, and R.
Gordon, “Trace cancer biomarker quantification using polystyrene-
functionalized gold nanorods,” Biomedical Optics Express, 5(12), 4101-4107
(2014)

9550-7, Session 1

A three-camera imaging microscope for
high-speed single-molecule tracking and
super-resolution imaging in living cells
(Invited Paper)

Brian P. English, Timothée Lionnet, Robert H. Singer,
Howard Hughes Medical Institute (United States)

Most cellular processes are the result of multiple factors coming together
at precise subcellular locations to form complexes. Our aim is to develop
quantitative single-molecule assays to study when and where molecules
are interacting inside living cells and where enzymes are active. To this end
we present a three-camera imaging microscope for fast tracking of multiple
interacting molecules simultaneously, with high spatiotemporal resolution.
The system was designed around an ASI RAMM frame using three separate
tube lenses and custom multi-band dichroics to allow for enhanced
detection efficiency. The frame times of the three Andor iXon Ultra EMCCD
cameras were hardware synchronized to the laser excitation pulses of the
three excitation lasers, such that the fluorophores are effectively immobile
during imaging and do not yield blurred-out views of the diffraction-limited
spots. Stroboscopic illumination allows robust detection from even rapidly
moving objects, and since snapshots can be spaced out with varying

time intervals, stroboscopic illumination enables a direct comparison to

be made between fast and slow molecules under identical light dosage.

We developed algorithms that accurately track and co-localize multiple
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interacting biomolecules. The three-color microscope combined with

our co-movement algorithms have made it possible to simultaneously
image and track when mRNA may be translated by ribosomes, how the
chromosome environment affects diffusion kinetics as well as other systems.
Such multiplexed single-molecule measurements at a high spatiotemporal
resolution inside living cells will provide a major tool for testing models
relating molecular architecture and biological dynamics.

9550-8, Session 1

Nanostructured silicon biosensors (/nvited
Paper)
Sharon M. Weiss, Vanderbilt Univ. (United States)

Optical biosensors based on nanostructured silicon hold great promise

as low-cost, lab-on-chip sensor array elements due to their compatibility
with both standard microelectronics processing and standard surface
functionalization techniques. The sensitivity of these optical biosensors

is fundamentally derived from the level of interaction between light and
the target molecules to be detected. This light-matter interaction can be
strengthened by either designing the sensor structure in such a way as to
promote strongly confined fields in selected regions where molecules can
attach or by increasing the number of target molecules that are captured
in regions where light is localized. The former approach can be achieved
through modifications to the nanostructured silicon photonic sensor
geometry while the latter approach is achieved through modifications to the
surface chemistry of the sensor. This talk will discuss both approaches to
increasing light-matter interaction, and hence sensitivity, of nanostructured
silicon photonic biosensors. In particular, several biosensor designs,
including photonic crystals with multiple defect holes, suspended ring
resonators, and Bloch surface wave structures will be described in the
silicon-on-insulator and porous silicon materials systems. A method of in-
situ bioreceptor synthesis will also be discussed as a means of increasing
bioreceptor density. Several illustrative examples of specific molecular
detection using nanostructured silicon optical biosensors will be presented.

9550-9, Session 2

Detection of cancerous biological tissue
areas by means of infrared absorption and
SERS spectroscopy of intercellular fluid

Martynas Velicka, Vidita Urboniene, Justinas Ceponkus,
Milda Pucetaite, Feliksas Jankevicius M.D., Valdas
Sablinskas, Vilnius Univ. (Lithuania)

Precise identification of cancerous biological tissue areas during the surgical
segmental resection has high importance since information about location
of borders between normal and cancerous tissues is needed. Most of the
identification methods used nowadays are based on histopathology, which
is time consuming procedure and cannot be performed directly in the
operating room during the surgery.

We present a novel approach for the detection of cancerous kidney tissue
areas by measuring surface-enhanced Raman (SERS) spectrum of its
intercellular fluid taken from the tissue. Thickness of the dried film of the
fluid on optical substrate is in nanometric scale and conventional Raman
spectroscopy cannot be used unless some enhancement of the Raman
signal is applied. Determination of cancerous and normal kidney tissue areas
was performed by using differences in the SERS spectra of the fluid taken
from the corresponding tissue areas.

The samples were prepared by sliding the kidney tissue over the

calcium fluoride optical substrate and covering the dried fluid film by

silver nanoparticle colloidal solution. In order to suppress fluorescence
background the measurements were performed in NIR region with the
excitation wavelength of 1064 nm and 785 nm. The most significant spectral
differences were found in the region between 400-1300 cm-1, where
spectral bands related to various vibrations of fatty acids, glycolipids and
carbohydrates are located. We found for the first time that SERS spectra of
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intercellular fluid can be used for detection of cancerous areas of biological
tissue and the method has potential to be used directly during the surgery.

9550-10, Session 2

Colloidal assembly of surface enhanced
Raman scattering sensors for monitoring
airway infections (/nvited Paper)

Regina Ragan, Nicholas Sharac, Univ. of California, Irvine
(United States); Salvatore Campione, Sandia National
Labs. (United States); Katrine Whiteson, Filippo Capolino,
Univ. of California, Irvine (United States)

Since doctors first used flies to detect glucose in the urine of diabetic
patients, the biomarkers primarily used in medical diagnostics and disease
monitoring have been small molecule metabolites. Current tools such as
clinical culturing take days to obtain results, leaving physicians to choose
antibiotic treatment based on trial and error. Pilot breath and sputum
metabolite profile studies using Gas chromatography-Mass spectroscopy
(GC-MS) paired with microbial DNA sequencing, establishing that
fermentation products such as 2,3-butanedione are present in the ppb range
in cystic fibrosis patients. Though single molecule detection limits have
been demonstrated using nanostructured surfaces previously, issues of cost,
shelf life, reproducibility in detection response, and integration have limited
technological impact. We have created and developed a low-cost colloidal
assembly process using covalent nanoparticle-substrate interactions to
produce arrays of ad hoc clusters of nanoparticles. Full-wave simulations
show the dependence of electric field enhancements on geometric
arrangement of and gap spacing between nanoparticles in clusters.
Transmission electron microscopy data shows that by varying driving
forces for assembly, diffusion versus electrophoresis, nanoparticle clusters
with gaps between nanoparticles of 4 nm down to 1 nm, respectively,

are obtained. SERS characterization measurements demonstrate robust
SERS sensors reaching ppb detection limits for small volatile molecules
reproducibly over large areas. Samples have a tested shelf life of two years
indicating that materials, chosen for integration in micro-optofluidic chips,
do not degrade over time. Our platform aims to achieve the elusive goal

of providing easy to use technology alongside ppb detection for patient
diagnosis and treatment.

9550-11, Session 2

Detection of p17-1 peptide (HIV) based
in surface enhanced Raman scattering
(SERS)

Leandro de B. Carneiro, Chemistry Institute (Brazil) and
Univ. of Victoria (Canada); Alexandre Brolo, Univ. of
Victoria (Canada); Sidney Ribeiro, Univ. Estadual Paulista
“Julio de Mesquita Filho” (Brazil)

SERS offers great promises for simplified and sensitive detection of
biomolecular interactions that are relevant for early disease diagnostics.

Human immunodeficiency virus (HIV) has been a problem for decades.
There are several methods of diagnostics based on antibodies specific
reactions, such as Western blotting and enzyme-linked immunosorbent
assays (ELISAs). However, new strategies have been developed for rapid HIV
diagnostics and, as a proof-of-concept, peptide p17-1 was considered here.

The matrix protein p17 is a structural protein that is essential in the life cycle
of the retrovirus . The early stages of the virus replication involve the pre
integration of the DNA complex into the nucleus. P17 plays a role in RNA
viral binding and transport to the membrane

The fabrication and characterization of a new SERS platform for

HIV detection based on peptide p17-1is described. Self-Assembled
monolayers (SAM) were obtained by immersion of the gold surface into
ethanolic solution of 11-Mercaptoundecanoic acid (MUA). To activate
the COOH functional group at the gold surface EDC/NHS (1-ethyl-3-(-3-
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dimethylaminopropyl) carbodiimid/ N-hydroxysuccinimide) was used. The
prepared substrates were immersed in a solution containing of the anti-p17
(100ug/ml). Gold substrates were immobilization with the peptide p17-1
(0.1uM sequence LSGGELDRWEKIRLPGG). SERS probes were prepared with
gold nanoparticles and are coated with a Raman reporter molecule (Nile
Blue A) and, functionalized with an anti-p17. These structures (SERS probe
and Au substrate) allow for a sandwich assay, a strategy regularly used for
high-sensitivity detection . Spectral variations were analysed through a
statistical approach and also considering false positive possibility. Statistical
distribution shows high intensity for surface exposed to solution containing
the peptide p17-1 when compared with negative controls. The suggest
approach to detect peptide p17 is promising and could be further tested
using real blood.

References

Becker, P. D.; Fiorentini, S.; Link, C.; Tosti, G.; Ebensen, T.; Caruso, A.; Guzman,
C. A., Vacine, 2006,24, 5269-5276, Bukrinskaya A G, Vorkunova G K, Tentsov
Y. AIDS, Res Hum Retroviruses 1992; (10):1795-801

Vorkunova G K, Tentsov L., Mol. Biol, 1993, 1, 49-57. Fan, M.; Brolo, A. G.;
Phys. Chem. Chem. Phys., 2009, 11, 7381-738

9550-12, Session 2

Using Raman spectroscopy and SERS for
in-situ studies of rhizosphere bacteria

Sneha Polisetti, Nameera Baig, Univ. of Notre Dame
(United States); Amber Bible, Jennifer Morrell-Falvey,
Mitchel Doktycz, Oak Ridge National Lab. (United States);
Paul W. Bohn, Univ. of Notre Dame (United States)

Bacteria colonize plant roots to form a symbiotic relationship with the
plant and can play an important role in promoting plant growth. Raman
spectroscopy is a useful technique to study these bacterial systems and
the chemical signals they utilize to interact with the plant. We present a
Raman study of Pantoea sp. YR343 that was isolated from the rhizosphere
of Populus deltoides (Eastern Cottonwood). Pantoea sp. YR343 produces
yellowish carotenoid pigments that play a role in protection against

UV radiation, in the anti-oxidative pathways and in membrane fluidity.
Raman spectroscopy is used to non-invasively characterize the membrane
bound carotenoids. The spectra collected from a mutant strain created by
knocking out the crtB gene that encodes a phytoene synthase responsible
for early stage of carotenoid biosynthesis, lack the carotenoid peaks.
Surface Enhanced Raman Spectroscopy is being employed to detect the
plant phytoharmone indoleacetic acid that is synthesized by the bacteria.
This work describes how Raman spectroscopy is utilized as a label free,
non-destructive method of studying plant-bacteria interactions in the
rhizosphere.

9550-13, Session 3

Advances in macromolecular data storage
(Keynote Presentation)

Masud Mansuripur, College of Optical Sciences, The Univ.
of Arizona (United States)

Many of the traditional problems in disk and tape data storage can be
overcome if data-blocks were to be released from the confines of a disk (or
tape) and allowed to float freely between read/write stations (i.e., heads)
and permanent “parking spots.” The heads and parking spots thus become
fixed structures within an integrated chip, while the macromolecular data
blocks themselves become the (mobile) storage media. In this scheme,

a large number of read/write heads could operate in parallel, the heads
and parking spots would be constructed (layer upon layer) in a truly
3-dimensional fashion, and individual nanometer sized molecules—strung
together in a flexible macromolecular chain—would be used to represent
the zeros (0s) and ones (1s) of binary information. We discuss the potential
advantages of this alternative scheme for secondary data storage and, to
demonstrate the feasibility of the concept, present results of experiments

help@spie.org 117



Conference 9550:
Biosensing and Nanomedicine VlII

based on DNA molecules that travel within micro-fluidic chambers. Since
our first proposals to develop macromolecular data storage systems, other
groups have contributed to developments in DNA-based techniques for
information storage and processing. In this presentation we will discuss the
latest developments reported by other groups as well.

9550-14, Session 3

Mid-Infrared (~2.8 um to ~7.1 um) interband
cascade lasers (Keynote Presentation)

Sven Ho6fling, Univ. of St. Andrews (United Kingdom);
Robert Weih, Matthias Dallner, Julius-Maximilians-Univ.
Wilrzburg (Germany); Julian Scheuermann, Lars Nahle,
Marc Fischer, Johannes Koeth, nanoplus GmbH (Germany);
Martin Kamp, Julius-Maximilians-Univ. Wlrzburg
(Germany)

20 years after their first reference [1] interband cascade lasers (ICLs) have
become a mature and competitive semiconductor laser source in the
mid-infrared region. The carrier rebalancing concept that was introduced

in 2011 [2] drastically improved the performance. As a consequence the
wavelength window that is accessible for ICLs operating at ambient
temperatures could be extended. For GaSb based ICLs cw-emission at room
temperature could be achieved up to a wavelength of 5.6 um [3]. As the
need for thicker claddings at longer wavelengths makes the growth of the
superlattice claddings increasingly difficult and limits the heat dissipation,
a plasmon waveguide structure with highly doped InAs-layers grown on
InAs-substrates is typically used for ICLs emitting up to ~7 um in pulsed
mode at room temperature [4]. With regard to the short wavelength limit
of ICLs, we present cw emission of a GaSb based ICL emitting at 2.8 um
and with regard to the long wavelength limit we present room temperature
pulsed operation of an InAs based plasmonic waveguide ICL up to 7.1 um.
Furthermore, we show single mode emitting ICLs with distributed feedback
gratings emitting between 2.8 and 5.2 um.

[11 R. Q. Yang, Superlatt. Microstruct. 17 77 (1995)

[2] I. Vurgaftman, W. W. Bewley, C. L. Canedy, C. S. Kim, M. Kim, C. D. Merritt,
J. Abell, J. R. Lindle and J. R. Meyer, Nature Commun. 2 585 (2011)

[3] W. W. Bewley, C. L. Canedy, C. S. Kim, M. Kim, C. D. Merritt, J. Abell, I.
Vurgaftman and J. R. Meyer, Opt. Expr. 20 3235-3240 (2012)

[4]1 M. Dallner, S. H6fling and M. Kamp,, Electron. Lett., 49, 4, (2013)

[5] Z. Tian, L. Li, H. Ye, R.Q. Yang, T.D. Mishima, M.B. Santos, and M.B.
Johnson, Electron. Lett., 48, 2, (2012)

9550-15, Session 3

Towards novel compact laser sources for
non-invasive diagnostics and treatment
(Keynote Presentation)

Edik U. Rafailov, Aston Univ. (United Kingdom)

In the past decades, progress in compact semiconductor based laser
technologies has brought to science and industry an enormous number
of new applications. Such laser systems which were mostly utilised in the
communication and other industries are now becoming adopted in biology
and medicine. In this talk we would like to discuss and review some of the
most promising biomedical applications where novel compact lasers are
being used. Particularly we are focussing on the development of compact
non-invasive diagnostics system for monitoring main body parameters in
parallel, like blood perfusion, blood and tissue oxygen saturation based
on Doppler Flowmetry, tissue oximetry and fluorescent spectroscopy
techniques.
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9550-16, Session 4

Switchable bioelectronics on graphene
interface (/nvited Paper)

Onur Parlak, Linkdping Univ. (Sweden); Ashutosh Tiwari,
Linkdéping Univ (Sweden); Anthony P. F. Turner, Linkdping
Univ. (Sweden)

Smart and flexible bioelectronics on graphene have emerged as a new
frontier in the field of biosensors and bioelectronics. Graphene has begun
to be seen as an ideal signal transducer and a promising alternative for
the production of low-cost bioelectronic devices.l-2 However, biological
systems used in these devices suffer from a lack of control and regulation.
There is an obvious need to develop “switchable” and “smart” interfaces
for both fundamental and applied studies. Here, we report the fabrication
of a stimuli-responsive graphene interface, which is used to regulate
biomolecular reactions.

The present study aims to address the design and development of a

novel auto-switchable graphene bio-interface that is capable of positively
responding, by creating smart nanoarchitectures. By changing the external
conditions such as temperature, light and pH of the medium, we acheived
control of the biochemical interactions. In the negative mode, access of

an associated enzyme to its substrate is largely restricted, resulting in

a decrease in the diffusion of reactants and the consequent activity of

the system. In contrast, the biosubstrate could freely access the enzyme
facilitating bioelectrocatalysis in a positive response.

Using electrochemical techniques, we demonstrated that interfacial bio-
electrochemical properties can be tuned by modest changes in conditions.
Such an ability to independently regulate the behaviour of the interface has
important implications for the design of novel bioreactors, biofuel cells and
biosensors with inbuilt self-control features.

9550-17, Session 4

Evaluating cells and protocells as
therapeutic vehicles (/nvited Paper)

Natalie Adolphi, The Univ. of New Mexico (United States);
Jaclyn Murton, Sandia National Labs. (United States);
Helen Hathaway, The Univ. of New Mexico (United States);
Yu-Shen Lin, Jason Townson, Oncothyreon (United States);
Jeff Norenberg, The Univ. of New Mexico (United States);
Eric Carnes, Carlee Ashley, Jeff Brinker, Sandia National
Labs. (United States)

Mesoporous silica nanoparticle-supported lipid bilayers (protocells) can
be loaded with a variety of drugs and/or imaging probes and modified
using various surface chemistries. To enhance delivery of protocells to
solid tumors, we investigated a novel delivery method, in which circulating
mononuclear cells (MCs), which naturally infiltrate tumors, are used to
actively deliver protocells to tumor tissue. MCs were extracted by density
gradient separation from the spleens of immune-competent polyomavirus
middle T (PyMT) transgenic mice, which spontaneously develop epithelial
mammary tumors that mimic human breast cancer. MCs were loaded

with DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine)-coated poly-
disperse protocells (diameter <200 nm), further modified with PEG
(polyethylene glycol), DOPS (1,2-dioleoyl-sn-glycero-3-phosphoserine),

or DOTAP (1,2-dioleoyl-3-trimethylammonium-propane) and injected

into tumor-bearing PyMT-FVB mice or FVB mice lacking the transgene,
which have normal mammary glands. We observed the biodistribution of
protocell-loaded MCs and directly-injected protocells in vivo by SPECT-
CT imaging, and post-mortem via fluorescence microscopy and flow
cytometry, demonstrating that MC-mediated delivery enhances localization
of protocells to mammary tumors compared to direct injection. Further,
both direct injection and MC-mediated delivery resulted in higher protocell
concentrations in mammary tumors, relative to normal mammary tissue. In
normal mice, we also demonstrated that fully-differentiated macrophages
can be used to direct protocells to the lung. Additionally, we performed in
vivo SPECT-CT to quantify the biodistribution of monosized mesoporous
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silica particles as a function of diameter (25, 50, 90, 150 nm) in normal rats,
demonstrating that smaller particle size correlates with increased circulation
time and decreased uptake by the liver and spleen.

9550-18, Session 4

Effect of PKC? expression to cell death
after photoactivation of Hypericin
delivered to cell through different drug
delivery systems

Matu? Mi?uth, Jaroslava Joniova, Pavol Jozef ?afarik Univ.
in Kol?ice (Slovakia); Pavol Mi?kovsk?, Zuzana Nadova,
Pavol Jozef ?afarik Univ. in Kol?ice (Slovakia) and Ctr. for
Interdisciplinary Sciences (Slovakia)

Low-density lipoprotein (LDL), a natural in vivo carrier of cholesterol

in the vascular system, plays a key role in the delivery of hydrophobic
photosensitizer (pts) to tumor cells in PDT, including hypericin (Hyp), a
potent natural pts. Hyp under light illumination causes antiproliferative and
cytotoxic effects (necrosis as well as apoptosis) in many tumor cell lines.

These properties together with minimal dark toxicity, tumor selectivity and
high clearance rate from the host body, make Hyp a promising agent for
PDT of cancer as well as for tumor photo-diagnosis.

In the present study we aim to investigate the consequences on cell survival
and cell death induced by photo-activated Hyp delivered to the cells
through different drug delivery systems including LDL.

Hyp incorporation and redistribution, cell survival and type of the cell death
were assessed by confocal fluorescence imaging and flow cytometry.

We have evaluated the influence of photo-activated Hyp delivered to
the cells thhrough different drug delivery systems on cell death in non-
transfected and transfected (PKCa-) human glioma cells (U-87 MG).

No significant differences were detected in cell survival between
nontransfected and transfected PKCa- cells when Hyp was delivered without
any carrier. However, the type of cell death was notably affected by silencing
the pkca gene. Photo-activation of Hyp strongly induced apoptosis in non-
transfected cells, but the level of necrotic cells in transfected PKCa- cells
increased significantly. We suggest that PKCa, as Bcl-2 kinase, indirectly
protects U-87 MG cells against oxidative stress and subsequent cell death.

9550-19, Session 4

Enhanced kinetics of quantum dot bound
enzymatic nanosensors

Joyce Breger, Scott Walper, Mario G. Ancona, Michael
Stewart, Kimihiro Susumu, Sebastian A. Diaz, Igor L.
Medintz, U.S. Naval Research Lab. (United States)

Nanosensors employing quantum dots (QDs) and functional moieties such
as enzymes offer tremendous promise for disease surveillance/diagnostics
and chemical/biological threat activity. Advantages of QDs over other
nanoscaffolds include their small size and inherent photochemical properties
such as size tunable fluorescence, ease in attaching functional moieties,

and resistance to photobleaching. Making QDs well-suited for rapid, optical
measurement applications.

The mechanisms for increased catalytic activity of enzymes attached

to nanoparticles was investigated by attaching various ratios of
phosphotriesterase (PTE) enzymes to two distinctly sized QDs, with
emission maxima centered at 525 or 625 nm. PTE catalyzes the
detoxification of organophosphate pesticides to p-nitrophenol. To confirm
assembly and characterize QD-PTE bioconjugates dynamic light scattering
and gel electrophoresis were employed.

PTE activity was assayed using paraoxon, an analog of sarin, as a substrate.
The conversion of paraoxon to p-nitrophenol was monitored over time

by measuring the absorbance. Absorbance values were converted to
concentration by employing a p-nitrophenol standard curve. Enzymatic
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activity and characteristic parameters were determined by fitting the initial
rates of the progress curves to a Michaelis-Menten single substrate model.

We attempt to elucidate the mechanisms for enhanced catalytic activity
when attached to nanoparticle surfaces as compared to free enzyme

in solution. PTE hydrolytic activity was studied when attached to two
differently sized QDs and significant enhancement in activity was observed
when attached to QDs as compared to free enzyme with more dramatic
increases when PTE was attached at lower ratios to the smaller sized QDs.

9550-20, Session 4

Nanoplasmonic lenses for bacteria sorting
(Invited Paper)

Xiangchao Zhu, Ahmet A. Yanik, Univ. of California, Santa
Cruz (United States)

We demonstrate that patches of two dimensional arrays of circular
plasmonic nanoholes patterned on gold-titanium thin film enables
subwavelength focusing of visible light in far field region. Efficient coupling
of the light with the excited surface plasmon at metal dielectric interface
results in strong light transmission. As a result, surface plasmon plays an
important role in the far field focusing behavior of the nanohole-aperture
patches device. Furthermore, the focal length of the focused beam was
found to be predominantly dependent on the overall size of the patch, which
is in good agreement with that calculated by Rayleigh-Sommerfield integral
formula. The focused light beam can be utilized to separate bio-particles in
the dynamic range from 0.1 ?m to 1 ?m through mainly overcoming the drag
force induced by fluid flow. In our proposed model, focused light generated
by our plasmonic lenses will push the larger bio-particles in size back to

the source of fluid flow and allow the smaller particles to move towards the
central aperture of the patch. Such a new kind of plasmonic lenses open up
possibility of sorting bacterium-like particles with plasmonic nanolenses,
and also represent a promising tool in the field of virology.

9550-21, Session 4

Nano scaffolds and stem cell therapy in
liver tissue engineering

Laila M. Montaser, Menoufia Univ. (Egypt)

Tissue engineering and regenerative medicine have been constantly
developing of late due to the major progress in cell and organ
transplantation, as well as advances in materials science and engineering.
Although stem cells hold great potential for the treatment of many injuries
and degenerative diseases, several obstacles must be overcome before their
therapeutic application can be realized. These include the development

of advanced techniques to understand and control functions of micro
environmental signals and novel methods to track and guide transplanted
stem cells. A major complication encountered with stem cell therapies has
been the failure of injected cells to engraft to target tissues. The application
of nanotechnology to stem cell biology would be able to address those
challenges. Combinations of stem cell therapy and nanotechnology in
tissue engineering and regenerative medicine have achieved significant
advances. These combinations allow nanotechnology to engineer scaffolds
with various features to control stem cell fate decisions. Fabrication of Nano
fiber cell scaffolds onto which stem cells can adhere and spread, forming

a niche-like microenvironment which can guide stem cells to proceed to
heal damaged tissues. In this paper, current and emergent approach based
on human stem cells in the field of liver tissue engineering is presented

for specific application in an animal model. The combination of stem cells
and tissue engineering opens new perspectives in tissue regeneration for
stem cell therapy because of the potential to control stem cell behavior
with the physical and chemical characteristics of the engineered scaffold
environment.
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9550-22, Session 4

A creatinine biosensor based on
admittance measurement

Congo Tak-Shing Ching, Tai-Ping Sun, Deng-Yun Jheng,
Hou-Wei Tsai, Hsiu-Li Shieh, National Chi Nan Univ.
(Taiwan)

Kidney disease is reportedly increasing in developed countries, including
the US, Canada, Australia, and Europe. It imposes a substantial economic
burden. Measurement of blood creatinine level is clinically important for the
evaluation of renal dysfunction. Clinically, the normal physiological blood
creatinine level is between 44 uM and 106 uM. Regular check of blood
creatinine level can reduce the incidence rate for the people who are at the
high risk of renal dysfunction. Biosensor provides point-of-care testing so
as to achieve regular check of blood creatinine level at home. No paper has
been found in the literatures on developing creatinine biosensor based on
admittance measurement. Therefore, this study aims to develop a simple
and reliable creatinine biosensor based on admittance measurement.

The creatinine biosensor was fabricated with the enzyme “creatinine
deiminase” immobilized on screen-printed graphite electrodes by simple
drop coating method.

Admittance measurement at specific frequency ranges (22.80 - 84.71 Hz)
showed biosensor having an excellent linear (r2 > 0.95) response range (50
- 250 uM), with the maximum sensitivity of -3x10-6 Siemens/uM. Intraclass
correlation coefficient (ICC) showed that the biosensor has excellent
reliability and validity (ICC = 0.98). And the biosensor was reliable enough
to determine the concentrations of creatinine (50 - 250 uM) with the
coefficient of variation of about 5.5%.

In conclusion, a simple and reliable creatinine biosensor was developed and
it is capable of precisely determining blood creatinine levels in both the
normal physiological and pathological ranges.

9550-23, Session 4

Quantitative fluorescence nanoscopy for
cancer biomedicine

Li-Jung Lin, Oregon Health & Science Univ. (United States);
Tao Huang, Oregon Health and Science Univ (United
States); Alec Peters, Xiaolin Nan, Oregon Health & Science
Univ. (United States)

Cancer is a major health threat worldwide. Options for targeted cancer
therapy, however, are often limited, in a large part due to our incomplete
understanding of how key processes including oncogenesis and drug
response are mediated at the molecular level. New imaging technigques

for visualizing biomolecules and their interactions at the nanometer

and single molecule scales, collectively named fluorescence nanoscopy,
hold the promise to transform biomedical research by providing direct
mechanistic insight into cellular processes. We discuss the principles of
quantitative single-molecule localization microscopy (SMLM), a subset of
fluorescence nanoscopy, and their applications to cancer biomedicine. In
particular, we will examine oncogenesis and drug resistance mediated by
mutant Ras, which is associated with ~1/3 of all human cancers but has
remained an intractable drug target. At ~20 nm spatial and single-molecule
stoichiometric resolutions, SMLM clearly showed that mutant Ras must
form dimers to activate its effector pathways and drive oncogenesis. SMLM
further showed that the Raf kinase, one of the most important effectors of
Ras, also forms dimers upon activation by Ras. Moreover, treatment of cells
expressing wild type Raf with Raf inhibitors induces Raf dimer formation

in a manner dependent on Ras dimerization. Together, these data suggest
that Ras dimers mediate oncogenesis and drug resistance in tumors with
hyperactive Ras and can potentially be targeted for cancer therapy. We
also discuss recent advances in SMLM that enable simultaneous imaging

of multiple biomolecules and their interactions at the nanoscale. Our work
demonstrates the power of quantitative SMLM in cancer biomedicine.
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9550-24, Session 5

Resonant waveguide grating imagers for
single cell analysis and high throughput
screening (/nvited Paper)

Ye Fang, Corning Incorporated (United States)

Resonant waveguide grating (RWG) biosensor systems use a microtiter
plate array of diffractive nanograting waveguide structures to establish
evanescent waves under illumination for measuring tiny changes in local
refractive index arising from the dynamic mass redistribution (DMR) of
living cells upon stimulation. Whole-plate RWG imager enables high-
throughput profiling and screening of drugs in the context of distinct
cellular phenotypes including cell adhesion, proliferation, signaling, and
infection. RWG imager under microfluidics not only manifests distinct
receptor signaling waves, but also differentiates long-acting agonism and
antagonism. Spatially resolved RWG imager allows for single cell analysis
including cell-to-cell variability of receptor signaling and the invasion of
cancer cells in a spheroidal structure through 3-dimensional extracellular
matrix. High frequency RWG imager permits real-time detection of drug-
induced cardiotoxicity. The wide coverage in target, pathway, assay, and cell
phenotype has made RWG biosensor systems widely accepted in both basic
research and early drug discovery processes.

9550-25, Session 5

Motion behaviour of mammalian AT-SC
under evanescent field illumination

Mukhzeer Mohamad Shahimin, Univ. Malaysia Perlis
(Malaysia); Fhataheya Buang, Univ. Kebangsaan Malaysia
(Malaysia); Nor Azura Malini B. Ahmad Hambali,
Vithyacharan Retnasamy, Mohamad Halim Abdul Wahid,
Univ. Malaysia Perlis (Malaysia); Ali Hussain Reshak, Univ.
of West Bohemia (Czech Republic)

The motion behaviour of mammalian adipose tissue derived stem cells
(AT-SC) on an integrated channel waveguide under the evanescent field
illumination is demonstrated and analysed. An approximately 20um
diameter pseudospherical cells in agueous medium are deposited in a
reservoir over a copper ion-exchanged channel waveguide. Light from

a tuneable laser operating at ~1064nm was coupled into the waveguide,
causing the cells under the illumination of evanescent field and moved

in a skewed stochastic motion in accordance to the laser power. The
trajectory angle of the motion of the cells towards the illuminated channel
waveguide was investigated and analysed to distinguish the factors that
affect such behaviour. The cells reach a position relative to the illuminated
channel that is dictated by the compounded effect of convectional current
and evanescent field. The observations deduced that motion due to the
optical field exists and were more pronounced when considering the
trajectory angle towards the output facet. However, the optical forces are
not significantly large enough to counter the motion due to the convection
current. The results are discussed in light of the potential application of
optical channel waveguides for bioanalytical applications, namely in the
identification, sorting and analysis of differently sized mammalian cells
without recourse to fluorescence or antibody staining.

9550-26, Session 5

Rational design of on-chip refractive
index sensors based on lattice plasmon
resonances

Linhan Lin, Yuebing Zheng, The Univ. of Texas at Austin
(United States)

Lattice plasmon resonances (LPRs), which originate from the plasmonic-
photonic coupling in gold or silver nanoparticle arrays, possess ultra-
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narrow linewidth by suppressing the radiative damping and provide the
possibility to develop the plasmonic sensors with high figure of merit
(FOM). However, the plasmonic-photonic coupling is greatly suppressed
when the nanoparticles are immobilized on substrates because the
diffraction orders are cut off at the nanoparticle-substrate interfaces. Here,
we develop the rational design of LPR structures for the high-performance,
on-chip plasmonic sensors based on both orthogonal and parallel coupling.
Our finite-difference time-domain simulations in the core/shell Si02/Au
nanocylinder arrays (NCAs) reveal that new modes of localized surface
plasmon resonances (LSPRs) show up when the aspect ratio of the NCAs is
increased. The height-induced LSPRs couple with the superstrate diffraction
orders to generate the robust LPRs in asymmetric environment. The high
wavelength sensitivity and narrow linewidth in these LPRs lead to the
plasmonic sensors with high FOM and high signal-to-noise ratio (SNR).
Wide working wavelengths from visible to near-infrared are also achieved
by tuning the parameters of the NCAs. Moreover, the wide detection

range of refractive index is obtained in the parallel LPR structure. The
electromagnetic field distributions in the NCAs demonstrate the height-
enabled tunability of the plasmonic “hot spots” at the sub-nanoparticles
resolution and the coupling between these “hot spots” with the superstrate
diffraction waves, which are responsible for the high performance LPRs-
based on-chip refractive index sensors.

9550-28, Session 5

Ultra-broadband plasmonic super
absorbers for universal surface enhanced
Raman spectroscopy substrate

Nan Zhang, Kai Liu, Haomin Song, Xie Zeng, Dengxin Ji,
Qiaogiang Gan, Univ. at Buffalo (United States)

Although Raman spectroscopy has been commercialized, low-cost and
large-area surface enhanced Raman spectroscopy (SERS) substrates

with localized enhanced field are heavily required. However, currently
dominant manufacturing techniques are expensive and complicated for
large-area fabrication. Furthermore, most SERS substrates can only be
used for individual excitation wavelengths. In this work, we will report an
ultra-broadband super absorbing metasurface to enhance SERS signals in
a broadband region (i.e. from 450 nm to 1000 nm). The design consisting
of an Ag ground plate, a SiO2 spacer, and a layer of Ag nanoparticles was
fabricated using simple film deposition and thermal annealing technigues.
A broadband absorption over 80% from 414 nm to 956 nm was obtained,
resulting in localized field enhancement between adjacent nanoparticles. We
employed this metasurface to test its broadband SERS signal by adsorbing
1,2-Bis(4-pyridyl)-ethylene (BPE) molecules on top of it. We employed 5
laser lines (i.e., 514, 532, 633, 671 and 785 nm) to excite the sample and
observed fingerprint signature of BPE molecules under all 5 excitation
wavelengths with the average enhancement factor up to 5.3?107. Therefore,
the designed SERS substrate can work for almost “all” available excitation
wavelengths over a broadband, which is particularly useful for sensing a
broad spectrum of chemicals on the same chip.

9550-29, Session 5

Plasmonic nanoparticles sensors utilizing
hybrid modes, electrical excitation, and
anisotropic particles

Wolfgang Fritzsche, Andre Dathe, Pavel Kliuiev, Jacqueline
Jatschka, Uwe HUbner, Mario Ziegler, Matthias Thiele,
Steffen Trautmann, Janina Wirth, Frank Garwe, Andrea
Csaki, Ondrej Stranik, Leibniz-Institut fir Photonische
Technologien eV. (Germany)

Surface Plasmon Resonance (SPR) in metallic nanostructures is an optical
effect that can be exploited for the detection of small molecules. There is a
broad range of metallic nanostructures supporting different SPR modes, and
nanostructures can be even geometrically combined leading to the creation
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of new hybridised SPR modes.

In our study, we investigated the properties of a hybridised SPR mode (gap
modes GM) created by the placement of metallic nanoparticles onto metallic
layers and its use as a sensitive sensor.

A tunneling current passing through a metal-insulator-semiconductor
structure can generate supported SPR modes, that can be scattered through
GM, which was experimentally confirmed.

Moreover, we were able to experimentally follow the degradation of
anisotropic (silver nanoprism) nanoparticles under ambient conditions
in real time. Using atomic force microscopy and optical spectroscopy we
observed an anisotropic corrosion that is starting from the tips of the
nanoparticles.

9550-30, Session 5

Wafer-scale aluminum plasmonics for
biosensing applications

Arash Farhang, Matthew C. George, Brent Williamson, Mike
Black, Ted Wangensteen, James Fraser, Rumyana Petrova,
MOXTEK, Inc. (United States)

Moxtek has leveraged existing capabilities in wafer-scale patterning of
sub-wavelength wire grid polarizers into the fabrication of 1D and 2D
periodic aluminum plasmonic structures. This work will discuss progress

in 200 mm diameter wafer-scale fabrication of post and grating based
aluminum nanostructures for SPR sensing as well as optical modeling
results and device performance. More specifically, hybrid systems combining
such periodic nanostructure arrays with a thin underlying metallic film on

a glass substrate are investigated. These structures are of great interest

as they combine the capabilities of both SPR and LSPR based sensors.

The enhanced sensing advantage they offer is based on a nanofocusing
mechanism. Specifically, the propagating surface plasmon launched on the
metallic film couples to the nanostructure array and is thereby focused into
a smaller volume than simply the evanescent plasmon field. This in turn
results in @ more enhanced surface sensitivity. This advantage, combined
with the fact that the structures are operable in the same prism based
configuration of standard SPR, i.e. existing commercial sensing platforms,
makes them an obvious choice for future use. Potential markets include
medical diagnostics, forensic testing, environmental monitoring, and food
safety.

9550-31, Session 5

Real-time protein aggregation monitoring
based on a simultaneous light scattering
investigation and a bloch surface wave-
based approach

Sara Santi, Elsie Barakat, Ecole Polytechnique Fédérale de
Lausanne (Switzerland); Reinhard Neier, Univ. of Neuchétel
(Switzerland); Hans Peter Herzig, Ecole Polytechnigque
Fédérale de Lausanne (Switzerland)

The misfolding and aggregation of amyloid proteins has been associated
with incurable diseases such as Alzheimer’s or Parkinson’s disease. In the
specific case of Alzheimer’s disease, recent studies have shown that cell
toxicity is caused by soluble oligomeric forms of Amyloid-beta (A?) peptide
aggregates appearing in the early stages of aggregation, rather than by
insoluble fibrils. Research on new strategies of diagnosis is imperative to
detect the disease prior to the onset of clinical symptoms.

Here, we propose the use of an optical method for protein aggregation
dynamic studies using a Bloch surface wave (BSW) based approach. A one-
dimension photonic crystal made of a periodic stack of silicon oxide and
silicon nitride layers is used to excite a Bloch surface wave, which is sensitive
to variation of the refractive index of an aqueous solution. The aim is to
detect the early dynamic events of protein aggregation and fibrillogenesis
of the amyloid-beta peptide A?42, which plays a central role in the onset
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of the Alzheimer’s disease. The detection principle relies on the refractive
index changes caused by the depletion of the A?42 monomer concentration
during oligomerization and fibrillization.

We demonstrate the efficacy of the BSW approach by monitoring in real-
time the first crucial steps of A?42 oligomerization and in the presence

of small molecular probes able to interfere with the dynamics of amyloid
formation. Moreover, we improved the setup to perform a simultaneous light
scattering measurement, with the purpose of real-time monitoring the size
change of the A? aggregates, throughout fibrillization.

9550-32, Session PWed

Fluorescent cyS5 silica nanoparticles for
cancer cell imaging

Claire L. O’Connell, Robert I. Nooney, Macdara Glynn, Jens
Ducrée, Colette McDonagh, Dublin City Univ. (Ireland)

Cancer is a leading cause of death worldwide, with metastasis responsible
for the majority of cancer-related deaths. Circulating tumour cells (CTCs)
play a central role in metastasis. Fluorescent silica particles (NPs), of
diameter ~50 nm which contain a large concentration of Cy5 dye molecules
and are extremely bright, have been developed to detect these rare CTCs.
Due to this brightness, the particles have superior performance compared to
single Cy5 dye molecule labels, for detecting cancer cells.

Fluorescence measurements show that the NPs are almost 100 times
brighter than the free dye. They do not photobleach as readily and, due to
the biocompatible silica surface, they can be chemically modified, layer by
layer, in order to bind to cells.

The choice of these chemical layers, in particular the NP to antibody linker,
along with the incubation period and type of media used in the incubation,
has a strong influence on the specific binding abilities of the NPs.

In this work, NPs have been shown to selectively bind to the MCF-7 cell
line by targeting epithelial cellular adhesion molecule (EpCAM) present on
the MCF-7 cell membrane by conjugating anti-EpCAM antibody to the NP
surface. Results have shown a high signal to noise ratio for this cell line in
comparison to a HelLa control line.

NP attachment to cells was verified qualitatively with the use of
fluorescence microscopy and quantitatively using image analysis methods.
Once the system has been optimised, other dyes will be doped in the silica
and their use in multiplexing will be investigated.

9550-33, Session PWed

Probing the interaction between Congo
Red and ?-amyloid for diagnosis and
inhibition of brain plaque formation in
Alzheimer’s disease

Kristine A. Zhang, Yat Li, Univ. of California, Santa Cruz
(United States)

Alzheimer’s disease (AD), the most common form of dementia, is an
age-related neurodegenerative disorder and the seventh leading cause of
death in the United States. One strong pathological indicator of AD is senile
plaques, which are aggregates of fibrils formed from assemblies of 40- or
42- residue peptides, known as amyloid ?-peptides (A?). Thus, detection
and inhibition of A? aggregation are actively investigated with the objective
to prevent and treat AD. Congo red (CR) is one of the most widely used
dye molecules for probing as well as inhibiting A? aggregation. However,
the nature of interaction between CR and A? is not well understood at the
molecular level, which hinders progress in this area. In this research, we
have systematically studied the fundamental interaction between CR and A?
using a combination of spectroscopic techniques. Compared to CR alone,
interaction with A? results in a red-shifted or new absorption peak near

520 nm and significantly enhanced photoluminescence as well as surface-
enhanced Raman scattering (SERS) signal. The results led us to propose a
new model to explain the interaction between CR and A?, which suggests
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that CR exists primarily in a micellar or aggregated form in water down to
about 0.5 ?M and, upon interacting with A? or similar proteins or peptides,
dissociates into monomers. The results and new model have significant
implications for developing new molecules and strategies to detect and
inhibit brain plaque formation and thereby prevent and treat neurological
diseases like AD in the long term.

9550-35, Session PWed

Evaluation of performance of portable
respiratory monitoring system based on
micro-electro-mechanical-system for
respiratory gated radiotherapy

Jiwon Sung, Korea Univ. (Korea, Republic of) and Kyung
Hee Univ. Hospital at Gangdong (Korea, Republic of);
Dong Wook Kim, Weon Kuu Chung, Kyung Hee Univ.
Hospital at Gangdong (Korea, Republic of)

Purpose:

This study evaluated the accuracy of the hand-made portable respiratory
monitoring system (PRMS) based on Micro-electro-mechanical-system
(MEMS) sensor.

Methods and materials:

The performance of the PRMS was estimated by comparing the actual

and measured movements of linear motion by using a one-dimensional
motion phantom which moved with periods of 3.50s ~ 7.50s and amplitude
of 2.5cm. The PRMS was also tested for radiation hardness by irradiating
accumulated radiation to MEMS sensor.

Results:

The difference between signal of the PRMS and real motion were measured
up to 1% for periods and 3% for amplitude. The signal from PRMS was well
matched with the motion of 1D motion phantom for direction, timing and
amplitude. And maximum permissible exposure dose to PRMS was up to
900Gy approximately.

Conclusion:

In term of simplicity and convenience, we found the possibility of the PRMS
as the patient training for respiratory gated radiotherapy. We have plan to
apply the PRMS to the person or patients and evaluate it help them to make
regular breathing by training. So we expect more detail of study for more
realistic situation and it can be established in near future.

9550-36, Session PWed

Decoding the LasR quorum sensing
communication system of Pseudomonas
aeruginosa by SERS

Vanesa Lopez-Puente, Celina Costas, Cristina Fernandez-
Lopez, Gustavo Bodelon-Gonzalez, Jorge Perez-Juste,
Isabel Pastoriza-Santos, Univ. de Vigo (Spain); Luis M.
Liz-Marzan, CIC biomaGUNE (Spain) and IKERBASQUE.
Basque Foundation for Science (Spain)

Quorum sensing (QS) is a bacterial cell-to-cell communication system that
relies in the activation of receptor proteins by small diffusible signals, which
results in the regulation of important cellular processes including virulence,
antibiotic resistance and biofilm formation. The study of such protein-ligand
interactions provides a molecular framework for the development of QS
modulators. Herein, we have applied Surface-enhanced Raman scattering
(SERS) spectroscopy for investigating the conformational changes in the
structure of LasR from Pseudomonas aeruginosa upon interaction with
different QS modulators. With this aim, we generated plasmonic SERS
substrates consisting in gold nanoparticles thin films. Then, we genetically
modified the ligand-binding domain of LasR to incorporate a C-terminal
cysteine that enabled precise control over the protein orientation onto
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the gold surface. Based on SERS analyses we demonstrate structural
rearrangements in the LasR polypeptide as a result of ligand binding. This
study shows for first time SERS detection of conformational changes in a QS
receptor, demonstrating its capacity as a powerful tool for the analysis of
protein-ligand interactions. Therefore this spectroscopic technique could be
successfully used as complementary tool for accelerating drug discovery.

9550-37, Session PWed

Low-temperature UV-resonance Raman
spectroscopy: toward less damaging
biomolecular imaging

Yuika Saito, Hikaru Yoshino, Yasuaki Kumamoto, Atsushi
Taguchi, Satoshi Kawata, Osaka Univ. (Japan)

There has been a considerable interest on applying UV resonant Raman
spectroscopy to biological materials, because of a high sensitivity and
molecular selectivity caused by the resonant effect. The main drawback
of UV resonance Raman spectroscopy is photodegradation during a
laser exposure that cause a serious problem for observation of an actual
biological processes especially in a microscopic imaging where the
observation volume cannot be refreshed. Therefore, it is essential to
figure out the origin of a photodegradation and choosing appropriate
experimental parameter including environmental conditions .

In this work, the temperature-dependent photodegradation during UV-
resonance Raman spectroscopy was investigated. Photodegradation was
quantitatively probed by monitoring the temporal evolution of UV-
resonance Raman spectra obtained from bacteriochlorophyll (BChl) showing
resonance effect at a 355-nm excitation wavelength. At 80 K, the molecular
photodecomposition rate was 5-times lower than at room temperature.

The decomposition rates of BChl followed the Arrhenius formula, indicating
that the mechanism of photodegradation can be explained by a thermal
activation process.
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95571-1, Session 1

Electrical control of the perpendicular
magnetization in Pt/[Co/Ni]13/Al
multilayers (/nvited Paper)

Juan-Carlos Rojas-Sadnchez, Unité Mixte de Physique
CNRS/Thales (France) and Univ. Paris-Sud 11 (France);
Joao Sampaio, Univ. Paris-Sud 11 (France); Piotr
Laczkowski, Nicolas Reyren, Cyrile Deranlot, Sophie

Collin, Henri Jaffrés, Unité Mixte de Physique CNRS/
Thales (France) and Univ. Paris-Sud 11 (France); Alexandra
Mougin, Univ. Paris-Sud 11 (France); Albert Fert, Jean-Marie
George, Unité Mixte de Physique CNRS/Thales (France)
and Univ. Paris-Sud 11 (France)

The spin to charge current conversion (SCCC) due to spin-orbit coupling
(SOC) opens the way to manipulate the magnetization by electrical

means. SCCC results either from bulk effects, in particular through Spin

Hall Effect (SHE) [1-3], or from interfacial effects, for example in our recent
experimental discovery of Rashba-Edelstein Effect (REE) [4]. We have
investigated the SCCC by SHE in metals such as Pt [1,2], Au and AuW [3]. In
the case of 2D systems, we recently demonstrated a large SCCC efficiency
in Rashba type Ag/Bi interface [4]. An even larger effect can be even
anticipated if topological insulators are used.

We will present a practical application of this SCCC to control the
magnetization due to the spin-orbit torque induced by SHE [5-8], and focus
on the case of Pt/(Co/Ni)3/Al multilayers with perpendicular magnetization.
Using both the anomalous Hall Effect and Kerr experiments in patterned
Hall bars, we are able to establish a scenario for the reversal mechanism
involving domain wall motions and spin-orbit torques induced by SHE in Pt.

[1] J-C. Rojas-Sanchez et al. PRL 112, 106602 (2014). [2] J.-C. Rojas-Sanchez
et al. SPIE 9167, Spintronics VII, 916729 (2014). [3] P. Laczkowski et al. APL
104, 142403 (2014). [4] J C Rojas Sanchez et al. Nat. Comm. 4:2944 (2013).
[5] A. V. Khvalkovskiy et al. PRB 87, 020402 (2013). [6] |. M. Miron et al.
Nature 476, 189 (2011). [7] L. Liu et al. PRL 109, 096602 (2012). [8] N. Perez
et al. APL 104, 092403 (2014).

9551-2, Session 1

Ultra-fast three terminal perpendicular
spin-orbit torque MRAM (/nvited Paper)

Olivier Boulle, Murat Cubukcu, Claire Hamelin, SPINTEC
(France); Nathalie Lamard, CEA-LETI (France); Liliana
Buda-Prejbeanu, SPINTEC (France); Nikolai Mikuszeit,
CEA-LETI (France); Kevin Garello, Pietro Gambardella,
ETH Zlrich (Switzerland); Juergen Langer, Berthold Ocker,
SINGULUS TECHNOLOGIES AG (Germany); Mihai Miron,
Gilles Gaudin, SPINTEC (France)

The discovery that a current flowing in a heavy metal can exert a torque
on a neighboring ferromagnet has opened a new way to manipulate the
magnetization at the nanoscale. This “spin orbit torque” (SOT) has been
demonstrated in ultrathin magnetic multilayers with structural inversion
asymmetry (SIA) and high spin orbit coupling, such as Pt/Co/AlIOx
multilayers. We have shown that this torque can lead to the magnetization
switching of a perpendicularly magnetized nanomagnet by an in-plane
current injection. The manipulation of magnetization by SOT has led to a
novel concept of magnetic RAM memory, the SOT-MRAM, which combines
non volatility, high speed, reliability and large endurance. These features
make the SOT-MRAM a good candidate to replace SRAM for non-volatile
cache memory application.

We will present the proof of concept of a perpendicular SOT-MRAM
cell composed of a Ta/FeCoB/MgO/FeCoB magnetic tunnel junction
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and demonstrate ultra-fast (down to 300 ps) deterministic bipolar
magnetization switching. Macrospin and micromagnetic simulations
including SOT cannot reproduce the experimental results, which suggests
that additional physical mechanisms are at stacks. Our results show that
SOT-MRAM is fast, reliable and low power, which is promising for non-
volatile cache memory application. We will also discuss recent experiments
of magnetization reversal in ultrathin multilayers Pt/Co/AlOx by very

short (<200 ps) current pulses. We will show that in this material, the
Dzyaloshinskii-Moryia interaction plays a key role in the reversal process.

9551-3, Session 1

Spin-transfer torques from spin-
orbit interactions in heavy metals and
topological insulators (/nvited Paper)

Daniel C. Ralph, Cornell Univ. (United States)

The manipulation of magnetic devices using spin transfer torque in
conventional magnetic tunnel junctions faces a fundamental limit in
efficiency. This conventional torque can be no stronger than the equivalent
of one unit of hbar angular momentum transferred per unit charge in

the applied current. | will discuss recent experiments which investigate

the use of spin-orbit interactions in two different classes of materials to
achieve magnetic manipulation with much better efficiency. First | will
discuss the use of the spin Hall effect in certain heavy metals, which can
provide spin-transfer torques that are more than a factor of 10 stronger per
unit current than conventional spin torque in magnetic tunnel junctions.
These torques can switch magnetic devices with either in-plane or
perpendicular anisotropy, and can also drive very rapid domain wall motion
in perpendicularly-magnetized samples. | will describe our efforts to identify
the materials and device geometries that can provide the strongest spin

Hall effects for applications, and to understand the physical mechanisms at
work. Second, | will describe initial experiments on topological insulator/
ferromagnet bilayers, which suggest that spin-momentum locking in the
surface state of the topological insulator may generate spin-transfer torques
at least another order of magnitude more efficient even than in the heavy
metals.

9551-4, Session 1

Spin-transfer torque excited by spin-orbit
effects in ferromagnetic bilayers (/nvited
Paper)

Tomohiro Taniguchi, National Institute of Advanced
Industrial Science and Technology (Japan); Julie Grollier,
Unité Mixte de Physique CNRS/Thales (France); Mark D.
Stiles, National Institute of Standards and Technology
(United States)

Spin-orbit effects in nonmagnetic heavy metals have attracted much
attention because of their potential application to nanostructured
magnetic devices. In a ferromagnetic/nonmagnetic bilayer system, an
in-plane electric field applied to the nonmagnet produces spin current
flowing in the direction perpendicular to the electric field by the spin-Hall
effect. The spin current injected into the attached ferromagnet excites
magnetization dynamics by the spin-transfer effect. Recent experiments
have demonstrated switching of a perpendicular ferromagnet by this spin-
transfer torque.

Spin-orbit effects are also observed in ferromagnets in the anomalous Hall
effect and the anisotropic magnetoresistance. These effects also produce
the spin-transfer torques in ferromagnetic bilayers. Based on spin transport
theory and spin-dependent Landauer formula, we developed a theory

of interlayer spin-transfer torque excited by the anomalous Hall effect

and the anisotropic magnetoresistance in a ferromagnetic bilayer [1]. We
derive an analytical formula of the spin-transfer torque, and show that
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the spin-transfer torque can point to an arbitrary direction by changing

the magnetization direction, in contrast to spin-Hall systems in which the
direction of the spin-transfer torque is geometrically determined. It enables
us to control the magnetization direction more efficiently than with spin-Hall
systems. For example, by choosing an appropriate magnetization direction
of one ferromagnet, the spin-transfer torque enables us to switch another
perpendicular ferromagnet with low current and high accuracy. Coupled
domain wall motion can also be excited.

[11 T. Taniguchi. J. Grollier, and M. D. Stiles, arXiv:1411.4863.

9551-5, Session 2

Resonant optical control of the current-
induced spin polarization in a two-
dimensional electron system (/nvited
Paper)

Felix G. G. Hernandez, Gennady Gusev, Univ. de S&o
Paulo (Brazil); Askhat Bakarov, AV. Rzhanov Institute of
Semiconductor Physics (Russian Federation)

Semiconductor quantum wells are largely explored systems for the future
development of spintronic devices using optical or electrical techniques.
For the successful implementation in practical technological platforms,

the combination of such methods will be a desirable target for the steps

of generation, control with amplification, and detection. Nowadays, the
reported studies using optical detection, for example, Kerr rotation, are
mainly divided in two branches depending on the spin polarization trigger
used: light or electrical current. Among the optical techniques for the
generation of spin polarization, those using periodical excitation are very
attractive because they lead to remarkable phenomena such as the resonant
spin amplification (RSA). On the other side, electrical generation of spin
polarization (CISP) opens a possibility to develop spin current sources
added to the tuning capability of the spin-orbit interaction. In a combination
of optical and electrical techniques, the situation where a CISP signal is
controlled by an optical pulse has not been reported. Here, we address the
amplification and reorientation of the CISP by periodic optical excitation

in resonance with a variable external magnetic field. We explored the
manipulation of the spin polarization in a 2DEG by the applied electrical
voltage, optical pulse power, and the signal amplitude dependence on the
temperature and device geometry. The experimental data displays a RSA
pattern with long-lived spin coherence oscillations where the polarization
amplitude is enhanced by the electric field, the spin lifetime is independent
of the current level but strongly damped by high optical power and
temperature.

9551-6, Session 2

Dynamics of coupled carriers and Mn spins
in a positively charged Mn-doped quantum
dot (/nvited Paper)

Lucien Besombes, Institut NEEL (France)

Semiconductor quantum dots (QDs) allow for the manipulation of single
charge and spins in a solid-state system. It has been shown that the optical
properties of a QD can also be used to access the spin of individual or pairs
of magnetic atoms. A magnetic atom spin can be prepared by the injection
of spin polarized carriers and its spin state can be read through the energy
and polarization of the photons emitted by the QD. Information processing
using individual magnetic atom spins will require fast coherent control of a
single spin and tuning the coherent coupling between two or more spins.
The controlled exchange coupling of a carrier spin with the spin of individual
magnetic atoms could be used to transfer information between localized
spins.

Using the resonant photoluminescence (PL) of the positively charged
exciton as a probe we analyze here the dynamics of coupled carriers and
individual Mn spins in a p-doped CdTe/ZnTe QD. The electron-Mn spin
relaxation channels are identified in the energy and polarization of the
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resonant PL. The auto-correlation of the resonant PL reveals a large photon
bunching resulting from the spin fluctuations of the electron-Mn and
hole-Mn complexes. The dynamics of the coupled hole-Mn spins is directly
measured in time resolved resonant optical pumping experiments and the
coherent dynamics of coupled electron and Mn spins is observed in the
time resolved resonant PL. We show that a p-doped magnetic QD forms
an ensemble of ten independent optical ? systems that could be used for a
coherent manipulation of the coupled hole-Mn spins.

9551-7, Session 2

Semiconductor-based interface between
photons and quantum registers using spins
in self-assembled quantum dots (/nvited
Paper)

Danny Kim, Thaddeus D. Ladd, Matthew Rakher, Nathan C.
Jones, Andrey A. Kiselev, Richard S. Ross, HRL Labs., LLC
(United States)

Self-assembled semiconductor quantum dots are prime candidates as
coherent spin-to-photon interfaces in proposed quantum repeaters or
quantum networks. The spin of a trapped electron acts as the stationary or
storage qubit while recombination from atom-like energy levels produces
single photons. A strong optical transition dipole in the semiconductor
medium provides salient advantages, such as quantum gates completed in
picoseconds using ultrafast lasers, near unity photon extraction efficiency
when embedded in engineered nanostructures, and the ability to provide a
deterministic single photon turnstile operating at 100 MHz. These properties
have enabled experiments demonstrating ultrafast one- and two-qubit
gates, spin echo, and spin-photon entanglement.

This talk will present preliminary experiments and simulations

towards realizing a semiconductor-based architecture for spin/photon
interconversion based on self-assembled quantum dots. One key limitation
of these dots for quantum memory is the short decoherence time due to
nuclear field fluctuations. Although the demonstrated ratio of T2 to the
single-qubit optical gate time (105) exceeds many systems, high-fidelity
multi-qubit logic is still required for most quantum network architectures.
A logic-enabled memory register larger than a few self-assembled dots

is challenging to build with self-assembly, motivating architectures which
transfer the spin information from these dots to microfabricated arrays of
electrically gated dots. Critical performance parameters for this transfer
are the coherence time and control fidelity of the self-assembled dots; we
therefore investigate optical dynamical decoupling and composite pulse
sequences and compare the performance to the requirements of future
integrated devices.

9551-8, Session 3

Spin-orbit torques in magnetic bilayers
(Invited Paper)

Paul M. Haney, Mark D. Stiles, National Institute of
Standards and Technology (United States); Hyun-Woo Lee,
Pohang Univ. of Science and Technology (Korea, Republic
of); Aurélien Manchon, King Abdullah Univ. of Science and
Technology (Saudi Arabia); Kyung-Jin Lee, Korea Univ.
(Korea, Republic of)

Spintronics aims to utilize the coupling between charge transport and
magnetic dynamics to develop improved and novel memory and logic
devices. Future progress in spintronics may be enabled by exploiting the
spin-orbit coupling present at the interface between thin film ferromagnets
and heavy metals. In these systems, applying an in-plane electrical current
can induce magnetic dynamics in single domain ferromagnets, or can
induce rapid motion of domain wall magnetic textures. There are multiple
effects responsible for these dynamics. They include spin-orbit torques and
a chiral exchange interaction (the Dzyaloshinskii-Moriya interaction) in the
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ferromagnet. Both effects arise from the combination of ferromagnetism
and spin-orbit coupling present at the interface. There is additionally a
torque from the spin current flux impinging on the ferromagnet, arising from
the spin hall effect in the heavy metal. Using first principles calculations, we
identify spin-orbit hybridization at the ferromagnet-heavy metal interface as
central to the spin-orbit torques present in Co-Pt bilayers. We additionally
propose that the transverse spin current (from the spin hall effect) is locally
enhanced over its bulk value due to scattering at an interface which is
oriented normal to the charge current direction.

9551-9, Session 3

Spin orbit torques and chiral spin textures
in ultrathin magnetic films (/nvited Paper)

Geoffrey S. Beach, Massachusetts Institute of Technology
(United States)

Spin orbit coupling at interfaces can give rise to chiral magnetic textures
such as homochiral domain walls and skyrmions, as well as current-induced
torques that can effectively manipulate them [1-3]. This talk will describe
interface-driven spin-orbit torques and Dzyaloshinskii-Moriya interactions
(DMIs) in ultrathin metallic ferromagnets adjacent to nonmagnetic heavy
metals. We show that the DMI depends strongly on the heavy metal,
differing by a factor of ~20 between Pt and Ta [4], and describe the
influence of strong DMI on domain wall dynamics and spin Hall effect
switching [5]. We present high-resolution magnetic force microscopy
imaging of static magnetic textures that directly reveal the role of DMI and
allow its strength to be quantified. Finally, we will describe how SOTs can be
enhanced through interface engineering [6] and tuned by a gate voltage [7]
by directly controlling the interfacial oxygen coordination at a ferromagnet/
oxide interface [8].

[1] A. Thiaville, et al., Europhys. Lett. 100, 57002 (2012).

[2] S. Emori, et al., Nature Mater. 12, 611 (2013).

[3] J. Sampaio, V. Cros, S. Rohart, A. Thiaville, and A. Fert, Nature Nano. 8,
839 (2013).

[4]1S. Emori, et al., Phys. Rev. B 90, 184427 (2014).

[5] N. Perez, et al., Appl. Phys. Lett. 104, 092403 (2014).

[6]1S. Woo, et al., Appl. Phys. Lett. 105, 212404 (2014).

[71S. Emori, et al., Appl. Phys. Lett. 105, 222401 (2014).

[8] U. Bauer, et al., Nature Mater. 14, 174 (2015).

9551-10, Session 3

Anatomy of spin-orbit phenomena at
ferromagnetic/nonmagnetic material
interfaces (/nvited Paper)

Hongxin Yang, Ali Hallal, Bernard Dieny, SPINTEC (France)
and Univ. Grenoble Alps (France) and Ctr. National de la
Recherche Scientifique (France); Andre Thiaville, Stanislas
Rohart, Univ. Paris-Sud 11 (France) and Ctr. National de la
Recherche Scientifique (France); Albert Fert, Unité Mixte
de Physique CNRS/Thales (France) and Univ. Paris-Sud

1 (France); Mairbek Chshiev, SPINTEC (France) and Univ.
Grenoble Alps (France) and CEA-INAC (France)

Spin-orbit coupling based phenomena such as perpendicular magnetic
anisotropy (PMA) and Dzyaloshinskii-Moriya interaction (DMI) at interfaces
between ferromagnetic (FM) metal and nonmagnetic (NM) insulator or
metal have been an object of increased interest for spintronics including
spin orbitronics in a view of ultra-dense information storage and spintronic
devices such as MRAM. In this talk we elucidate mechanisms responsible
for the PMA and DMI from first-principles for Co(Fe)|MgO and Co|Pt
interfaces, respectively. First, we unveil the nature of PMA at Fe[MgO
interfaces by evaluating the orbital and layer resolved contributions to
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magnetic anisotropy in Fe/MgO interfaces and MTJs with di?erent interfacial
conditions [1,2]. It is demonstrated that the origin of the large PMA values

is far beyond simply considering the hybridization between Fe-3d and O-2p
orbitals at the interface between the metal and the insulator. Our on-site
projected analysis show that the anisotropy energy is not localized at the
interface but it rather propagates into the bulk showing an attenuating
oscillatory behavior which depends on orbital character of contributing
states and interfacial conditions [2]. Next, we calculate and clarify the main
features and microscopic mechanisms of DMI in Co/Pt bilayers [3]. Here

we found that DMl is predominantly located at the interfacial Co layer,
originating from spin-orbit energy provided by the adjacent NM layer.
Furthermore, no direct correlation is found between DMI and proximity
induced magnetism in Pt. The thickness dependencies as well as the impact
of interfacial mixing on DMI values in Co/Pt inetrfaces will be also discussed.
These results clarify underlying mechanisms of DMI at FM/NM bilayers and
should help optimizing material combinations for skyrmion- and DW-based
storage and memory devices. [1] H.-X. Yang et al, Phys. Rev. B 84, 054401
(2011);

[2] A. Hallal et al, Phys. Rev. B 88, 184423 (2013); [3] H.-X. Yang et al,
arXiv:1501.05511.

9551-11, Session 4

Long-range transfer of spin information
using a single electron (/nvited Paper)

Tristan Meunier, Ctr. National de la Recherche Scientifique
(France)

The recently demonstrated on-demand transfer of a single electron using
surface acoustic waves in AlGaAs heterostructures [1,2] opens the route
towards electronics at the single electron level and is a promising strategy to
scale up the system of electron spin qubits.

We will discuss the result of an experiment where the spin of an electron,
initially prepared in a specific spin states in a first dot, is measured in a
second dot four microns away after transfer. We demonstrate that spin
information is preserved during the transfer with a fidelity close to 30%. We
will discuss possible source of depolarization during the transfer and prior to
the transfer.

9551-12, Session 4

Spin dynamics of isolated carrier spins in
semiconductors (/nvited Paper)

Michael Oestreich, Fabian Berski, Ramin Dahbashi, Julia
Wiegand, Leibniz Univ. Hannover (Germany); Klaus
Pierz, Physikalisch-Technische Bundesanstalt (Germany);
Andreas D. Wieck, Ruhr-Univ. Bochum (Germany); Jens
HUbner, Leibniz Univ. Hannover (Germany)

The spin of localized carriers is a prospective candidate for future quantum
information systems like for example quantum repeaters or quantum
information processing. In this talk we will present new results on the
intriguing interaction of single and ensembles of localized spins with the
surrounding nuclear spin bath and the subtle influence of electrically

active defects in close vicinity of the corresponding spins. In the field of

the central spin problem, we will discuss higher order spin correlations

as an appropriate tool to shed more light on the complex type of spin
interaction. We will furthermore elaborate on the coupling of light and spins
in direct and indirect semiconductors at very low temperatures. We will
experimentally verify the predicted multifaceted longitudinal and transverse
spin relaxation times of localized carriers and explain the appearance

of unexpected features in the spin noise spectrum which emerge as
extremely sharp spin noise peaks indicating spin coherence times in the
millisecond regime. Finally, we will show recent advances in the technique
spin noise spectroscopy in view of an enhanced sensitivity and surprising
observations concerning the magnetic field dependence of the longitudinal
spin relaxation time of single electrons and holes in individually addressed
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quantum dots and strong signatures of anisotropic spin interaction in
nominally symmetric quantum systems.

9551-13, Session 4

Ultrafast phase-sensitive probes of the
exchange interaction at ferromagnet/
semiconductor interfaces (/nvited Paper)

Ezekiel Johnston-Halperin, The Ohio State Univ. (United
States)

We investigate the ultrafast exchange mechanism between the
magnetization of a metallic ferromagnet and the free carriers of an
adjacent non-magnetic semiconductor using ultrafast optical pump probe
techniques. Using Fe/MgO/GaAs heterostructures we explore the exchange-
driven ferromagnetic proximity polarization (FPP) mechanism, which has
previously been reported to lead to a non-equilibrium polarization of the
free carriers in the GaAs layer that develops on timescales of less than 50
ps. This non-equilibrium electron polarization leads to a hyperpolarization
of the nuclear spin system via the contact hyperfine interaction, which in
turn dramatically modifies the ensemble spin dynamics of the free carriers.
Here, we use the time and phase sensitivity of time-resolved Kerr rotation
measurements to explore the role of inhomogeneity in both the exchange
and hyperfine fields in determining the ensemble dephasing time, T2*, of
spins in the GaAs. We find an unexpected and dramatic dependence of T2*
on the effective nuclear field that suggests significant inhomogeneity in the
local hyperfine interaction at low temperatures due to carrier freeze-out
(i.e. localization at Si donor sites). These results provide a powerful new
tool to explore the time dependent exchange interaction at ferromagnetic/
non-magnetic interfaces, with the potential to dramatically improve our
understanding of dynamic spin phenomena ranging from spin-thermal
interactions in heterostructures to ferromagnetic resonance driven spin
pumping.

9551-14, Session 5

Spin-pumping-induced spin transport in
semiconductors and related phenomena
(Invited Paper)

Masashi Shiraishi, Yuichiro Ando, Kyoto Univ. (Japan)

Spin pumping is currently recognized as a quite potential tool for

injecting spins and generating pure spin current into condensed matters,
such as nonmagnetic metals [1], inorganic semiconductors [2], organic
semiconductors [3], magnetic insulator [4], and so on. For detection of
the generated spin current, the inverse spin Hall (ISHE) effect [5] is now
widely used. We have been investigating spin transport properties and spin
polarization in semiconductors and topological insulators by using spin
pumping (Si [2], Graphene [6], GaAs [7] and Ge [8]) and electrical spin
injection (Si [9], Graphene [10]) and BiSbTeSe [11]), and will present these
recent results. In the course of these studies, we found that non-negligible
electromotive forces can be generated from ferromagnetic metals, NiFe and
Co [12], due to the self-induced ISHE. The detail of this interesting feature
will be also presented.

References:

[1] S. Mizukami et al., PRB 2001. [2] E. Shikoh, M. Shiraishi et al., PRL 2013.
[3] K. Ando et al., Nature Mater. 2013. [4] Y. Kajiwara et al., Nature 2010. [5]
E. Saitoh et al., APL 2006. [6] Z. Tang, M. Shiraishi et al., PRB(R) 2013. [7] A.
Yamamoto, Y. Ando et al., submitted. [8] S. Dushenko, Y. Ando, M. Shiraishi
et al.,, submitted. [9] T. Sasaki, Y. Ando, M. Shiraishi et al., Phys. Rev. Applied,
2014. [10] M. Shiraishi et al., Adv. Func. Mat. 2009. [11] Y. Ando, M. Shiraishi
et al., Nano Lett. 2014. [12] A. Tsukahara, Y. Ando, M. Shiraishi et al., PRB
2014.
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9551-15, Session 5

Hot electrons transport in devices
combining tunnel and Schottky barriers
(Invited Paper)

Christopher Vautrin, Yuan Lu, Sylvain Le Gall, Guillaume
Salla, Sylvie Robert, Olivier Lenoble, Francois Montaigne,
Institut Jean Lamour (France); Ming-Wei Wu, Univ. of
Science and Technology of China (China); Daniel Lacour,
Michel Hehn, Institut Jean Lamour (France)

We have recently unveiled experimentally a new interfacial trapping
phenomenon for hot electron injection in silicon [1]. The transport
measurements indicate that an interfacial charge trapping and a
backscattering-induced collector current limitation take place when the
temperature is lower than 25?K. This results in a rapid decrease of the
magneto-current ratio. In this presentation we will demonstrate an electrical
control of this trapping effect thanks to a magnetic tunnel transistor made
on wafer bonded substrate [2]. A model taking into account the effects of
both electric field and temperature will be presented. It closely reproduces
the experimental results and allows extraction of the trapping binding
energy (1.6 meV). Finally we will also discussed the difficulties encountered
during realization of equivalent devices having out of plane magnetizations.
Links between Schottky barriers preparation techniques and the existence
of perpendicular magnetic anisotropy in a CoNi multilayer are established
made. A solution to join in the same devices a Schotkky barrier and
perpendicular anisotropy will be revealed [3].

[11Y. Lu, D. Lacour et al, Appl. Phys. Lett. 103, 022407 (2013)

[2]Y. Lu, D. Lacour et al, Appl. Phys. Lett. 104, 042408 (2014)

[3]C. Vautrin, D. Lacour et al, to be published (2015)

9551-16, Session 5

The role of interface states in the electrical
and dynamical spin injection in silicon and
germanium (/nvited Paper)

Matthieu Jamet, Commissariat a 'Energie Atomique
(France) and Univ. Grenoble Alps (France); Fabien Rortais,
Simon Oyarzun, Commissariat & 'Energie Atomique
(France) and Univ. Grenoble Alps (France); Juan-Carlos
Rojas-Sanchez, Piotr Laczkowski, Unité Mixte de Physique
CNRS/Thales (France) and Univ. Paris-Sud 11 (France);
Céline Vergnaud, Commissariat a 'Energie Atomique
(France) and Univ. Grenoble Alps (France); Clarisse
Ducruet, Crocus Technology (France); Cyrille Beigné,
Commissariat a ’Energie Atomique (France) and Univ.
Grenoble Alps (France); Nicolas Reyren, Unité Mixte de
Physique CNRS/Thales (France) and Univ. Paris-Sud 11
(France); Jean-Philippe Attané, Commissariat a ’'Energie
Atomique (France) and Univ. Grenoble Alps (France);
Laurent Vila, Commissariat a 'Energie Atomique (France)
and Univ. Grenoble Alps (France); Gérard Desfonds,

Serge Gambarelli, Commissariat a 'Energie Atomique
(France) and Univ. Grenoble Alps (France); Julie Widiez,
Commissariat a ’'Energie Atomique (France); Henri Jaffres,
Jean-Marie George, Unité Mixte de Physique CNRS/Thales
(France) and Univ. Paris-Sud 11 (France)

Electrical spin injection from ferromagnetic metals to silicon (Si) and
germanium (Ge) is the first and basic requirement for the development of
spintronic devices and their integration with mainstream semiconductor
(SC) technology. The main obstacle to efficient spin injection is the
conductivity mismatch between the ferromagnetic metal and Si, Ge and
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requires tunneling spin injection through an oxide barrier (Ox). However,
tunneling spin injection raises other important issues in the interpretation of
electrical spin signals. In particular, the possible presence of localized states
within the Ox or at the Ox/SC interface may lead to wrong conclusions.

To study the exact origin of the spin signals measured in three and four-
terminal geometries, we have grown Ta/CoFeB/MgO/SOI and GeOl samples
with n and p type doping using variable MgO thicknesses. The use of SOI
and GeOl substrates allows us to apply back gate voltages to the SC channel
to vary its resistivity. Moreover we have used three different technigues

to grow the MgO tunnel barrier: by sputtering of MgO or Mg followed by

a plasma oxidation and e-beam evaporation of MgO. Using the Mg and
plasma oxidation growth of the tunnel barrier, though less flexible than the
other techniques, allowed us to show the temperature transition from the
spin accumulation into interface states to the spin accumulation into the
conduction band of n-Ge and n-Si. For this purpose, both electrical and
dynamical spin injection measurements were carried out as a function of
temperature and bias voltage for different MgO tunnel barriers.

9551-17, Session 6

Understanding bilayers of metals and
magnetic insulators (/nvited Paper)

Gerrit E. W. Bauer, Tohoku Univ. (Japan) and Delft Univ. of
Technology (Netherlands)

The spintronics based on magnetic and non-magnetic elemental metals
and their alloys has been very successful in the last decade. Discoveries
such as the giant magnetoresistance, tunnel magnetoresistance, spin-
transfer torque, (inverse) spin Hall effect, spin-orbit torques etc. not only
lead to fundamental new physical insights, but also to functionalities that
are employed in new nanoscale devices such as switches, memories, and
SEensors.

Magnetic insulators form another class of versatile materials with great
technological importance. They have been central to the research in
magnetism up to the 80’s of the last century, but were later largely
forgotten. The most important magnetic insulators are arguably the man-
made yttrium iron garnets, ferrimagnets with Curie transitions far above
room temperature and record magnetic quality [1-3]. In recent years,
magnetic insulators have attracted much interest from the spintronics
community, because K. Uchida, E. Saitoh c.s., demonstrated that they can
be actuated thermally [4] and electrically [5] and thereby integrated into
conventional electronics and thermoelectric devices. The discovery of
entirely new phenomena, such as the spin Seebeck effect, raises the hope
for a new and green spintronics [6].

This contribution reviews recent (published in 2014 [7-15] and yet
unpublished) progress in the theoretical spin(calori)tronics of YIG and its
heterostructures with normal metals,. After an elementary introduction into
the basic physical concepts, a number of recent key theoretical insights
and, where possible experimental evidence, will be reviewed. Topics such as
spin Peltier effect, the figure or merit of spin Seebeck generators, exchange
magnon-polaritons, acoustically induced spin pumping, current-induced
spin torque resonance facilitated by the spin Hall magnetoresistance, and
others will be presented.

| gratefully acknowledge collaboration with many researchers (see Refs.
[5-16]). This work was supported by the FOM Foundation, Reimei program
of the Japan Atomic Energy Agency, EU-FET “InSpin”, the ICC-IMR, DFG
Priority Program 1538 “Spin-Caloric Transport”, and JSPS Grants-in-Aid for
Scientific Research (Grant Nos. 25247056, 25220910, 26103006).

[11 V. Cherepanoy, |. Kolokolov, V. L'vov, The Saga of YIG: Spectra,
Thermodynamics, Interaction and Relaxation of Magnons in a Complex
Magnet, Phys. Rep. 229, 81 (1993).

[2] Recent Advances in Magnetic Insulators -- From Spintronics to
Microwave Applications, M. Wu and A. Hoffmann (eds.), Solid State Physics
64,1 (2013).

[3] R. L. Stamps, S. Breitkreutz, J. Akerman, A. Chumak., Y. Otani, G. E. W.
Bauer, J.-U. Thiele., M. Bowen., S.A. Majetich, M. Klaui, I. L. Prejbeanu, B.
Dieny, N. M. Dempsey, and B. Hillebrands, The 2014 Magnetism Roadmap, J.
Phys. D 47, 333001 (2014).

[4] K. Uchida, J. Xiao, H. Adachi, J. Ohe, S. Takahashi, J. leda, T. Ota, Y.
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Kajiwara, H. Umezawa, H. Kawai, G. E.W. Bauer, S. Maekawa, and E. Saitoh,
Nature Mater. 9, 894 (2010).

[5]Y. Kajiwara, K. Harii, S. Takahashi, J. Ohe, K. Uchida, M. Mizuguchi, H.
Umezawa, H. Kawai, K. Ando, K. Takanashi, S. Maekawa, and E. Saitoh,
Nature 464, 262 (2010).

[6] A. Kirihara, K. Uchida, Y. Kajiwara, M. Ishida, Y. Nakamura, T. Manako, E.
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9551-18, Session 6

Spintronics in complex oxide hybrid and
heterostructures (/nvited Paper)

Georg Schmidt, Martin-Luther-Univ. Halle-Wittenberg
(Germany)

Complex oxides are an interesting class of materials for spintronics

research and applications. Among others they have been used in tunnelling
magnetoresistance elements because of high spin polarization or in hybrid
structures for spin pumping [1] where ferromagnetic insulators like yttrium
iron garnet (YIG) greatly facilitate the interpretation of experimental results.

In this presentation further progress in the utilization of ferromagnetic
oxides for spintronics will be shown. On the one hand spin pumping and
inverse spin-Hall effect in all-oxide heterostructures are presented. In these
structures complex oxides are not only the source of spin pumping but they
also act as the detecting spin sink which exhibits the inverse spin-Hall effect.

In addition new experiments on tunnelling anisotropic magnetoresistance
(TAMR) in oxides will be shown. While TAMR in inorganic systems was
limited to a few % until recently [2], we demonstrate that in a fully epitaxial
stack of a ferromagnetic oxide and a complex oxide tunnel barrier TAMR can
be as large as 65 %.

References

[11 K. Uchida et al. Nature Materials 9, 894 (2010)

[2] C. Gould et al., Phys. Rev. Lett. 93, 117203 (2004)

spie.org/op Return to Contents



Conference 9551: Spintronics VIII

9551-19, Session 6

Spin wave propagation in magnetic
insulator thin film of nanometer thickness
(Invited Paper)

Haiming Yu, BeiHang Univ. (China) and Technische Univ.
Mlnchen (Germany); Olivier d’Allivy Kelly, Unité Mixte de
Physique CNRS/Thales (France) and Univ Paris-Sud 11
(France); Vincent Cros, Rozenn Bernard, Paolo Bortolotti,
Abdelmadjid Anane, Unité Mixte de Physique CNRS/
Thales (France) and Univ. Paris-Sud 11 (France); Florian
Brandl, Rupert Huber, loannis Stasinopoulos, Dirk Grundler,
Technische Univ. MUnchen (Germany)

Wave control in the solid state has opened new avenues in modern
information technology. Surface-acoustic-wave-based devices are found
as mass market products in 100 millions of cellular phones. Spin waves
(magnons) would offer a boost in today’s data handling and security
implementations, i.e., image processing and speech recognition. However,
nanomagnonic devices realized so far suffer from the relatively short
damping length in the metallic ferromagnets amounting to a few 10
micrometers typically. Here we demonstrate that nm-thick YIG films
overcome the damping chasm. Using a conventional coplanar waveguide we
excite a large series of short-wavelength spin waves (SWs). From the data
we estimate a macroscopic of damping length of about 600 micrometers.
The intrinsic damping parameter suggests even a record value about 1 mm
allowing for magnonics-based nanotechnology with ultra-low damping. In
addition, SWs at large wave vector are found to exhibit the non-reciprocal
properties relevant for new concepts in nanoscale SW-based logics. We
expect our results to provide the basis for coherent data processing with
SWs at GHz rates and in large arrays of cellular magnetic arrays, thereby
boosting the envisioned image processing and speech recognition.

9551-20, Session 6

Role of transparency of platinum-
ferromagnet interface in determining
intrinsic magnitude of spin Hall effect
(Invited Paper)

Wei Han, Peking Univ. (China)

The spin Hall effect is a phenomenon in which electrical current generates
pure spin currents in thin layers formed from materials with large spin orbit
coupling. What determines the magnitude of the effect is of considerable
debate. Whilst the spin Hall effect has been observed in a number of
conducting materials one of the most interesting materials is platinum

due, not only to the substantial large spin Hall effect that it exhibits, but
also because Pt exhibits several other important properties related to its
large spin orbit coupling including perpendicular magnetic anisotropy,

a Dzyaloshinsky-Moriya exchange interaction, and a proximity induced
magnetic moment when coupled to a magnetic layer.

The magnitude of the SHE is not easy to measure and most often is inferred
from the effect of the spin current on neighboring magnetic moments. The
spins diffuse from the non -magnetic layer in which they are formed across
the interface into the magnetic material. What we show in our paper is
that the “transparency” of this interface to the spin current strongly affects
the magnitude of the spin Hall effect. The transparency has been ignored
in all measurements of the SHE to date. In our manuscript we use a spin
torque ferromagnetic resonance (ST-FMR) technique to measure the SHE.
When the transparency is neglected we show that the magnitude of the
SHE in platinum measured using ST-FMR can vary by more than a factor of
2 with different magnetic metals! The SHE should, however, not depend on
the ferromagnet since it is an intrinsic property of the material itself. We
show that we can readily account for our observations by taking account
of the transparency of the platinum / magnet interface that we measure in
independent measurements using the phenomenon of spin pumping. This
is an enormous effect! For example, we find for the platinum/ permalloy
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interface only 1in 4 spins cross the interface! This means that the spin
current generated in the platinum layer from the SHE is 4 times larger than
is inferred from the perturbation of the magnetic layer from the spin torque
created by the spins that cross the interface. Correspondingly, this means
that the magnitude of the SHE is also 4 times larger than was inferred from
ST-FMR or related experiments which ignores the interface transparency.

Our work points to the importance of the interface transparency in
understanding the origin of the SHE and how it can be used technologically.
In hindsight the role of the interface transparency seems so important that
it is surprising that it has been overlooked. Thus, we believe our paper will
be of considerable interest and will play an important role in developing a
detailed understanding of the physics underlying the spin Hall effect.

9551-21, Session 6

Quantum Well state oscillations of pure
spin currents in Fe/Au/Pd(001) structures
(Invited Paper)

Bret V. Heinrich, Eric Montoya, Simon Fraser Univ.
(Canada)

Interlayer exchange coupling and spin pumping are caused by instantaneous
and time delayed spin dependent potential at FM (ferromagnet) /NM
(normal metal) interface, respectively. Therefore one can expect that in
some structures the spin pumping contribution to the interface damping
can result also in an oscillatory behavior with the NM layer thickness as it is
observed readily for the interlayer coupling. Since no oscillatory behavior
of spin pumping was found in FM/simple NM systems, we investigated

spin pumping in Fe/Au/Pd(001); the Pd layer exhibits thermally excited
spin fluctuations resulting in a large spin current decoherence in Pd on the
length scale of 10 nm which is significantly smaller than the spin diffusion
length in normal Au. Spin pumping contribution to the Gilbert damping in
Fe/Au/Pd reached an asymptotic value corresponding to a thick Au layer
on much shorter length scale than that expected for the spin diffusion
length in Au. This behavior was possible to explain using a partial reflection
of spin current at the Au/Pd interface which is caused by different Fermi
velocities in Au and Pd. Surprisingly, for the Au layer thickness less than
the momentum mean free path, the interface damping oscillated with a
periodicities corresponding to long (belly of the Fermi surface) and short
(necks) spanning k-vectors in Au(001) of the static interlayer exchange
coupling. This means that even in the time irreversible process of spin
pumping collective quantum well states play a significant role when the Au
spacer is thinner that the electron momentum mean free path.

9551-22, Session 7

Origin of the spin-orbit interaction (/nvited
Paper)

Gianfranco Spavieri, Univ. de los Andes (Venezuela);
Masud Mansuripur, College of Optical Sciences, The Univ.
of Arizona (United States)

We consider a semi-classical model to describe the origin of the spin-orbit
interaction in a simple system such as the hydrogen atom. The interaction
energy U is calculated in the rest-frame of the nucleus, around which an
electron, having linear velocity v and magnetic dipole-moment ?, travels in a
circular orbit. The interaction energy U is due to the coupling of the induced
electric dipole p=(v/c)?? with the electric field En of the nucleus. According
to quantum mechanics, the radius of the electron’s orbit remains constant
during a spin-flip transition. Under such circumstances, our model predicts
that the energy of the system changes by AE=?U, the factor ? emerging
naturally as a consequence of equilibrium and the change of the kinetic
energy of the electron. The correct ? factor for the spin-orbit coupling
energy is thus derived without the need to introduce the well-known
Thomas precession in the rest-frame of the electron.
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9551-23, Session 7

Rashba spin-orbit effect and its electric
field control at the surfaces and interfaces
for spintronics applications (/nvited Paper)

Sashi Satpathy, Univ. of Missouri (United States); Kavungal
Veedu Shanavas, Oak Ridge National Lab. (United States)

The Rashba effect [1] describes the momentum-dependent spin splitting of
the electron states at a surface or interface. It is the combined result of the
relativistic spin-orbit interaction (SOI) and the inversion-symmetry breaking.
The control of the Rashba effect by an applied electric field is at the heart of
the proposed Rashba-effect-based spintronics devices for manipulating the
electron spinfor manipulating the electron spin in the semiconductors. The
effect is expected to be much stronger in the perovskite oxides owing to the
presence of high-Z elements.

In this talk, | will introduce the Rashba effect and discuss how the Rashba
SOl at the surfaces and interfaces can be tuned by manipulating the two
dimensional electron gas (2DEG) by an applied electric field. The effect
can be understood in terms of a tight-binding model Hamiltonian for the

d orbitals incorporating the effect of electric field in terms of effective
orbital overlap parameters [3]. From first principles calculations we see that
the Rashba SOl originates from the first few layers near the surface and it
therefore can be altered by drawing the 2DEG to the surface or by pushing
the 2DEG deeper into the bulk with an applied electric field. These ideas
will be illustrated by a comprehensive density-functional study of polar
perovskite systems [4].

References
[11 E. I. Rashba, Sov. Phys. Solid State 2, 1109 (1960)

[2] A. Ohtomo and H. Hwang, Nature 427, 423 (2004); Z. Popovic, S.
Satpathy, and R. Martin, Phys. Rev. Letts. 101, 256801 (2008)

[3] K. V. Shanavas and S. Satpathy, Phys. Rev. Lett. 112, 086802 (2014); K. V.
Shanavas, Z. S. Popovic, and S. Satpathy, Phys. Rev. B 90, 165108 (2014)

[4] K. V. Shanavas, J. Electron Spectrosc., In press (2015)

9551-24, Session 7

Microscopic theory of the inverse Edelstein
effect (/nvited Paper)

Roberto Raimondi, Univ. degli Studi di Roma Tre (ltaly); Ka
Shen, Giovanni Vignale, Univ. of Missouri (United States)

The spin Hall effect (SHE) and the inverse spin Hall effect (ISHE) are well
established phenomena in current spintronics research. A third important
effect is the current-induced spin polarization, which, within the Rashba
model for a spin-orbit coupled two-dimensional disordered electron gas,
has been predicted by Edelstein in 1990 and it is referred to as the Edelstein
effect (EE). This effect is deeply connected to the above two effects thanks
to a constraint dictated by the equation of motion. Less known is the
inverse Edelstein effect (IEE), which is the Onsager reciprocal of the EE
and according to which a charge current is generated by a non-equilibrium
spin polarization. The IEE has been recently observed (Nature Commun. 4,
2944 (2013)) in a hybrid ferromagnetic-metal system. In this talk | provide
a precise microscopic definition of the IEE and its description within

the Rashba model. It turns out that the effect has a surprisingly simple
interpretation when the spin-charge coupled drift-diffusion equations
governing it are cast in the language of a SU(2) gauge theory, with the
Rashba spin-orbit coupling playing the role of a generalized spin-dependent
vector potential. After sketching briefly the derivation of the drift-diffusion
equations, the latter are applied to the interpretation of the experiments.
The role of spin-orbit coupling due to impurities is also considered, by
showing that the strenght of the IEE can be controlled by the ratio of the
spin relaxation rates associated to the two type of spin-orbit coupling.
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9551-25, Session 7

Spin-orbit torques and the Dzyaloshinskii-
Moriya interaction in Ta/CoFeB/MgO
nanowires (/nvited Paper)

Thomas A. Moore, Univ. of Leeds (United Kingdom)

The interaction between current and magnetization in Ta/CoFeB/MgO is

of interest because this materials stack is already used for the fabrication
of spintronic devices whose functionality is based on spin torque. With

the advent of spin-orbit torques, the challenge is to understand what
governs the torques and the strength and sign of the Dzyaloshinskii-Moriya
interaction (DMI).

Firstly, we demonstrate spin-orbit torque switching of the magnetization

in Ta/Co20Fe60B20/Mg0 nanowires by current pulse injection along the
nanowires, both with and without a magnetic field collinear to the current.
A component of magnetization along the current direction is required for
the switching to occur, and we find that this may be present, even in zero
field, due to thermally generated fluctuations. Our data are analysed using
a generalized Neel-Brown model which enables the attempt frequency and
effective energy barrier to be extracted.

Secondly, we observe current-induced domain wall motion in Ta/
C020Fe60B20/Mg0 nanowires against the electron flow when no magnetic
field is applied. A field along the nanowires strongly affects the domain

wall velocity, the magnitude and direction of which is in agreement

with the spin-orbit torque model. A DMI effective field of 7.8+/-1.2 mT is
measured, resulting in a DMI constant +0.06+/-0.01 mJ/m2, corresponding
to right-handed domain walls. The positive DMI constant is attributed

to the diffusion of B in the Ta layer and its segregation at the Ta/CoFeB
interface. Using 1D model simulations that include pinning we reproduce the
experimental data and extract a spin Hall angle of -0.11 for Ta.

9551-26, Session 7

Transport at spin-orbit and exchange-split
interfaces and universal giant asymmetry

Huong Thi Dang, Ecole Polytechnique (France); Henri
Jaffrés, Unité Mixte de Physique CNRS/Thales (France);
T. L. Hoai Nguyen, Vietnam Academy of Science and
Technology (Viet Nam); Henri-Jean Drouhin, Ecole
Polytechnique (France)

We report on theoretical investigations and k.p calculations of carrier
tunneling, both electrons and holes, in model systems and heterostructures
composed of exchange-split I1I-V semiconductors, involving spin-orbit
interactions. The two media are separated-or not-by a thin tunnel barrier
made out of a (llI-V) semiconductor. In a 2x2 exchange-split band model,
we show that, when Dresselhaus interactions are included in the conduction
band of two exchange-split semiconductors in contact in the antiparallel
states of magnetization, the electrons are differently transmitted with
respect to an axis orthogonal to both normal axis of the interface and of
the magnetization. The transmission asymmetry (A) between +k// and

-k// incidence is shown to be maximal (A=100%) at some points of the
Brillouin zone corresponding to a totally quenched transmission at some
given incidence angles. More generally, we derive a universal character

of the transmission asymmetry A vs. the in-plane incidence wavevector,
the reduced kinetic energy and exchange parameter, A being universally
scaled by a unique function, independent of the spin-orbit strength and of
material parameters. This particular asymmetry feature is reproduced by a
more complete 14x14 band model involving coupling with the conduction
band. On the other hand, calculations performed in the valence-band of
equivalent model heterostructures and including tunnel barriers in both 6x6
(without inversion) and 14x14 k.p band model more astonishingly highlight,
the same trends in the transmission asymmetry (A) which is related to the
difference of orbital chirality and to the related branching (overlap) of the
corresponding evanescent wavefunctions responsible for tunneling current.
In both cases of electrons and holes, the asymmetry appears to be robust
and persists only when a single electrode is magnetic.
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9551-27, Session 8

Spin and phase relaxation dynamics in GaN
and GaN/AlGaN quantum wells (/nvited
Paper)

Mathieu Gallart, Marc Ziegler, Bernd H. Ho6nerlage, Pierre
Gilliot, Institut de Physique et Chimie des Matériaux de
Strasbourg (France); Eric Feltin, Jean-Francois Carlin,
Raphaél Butté, Nicolas Grandjean, Ecole Polytechnique
Fédérale de Lausanne (Switzerland)

By performing time-resolved optical non-degenerate pump-probe
experiments, we study the relaxation dynamics of spin-polarized excitons
in wurtzite epitaxial GaN and in nitride nanostructures. Those materials are
indeed promising candidates for spintronic applications because of their
weak spin-orbit coupling and large exciton binding energy (~ 17?meV and ~
26meV in bulk GaN, respectively).

In epilayers, we show that the high density of dislocations increases
dramatically the spin relaxation of electrons and holes through the defect
assisted Elliott-Yafet mechanism. That makes the exciton dephasing time
very short.

In high quality GaN/AlGaN quantum wells, both the exciton-spin lifetime
?S and the exciton dephasing-time T2 were determined via pump-probe
spectroscopy using polarized laser pulses and time-resolved four wave-
mixing experiments. The evolution of both quantities with temperature
shows that spin relaxation occurs in the motional narrowing regime up to
80 K. Above this threshold, the thermal energy becomes large enough for
excitons to escape from the QW. Such measurements demonstrate that
GaN-based heterostructures can reach a very high degree of control that
was previously mostly restricted to conventional IlI-V semiconductors and
more specifically to the arsenide family.

9551-28, Session 8

Ultrafast magneto-optical spectroscopy of
BiFeO3-BaTiO3 based structures (/nvited
Paper)

Giti A. Khodaparast, Brenden A. Magill, Michael A. Meeker,
Anuj Chopra, Yuon Zhou, Hyun-Cheol Song, Virginia
Polytechnic Institute and State Univ. (United States);
Michael Bishop, Stephen A. McGill, National High Magnetic
Field Lab. (United States); Christopher J. Stanton, Univ.

of Florida (United States); Shashank Priya, Virginia
Polytechnic Institute and State Univ. (United States)

Ultrafast optical spectroscopy can provide insight into fundamental
microscopic interactions, dynamics and the coupling of several degrees

of freedom. Pump/ probe studies can reveal the answer to questions like
“What are the achievable switching speeds in multiferroics?”, “What is

the influence of the crystallographic orientation and domain states on the
available switching states?”, and “What is the effect of the hetrostructure
on promoting the coupling between the varying field excitations?”. In

this presentation, we report on two color (400/800nm) ultrafast pump-
probe differential reflectance spectroscopy of BiFe03-BaTiO3 structures

to probe the coupling between optical and acoustic phonons to spin
waves. The data presented here is a combination of different transient
reflectivity measurements to probe both the carrier and spin dynamics. The
(001)-BiFe03-BaTiO3 thin films were prepared using pulsed laser deposition
on vicinal SrTiO3 substrates using La0.70 Sr0.30Mn0O3 bottom electrodes.
Crystal orientation and topography were analyzed by x-ray diffraction and
atomic force microscopy. . Our results are important to developing devices
on the basis of this material system.

This work was supported by the AFOSR through grant FA9550-14-1-
0376,NSF-Career Award DMR-0846834, and the Virginia Tech Institute for
Critical Technology and Applied Science.
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9551-29, Session 8

Ultrafast spectroscopy in high magnetic
fields using the 25 Tesla Split Florida Helix
(Invited Paper)

David J. Hilton, The Univ. of Alabama at Birmingham
(United States)

Two-dimensional systems offer a rich array of physical phenomena that
include the integer and fractional quantum Hall effects, both of which have
been observed in multiple materials systems to date. The mitigation and
control of coherence in quantum states in 2D systems is an area of great
current interest that is critical for the development of the next generation
of solid state electronics based on quantum phenomena. In the first
experiments that | will discuss, we investigate the terahertz frequency
properties of a high mobility (? = 106 cm2 V-1 s-1) gallium arsenide two-
dimensional electron gas (2DEG) at cyclotron resonance in a perpendicular
magnetic field, which results in the formation of a spectrum of Landau
levels. Our experiments reveal a strong increase in the decoherence at

low temperatures and a power law dependence to the decoherence time
from T = 0.4 - 100 K. In the second part of the talk, | will discuss our high
fluence, nondegenerate pump-probe spectroscopic experiments of GaAs
in the Florida Split Helix magnet at 15 K and 25 T. We model the electronic
component of our data with an approximate four level system, from which
we have extracted scattering and recombination rates in high magnetic
field. We also observe coherent phonons, which were isolated and fitted to
a sinusoid with an oscillation frequency of 43.5 GHz at 25 T, which is 3.0%
larger than the previously measured zero field frequency.

9551-30, Session 9

Time-resolved spectroscopy of coupled
spin-valley-dynamics in monolayer
transition metal dichalcogenides at low
temperatures (/nvited Paper)

Gerd Plechinger, Philipp Nagler, Christian Schuller, Tobias
Korn, Univ. Regensburg (Germany)

The recent interest in semiconducting transition metal dichalcogenides
(TMDs) such as MoS2, and WS2 has been kindled by their fascinating optical
properties and peculiar band structure, which suggest potential applications
for spintronics. In contrast to the bulk crystals, single-layer TMDs have a
direct bandgap located at the K points in the Brillouin zone. They show
strong excitonic effects due to the two-dimensional carrier confinement,
and a coupling of valley and spin degrees of freedom. In these materials,
optical selection rules allow valley-selective excitation of spin-polarized
electron-hole pairs using resonant, circularly-polarized excitation, and

the valley polarization can directly be determined by helicity-resolved
photoluminescence.

Here, we demonstrate the exfoliation of large-area monolayer flakes
prepared from bulk TMD crystals. The flakes are first characterized using
Raman and photoluminescence measurements. We then utilize time-
resolved Kerr rotation (TRKR) measurements to probe the valley dynamics
in the monolayer flakes at low temperatures. This technique allows resonant
excitation of the excitonic transitions and yields sub-picosecond resolution.

We find valley lifetimes of about 60 ps at a temperature of 4 K in monolayer
MoS2 for resonant excitation. With increasing temperatures, we observe a
dramatic decrease of the valley lifetimes, indicating that valley dephasing is
mediated by phonon-related scattering processes. The MoS2 valley lifetime
can be significantly enhanced by mildly annealing the samples in vacuum

to remove surface adsorbates, indicating that these adsorbates, acting as
scattering centers, also play an important role in valley depolarization.

Financial support by the DFG via SFB 689, GRK1570 and KO3612-1/1is
gratefully acknowledged.
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9551-31, Session 9

Disentangling intra and intervalley
dynamics in monolayer MoS2 by ultrafast
optical techniques (/nvited Paper)

Stefano Dal Conte, CNR-Istituto di Fotonica e
Nanotecnologie (Italy) and Politecnico di Milano (ltaly)

The field of spintronics has recently experienced a strong boost after the
advent of atomically thin Transition Metal Dichalcogenides (TMDs). In this
work we measure separately the spin and valley relaxation dynamics of
both electrons and holes in the prototypical TMD monolayer MoS2. We
combine together two ultrafast optical spectroscopy techniques i.e. Time
Resolved Circular Dichroism (TRCD) and Time Resolved Faraday Rotation
(TRFR) in order to disentangle intra and intervalley relaxation processes.
TRCD experiments are performed by exciting the sample with an ultrashort
circularly polarized pulse, resonant with the optical gap, and measuring

the difference between the transient absorption response probed by

co- and counter- circularly polarized pulses. These measurements reveal

an extremely fast intravalley relaxation of the spin of the photoexcited
electrons and demonstrate that the valley polarization is strongly quenched
after few ps. TRFR experiments are performed in a two-color configuration,
i.e. the energy of the probe pulse is tuned well below the absorption gap.

In these conditions, the Faraday rotation transient signal is related to an
unbalanced distribution of the photoexcited carrier orbital degrees of
freedom. Since the orbital momentum in MoS2 single layer is locked with
the valley index, TRFR measurements probe exclusively the intervalley
dynamics of electrons and holes. The combination of TRFR and TRCD allows
us to disentangle intervalley and intravalley dynamics. Both TRCD and TRFR
experiments are quantitatively explained by a set of rate equations which
take into account intervalley and intravalley relaxation channels.

9551-32, Session 9

Exciton fine structure and spin/valley
dynamics in nanosystems (/nvited Paper)

Mikhail M. Glazov, loffe Physical-Technical Institute
(Russian Federation)

In my invited talk the fine structure of neutral and charged excitons for
GaAs/AlGaAs quantum dots (QDs) grown on (111) plane as well for transition
metal dichalcogenides (TMDCs) monolayers will be discussed. These, at first
glance, different systems posses similar trigonal symmetry, which makes
exciton fine structure and spin dynamics unusual compared with standard
low-dimensional semiconductors. The effects of long-range exchange
interaction induced mixing of excitons in two valleys of TMDCs and of
magneto-induced mixing of bright and dark excitonic states in trigonal QDs
are predicted and confirmed experimentally. Manifestations of excitonic
spin/valley dynamics in photoluminescence, pump-probe Kerr rotation and
spin noise are discussed.

The presentation will be based on the following references:

[11 G. Sallen, B. Urbaszek, M. M. Glazov, et al., Dark-Bright Mixing of
Interband Transitions in Symmetric Semiconductor Quantum Dots, Phys.
Rev. Lett. 107, 166604 (2011).

[2] L. Bouet, M. Vidal, T. Mano, N. Ha, T. Kuroda, M. V. Durnev, M. M. Glazov,
et al., Charge tuning in [111] grown GaAs droplet quantum dots, Appl. Phys.
Lett. 105, 082111 (2014).

[3] M. M. Glazov, et al., Exciton fine structure and spin decoherence in
monolayers of transition metal dichalcogenides Phys. Rev. B 89, 201302(R)
(2014).

[4] C. R. Zhu, K. Zhang, M. Glazov, et al., Exciton valley dynamics probed by
Kerr rotation in WSe2 monolayers, Phys. Rev. B 90, 161302(R) (2014).

132 SPIE Optics+Photonics 2015

SPIE.

NANOSCIENCE+
ENGINEERING

9551-33, Session 9

Generation of valley-spin currents in 2D
transition metal dichalcogenides (/nvited
Paper)

Wang Yao, The Univ. of Hong Kong (Hong Kong, China)

The recent emergence of two-dimensional transition metal dichalcogenides
(TMDs) provides a new laboratory for exploring the internal quantum
degrees of freedom of electrons for new electronics [1]. These include the
real electron spin and the valley pseudospin that labels the degenerate band
extrema in momentum space. The generation and control of spin and valley
pseudospin currents are at the heart of spin and valley based electronics.
We will discuss two mechanisms for generating spin and valley currents of
electrons in 2D transition metal dichalcogenides: (1) the valley and spin Hall
current arising from the Berry curvatures [2,3]; and (ll) the nonlinear valley
and spin currents arising from Fermi pocket anisotropy [4]. We discuss the
possibility to observe and distinguish the two effects as distinct patterns of
polarized electroluminescence at pn junction in monolayer TMDs. We show
that the nonlinear current response allow two unprecedented possibilities
to generate pure spin and valley flows without net charge current, either
by an AC bias or by an inhomogeneous temperature distribution. We will
also discuss the valley Hall effect of charged excitons in monolayer TMDs,
which arises from the exchange interaction between the electron and hole
constituents [5].

Ref:

[11 X. Xu, W. Yao, D. Xiao and T. F. Heinz, Spins and pseudospins in layered
transition metal dichalcogenides, Nature Physics 10, 343 (2014).

[2] D. Xiao, W. Yao and Q. Niu, Valley Contrasting Physics in Graphene:
Magnetic Moment and Topological Transport, Phys. Rev. Lett. 99, 236809
(2007).

[3] D. Xiao, G. Liu, W. Feng, X. Xu and W. Yao, Coupled spin and valley
physics in monolayers of MoS2 and other group VI dichalcogenides, Phys.
Rev. Lett. 108, 196802 (2012).

[4]1 H. Yu, Y. Wu, G. Liu, X. Xu and W. Yao, Nonlinear valley and spin currents
from Fermi pocket anisotropy in 2D crystals, Phys. Rev. Lett. 113, 156603
(2014).

[5] H. Yu, G. Liu, P. Gong, X. Xu and W. Yao, Dirac cones and Dirac saddle
points of bright excitons in monolayer transition metal dichalcogenides,
Nature Communications 5, 3876 (2014).

9551-34, Session 9

Spin relaxation and intervalley scattering
in 2D semiconductors (/nvited Paper)

Aubrey Hanbicki, Marc Currie, U.S. Naval Research Lab.
(United States); George Kioseoglou, Univ. of Crete
(Greece); C. Stephen Hellberg, Kathleen M. McCreary,
Adam L. Friedman, Berend T. Jonker, U.S. Naval Research
Lab. (United States)

Monolayer transition metal dichalcogenides, MX2 (M = Mo, W and X =

S, Se), are direct-gap semiconductors with some interesting properties.
First, the low-dimensional hexagonal structure leads to two inequivalent
K-points, K and K’, in the brillioun zone. Second, this valley index and

spin are intrinsically coupled, and spin-dependent selection rules enable
one to independently populate and interrogate a unique K valley with
circularly polarized light. Here we probe the degree of circular polarization
of the emitted photoluminescence as function of the photo-excitation
energy and temperature to elucidate spin-dependent inter- and intra-
valley relaxation mechanisms. Monolayer flakes of MoS2 and MoSe2 show
a strong depolarization as the excitation energy is increased. However,
WS2 maintains significant polarization for high excitation energies, even
at room temperature when properly prepared. We discuss the behavior of
the polarization in terms of various phonon assisted intervalley scattering
processes. This work was supported by NRL and the NRL Nanoscience
Institute
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9551-35, Session 10

Valley dynamics and excitonic effects
in transition metal dichalcogenide
monolayers (/nvited Paper)

Gang Wang, Xavier Marie, lann Gerber, Thierry Amand,
Delphine Lagarde, Louis Bouet, Maél Vidal, Andréa
Balocchi, Bernhard Urbaszek, Lab. de Physique et
Chimie des Nano-objets (France) and Ctr. National de la
Recherche Scientifique (France) and Univ. de Toulouse
(France)

The closely related transition metal dichalcogenides (TMDC) MoS2, MoSe2,
WSe2 and WS2 have a direct optical bandgap in the visible region around
1.8 eV when thinned down to one monolayer (ML) and show strong optical
absorption (>10% / ML). ML TMDCs provide unique and convenient access
to controlling the electron valley degree of freedom in k-space in the
emerging field of ‘valleytronics’. We show how the electron valley index
can be initialized and read out optically in time and polarization resolved
photoluminescence measurements [1]. The polarization properties of
bilayers will be discussed for comparison [2].

When electrons and holes are simultaneously present in a ML, they will
form excitons as the Coulomb interaction is enhanced by the strong
quantum confinement, the large effective masses and the reduced dielectric
screening in these ideal 2D systems. We determine large exciton binding
energies of typically 0.5eV. We will demonstrate a variation over several
orders of magnitude of the non-linear and linear optical response of ML
WSe2 and MoSe2. This is achieved by tuning the optical excitation ‘ON’
and ‘OFF’ resonance with respect to the ground (1s) and excited (2s, 2p, ...)
exciton states. We show that at these particular energies, identified in 1and
2-photon excitation spectroscopy, the light-matter interaction is strongly
enhanced [3].

[1] D. Lagarde et al, PRL 112, 047401 (2014)& G. Wang et al,PRB 90, 075413
(2014)

[2] G. Wang et al APL105, 182105 (2014)
[3] G. Wang et al arxiv 1404.0056

9551-36, Session 10

Homoepitaxial graphene tunnel barriers
for spin transport (/nvited Paper)

Adam L. Friedman, U.S. Naval Research Lab. (United
States)

Tunnel barriers are key elements for both charge-and spin-based
electronics, offering devices with reduced power consumption and new
paradigms for information processing. Such devices require mating
dissimilar materials, raising issues of heteroepitaxy, interface stability, and
electronic states that severely complicate fabrication and compromise
performance. Graphene is the perfect tunnel barrier. It is an insulator
out-of-plane, possesses a defect-free, linear habit, and is impervious to
interdiffusion. Nonetheless, true tunneling between two stacked graphene
layers is not possible in environmental conditions (magnetic field,
temperature, etc.) usable for electronics applications. However, two stacked
graphene layers can be decoupled using chemical functionalization. Here,
we demonstrate homoepitaxial tunnel barrier devices in which graphene
serves as both the tunnel barrier and the high mobility transport channel.
Beginning with multilayer graphene, we fluorinate or hydrogenate the

top layer to decouple it from the bottom layer, so that it serves as a single
monolayer tunnel barrier for both charge and spin injection into the lower
graphene transport channel. We demonstrate successful tunneling by
measuring non-linear IV curves, and a weakly temperature dependent zero
bias resistance. We perform lateral transport of spin currents in non-local
spin-valve structures and determine spin lifetimes with the non-local Hanle
effect to be commensurate with previous studies (-200 ps). However, we
also demonstrate the highest spin polarization efficiencies (~45%) yet
measured in graphene-based spin devices [1].
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[11 A.L. Friedman, et al., Homoepitaxial tunnel barriers with functionalized
graphene-on-graphene for charge and spin transport, Nat. Comm. 5, 3161
(2014).

9551-37, Session 10

Long distance spin transport in CVD
graphene and spin filtering with h-BN
barrier (/nvited Paper)

Saroj P. Dash, Chalmers Univ. of Technology (Sweden)

Spintronics research in two dimensional (2D) atomic crystals is considered
to be very promising. It provides a large class of materials proposed to

be important for long distance spin transport and insulators for spin
polarized tunneling. Here we will present two important advancements

in graphene spintronics: (i) Long distance spin communication in CVD
graphene on SiO2/Si substrate at room temperature, and (ii) Spin filtering
in ferromagnet/hBN-graphene van der Waals heterostructures. Graphene
is proposed to be an ideal material for spin transport channels due to the
high mobility and long spin lifetime of the carriers. We demonstrated the
effect of ferromagnetic tunnel contacts [1] and channel length dependence
on the spin signal, achieving spin transports over distances of 16 um and
spin lifetimes up to 1.2 ns in CVD graphene [2]. These spin parameters

are up to five times higher than previous reports on CVD graphene and
highest at room temperature for any form of pristine graphene on industrial
standard SiO2---/Si substrates. Our detailed investigations reinforce the
observed performance over a wafer scale demonstrating CVD graphene as
an excellent material for long distance spin transport in lateral spin based
devices. Furthermore, using the h-BN as a tunnel barrier on graphene,

we observe an enhancement in spin polarization [3], and negative spin
polarization for thicker h-BN layers [4]. The large magnitude of spin
polarization together with its negative sign provides experimental evidence
of the spin filtering across the ferromagnet/hBN-graphene van der Waals
heterostructures. These results highlight the potential role of 2D atomic
crystals in future spintronic devices.

References

[11 A. Dankert et al., Spin Transport and Precession in Graphene measured
by Nonlocal and Three-Terminal Methods; Applied Physics Letters 104,
192403 (2014).

[2] M. V. Kamalakar et al., Long Distance Spin Communication in CVD
Graphene, Submitted.

[3] M. V. Kamalakar et al., Enhanced Tunnel Spin Injection into Graphene
using Chemical Vapor Deposited Hexagonal Boron Nitride; Scientific Reports
4, 61446 (2014); Appl. Phys. Lett. 105, 212405 (2014).

[4] M. V. Kamalakar et al., Spin Filtering in Ferromagnet/ hBN - Graphene
van der Waals Heterostructures, Submitted.

9551-38, Session 10

Spintronic and optical properties of 2D
materials (/nvited Paper)

Roland K. Kawakami, Univ. of California, Riverside (United
States)

As atomically-thin conductors, two dimensional (2D) materials enable

new behaviors for spintronics and optoelectronics. The ability to stack 2D
materials with differing properties allows one to combine and manipulate
their electronic, spintronic, and optical properties at the atomic scale.

The majority of our work has focused on graphene, which has been
demonstrated to be an excellent spin channel material with extremely

long spin diffusion lengths at room temperature (several microns). We
have demonstrated efficient spin injection and spin transport in graphene,
investigated the effects of adatom doping. Most strikingly, spin transport
has been utilized as a very sensitive magnetometer to detect the formation
of magnetic moments due to point defects including hydrogen adatoms
and lattice vacancies. Beyond graphene, we have investigated new 2D
semiconductors including transition metal dichalcogenides and germanane.
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Both have direct bandgap transitions with optical selection rules that
permit the optical excitation of spin polarization and/or valley polarization.
Our efforts include the combined optical and electrical study of 2D
semiconductors and their junctions with graphene and metals via transport,
photoluminescence, photoconductivity, and ultrafast optics.

9551-39, Session 10

Graphene: new venues for spintronics
(Invited Paper)

Pierre Seneor, Unité Mixte de Physique CNRS/Thales
(France)

The recent discovery of graphene has opened novel exciting opportunities
in terms of functionalities and performances for spintronics devices. We

will present experimental results on the impact and potential of graphene
for spintronics. We will show that unprecedented highly e?cient spin
information transport can occur in graphene [1] leading to large spin

signals and macroscopic spin di?usion lengths (?100 microns), potentially

a key enabler for the advent of envisioned beyond-CMOS spinbased logic
architectures. Furthermore, we will show that a thin graphene passivation
layer can prevent the oxidation of a ferromagnet [2], enabling its use in
novel humide/ambient low-cost processes for spintronics devices (such as
Atomic Layer Deposition (ALD) already used intensively in micro-electronics
industry but absent from spintronics), while keeping its highly surface
sensitive spin current polarizer/analyzer behavior and adding new enhanced
spin filtering property with almost full spin polarization reversal [3]. This
could be of strong interests for MTJs or molecular spintronics [4]. These
different experiments unveil promising uses of graphene for spintronics.

[1] B. Dlubak et al. Nature Physics 8, 557 (2012); P. Seneor et al. MRS Bulletin
37,1245 (2012).

[2] B. Dlubak et al. ACS Nano 6, 10930 (2012); R. Weatherup et al. ACS Nano
6, 9996 (2012).

[3] M.-B. Martin et al. ACS Nano 8, 7890 (2014).
[4]1 M. Galbiati et al. MRS Bulletin 39, 602 (2014)

9551-40, Session 11

Properties of light emission from
multilayer InGaAs/GaAsP solid-state spin-
lasers and VECSELs

Tibor F6rdds, Ecole Polytechnique (France) and V?B-
Technical Univ. of Ostrava (Czech Republic); Henri Jaffrés,
Unité Mixte de Physique CNRS/Thales (France); Kamil
Postava, V?B-Technical Univ. of Ostrava (Czech Republic);
Jean-Marie George, Unité Mixte de Physique CNRS/
Thales (France); Jaromir Pi?tora, V?B-Technical Univ. of
Ostrava (Czech Republic); Henri-Jean Drouhin, Ecole
Polytechnique (France)

Spin-polarized light sources such as spin-polarized light-emitting diodes
(spin-LEDs) and spin-polarized lasers (spin-lasers and VECSELS) are
prospective devices in which the spin information carried-out by the
injected electrons is encoded into the circular polarization of emitted
photons [1]. We will first report on a new approach for modeling of
polarized light emission from spin-polarized vertical-cavity surface-emitting
lasers and diodes with multiple qguantum well dipole sources. The proposed
method [2] is based on a 4x4 matrix formalism describing propagation

of electromagnetic field in multilayer system and including boundary
conditions of Maxwell equations on interfaces as well as dipolar sources

in active regions or quantum wells to describe spontaneous (spin-LEDs)
and stimulated (spin-VECSELSs) emission. Impact of the particular linear
birefrigence of the overall heterostructure [3] caused by in-plane symmetry
breaking due to lattice strain, residual stress, on the emitted polarization
state is demonstrated on InGaAs/GaAsP MQW laser structure characterized
by a series of experiments using Mueller matrix spectroscopic ellipsometry.
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In particular, we will give, by numerical methods, the properties of the
output laser modes under spin-polarized carrier pump (optical and
electrical) vs. the degree of linear birefringence within the heterostructure
competing with the circular gain imposed by optical recombination.

[11 N. C. Gerhardt and M. R. Hoffmann, ‘Spin-Controlled Vertical-Cavity
Surface-Emitting Lasers’, Advances in Optical Technologies, volume 2012,
268949, (2012)

[2] Tibor Fordos, Kamil Postava, Henri Jaffrés and Jaromir Pi?tora, 2014 J.
Opt. 16 065008 (2014)

[3] J. Frougier et al. Appl. Phys. Lett. 103, 252402 (2013)

9551-41, Session 11

Electron spin injection and transport in
(110) quantum wells for room temperature
operation of spin-controlled vertical-cavity
surface-emitting lasers (/nvited Paper)

Nobuhide Yokota, Kazuhiro Ikeda, Nara Institute of
Science and Technology (Japan); Nozomi Nishizawa, Hiro
Munekata, Tokyo Institute of Technology (Japan); Hitoshi
Kawaguchi, Nara Institute of Science and Technology
(Japan)

Spin-controlled vertical-cavity surface-emitting lasers (sc-VCSELs) have
been attracting researchers’ interest because they can achieve oscillation
with a single circular polarization mode controlled by electron spin
polarization in the active region. A long electron spin relaxation time ts is
crucial for sc-VCSELSs to exhibit a high degree of circular polarization Pc.
(110)-oriented quantum wells (QWSs) are thus attractive owing to their ts
much longer than (100)-oriented QWs even at room temperature (RT). In
this presentation, we report our recent studies toward realization of sc-
VCSEL operating at RT.

We investigated electrical spin injection into (110) GaAs QWs in light-
emitting diodes having Fe/crystalline-AlOx (Fe/x-AlOx) tunnel barrier
contacts. A Pc of 2.6% was obtained at RT even with a current density of 1.5
kA/cm2 required for VCSELs to oscillate. The degree of initial electron spin
polarization in the QWs estimated from the measured value of Pc was 9.3%
at RT, which suggests that lasing with a high Pc value can be achieved under
electrical spin injection in VCSELs with the Fe/x-AlOx contacts.

Observation of a 37-um electron spin transport at RT in (110) GaAs QWs
with an in-plane electric field of 1.75?kV/cm suggests that (110) QWs are
useful as a spin transport layer for sc-VCSELs.

The electron spin relaxation originating from the D’yakonov-Perel’ and
Bir-Aronov-Pikus mechanisms was found to be small in both (110) and (100)
InGaAs/InAlAs QWs. This result implies that the sc-VCSEL operating at RT
and a telecom wavelength of 1.55 um will be obtained by using conventional
(100) InGaAs/InAlAs QWs.

9551-42, Session 11

Growth condition dependence of carrier
and spin lifetimes in GaAs-based quantum
wells (Invited Paper)

Satoshi lba, Hidekazu Saito, National Institute of Advanced
Industrial Science and Technology (Japan); Ken Watanabe,
Yuzo Ohno, Univ. of Tsukuba (Japan); Shinji Yuasa,
National Institute of Advanced Industrial Science and
Technology (Japan)

Spin-polarized light-emitting diode (spin-LED), which consists of a
ferromagnetic (FM) contact and semiconductor quantum well (QW), is an
essential element for future spin-optical devices such as spin laser [1,2].
So far, the FM contact has attracted much attention to achieve a highly
circularly polarized electroluminescence (EL). However, it is also important
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to study carrier and spin dynamics in the QW part because the polarizability
strongly depends on those properties [1]. In this study, we systematically
investigated the effect of growth conditions on the carrier and spin lifetimes
in the (001) GaAs/AlGaAs QWs at room temperature.

All the undoped samples were grown using MBE under the different As4/
Ga flux ratios and growth temperature conditions. The carrier lifetimes (t_c)
strongly depend on both the As4/Ga ratio and the growth temperature (0.4-
9 ns), whereas the spin relaxation times (t_s) are almost constant at about
0.2 ns. These results suggest that the circular polarization of the PL (P_PL)
is largely affected by the growth conditions because the P_PL is given by
t_s/(t_c+t_s)P_s, where the P_s is the electron spin polarization (constant
in our measurements). Actually, we confirmed that the P_PL values depend
considerably on growth conditions as expected from the t_c and t_s

values. Hence, choosing the appropriate growth condition of the QW is
indispensable for obtaining a high EL polarization from the spin-LED.

Reference
[11 M. Holub and P. Bhattacharya, J. Phys. D: Appl. Phys. 40 R179 (2007).
[2] J. Sinova and I. ?uti?, Nature Mater. 11, 368 (2012).

9551-43, Session 11

Continuous visible-light emission at room
temperature in Mn-doped GaAs and Si
light-emitting diodes (/nvited Paper)

Masaaki Tanaka, Pham Nam Hai, Le Duc Anh, The Univ. of
Tokyo (Japan)

We demonstrate visible-light electroluminescence due to d-d transitions

in GaAs:Mn based light emitting diodes (LEDs) [1][2]. We prepared p+n
junctions with a p+GaAs:Mn layer. At a reverse bias voltage (-3 to -6V), holes
are injected from the n-type layer to the depletion layer and accelerated by
the intense electric field, and excite the d electrons of Mn in the p+GaAs:Mn
layer by impact excitations. We observe visible-light emission E1 =1.89eV
and E2 = 2.16eV, which are exactly the same as the 4T1-> 6A1and 4A2 -> 4
T1 transition energy of Mn.

Furthermore, by utilizing optical transitions between the p-d hybridized
orbitals of Mn atoms doped in Si, we demonstrate Si-based LEDs that
continuously emit reddish-yellow visible light at room temperature. The

Mn p-d hybrid states are excited by hot holes that are accelerated in the
depletion layers of reverse biased Si pn junctions. Above a threshold reverse
bias voltage of about -4V, our LEDs show strong visible light emission

with two peaks at E1 =1.75eV and E2 = 2.30eV, corresponding to optical
transitions from the t-a (spin-down anti-bonding) states to the e- (spin-
down non-bonding) states, and from the e- to the t+a (spin-up anti-
bonding) states. The internal quantum efficiency of the E1and E2 transitions
is 3-4 orders of magnitude higher than that of the indirect band-gap
transition [3].

[11 P. N. Hai, et al., APL 104, 122409 (2014).
[2] P. N. Hai, et al., JAP 116, 113905 (2014).
[3] P. N. Hai, et al., submitted.

9551-44, Session 12

Time-evolution of wave-packets in
topological insulators (/nvited Paper)

Gerson J. Ferreira, Univ. Federal de Uberlandia (Brazil);
Poliana H. Penteado, José Carlos Egues, Univ. de Sdo
Paulo (Brazil)

The electronic structure of topological insulators (TIs) are well described
Dirac-like equations, e.g. the BHZ model, with a mass term that changes
sign at some interface. This simplistic description includes a pseudo-spin-
orbit coupling that is intrinsic to the Dirac Hamiltonian. Consequently, the
Tls share common properties with the Dirac equation. Among them, the
interference between positive and negative energy bands leads to the
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relativistic oscillatory motion known as the Zitterbewegung. Here we discuss
the ballistic time-evolution (pico and nanoseconds) of wave-packets in Tls
in the presence of an external electric field. We show that the guiding center
of large wave-packets have a finite motion transversal to the electric field
equivalent to side-jump in Rashba GaAs. However, for narrow wave-packets
the dynamics change and the guiding center description is not complete.
We also discuss the reflection of a wave-packet colliding with the edge of
the system and the effects of the edge states.

Acknowledgement: We acknowledge support from CAPES, CPNq, FAPEMIG,
FAPESP, and NAP Q-NANO from PRP/USP.

9551-45, Session 12

Skyrmions in quasi-2D chiral magnets
with broken bulk and surface inversion
symmetry (/nvited Paper)

Mohit Randeria, The Ohio State Univ. (United States);
Sumilan Banerjee, Weizmann Institute of Science (Israel);
James Rowland, The Ohio State Univ. (United States)

Most theoretical studies of chiral magnetism, and the resulting spin textures,
have focused on 3D systems with broken bulk inversion symmetry, where
skyrmions are stabilized by easy-axis anisotropy. In this talk | will describe
our results on 2D and quasi-2D systems with broken surface inversion,
where we find [1] that skyrmion crystals are much more stable than in

3D, especially for the case of easy-plane anisotropy. These results are of
particular interest for thin films, surfaces, and oxide interfaces [2], where
broken surface-inversion symmetry and Rashba spin-orbit coupling naturally
lead to both the chiral Dzyaloshinskii-Moriya (DM) interaction and to
easy-plane compass anisotropy. | will then turn to systems that break both
bulk and surface inversion, resulting in two distinct DM terms arising from
Dresselhaus and Rashba spin-orbit coupling. | will describe [3] the evolution
of the skyrmion structure and of the phase diagram as a function of the
ratio of Dresselhaus and Rashba terms, which can be tuned by varying film
thickness and strain.

[11 S. Banerjee, J. Rowland, O. Erten, and M. Randeria, PRX 4, 031045 (2014).
[2] S. Banerjee, O. Erten, and M. Randeria, Nature Phys. 9, 626 (2013).
[3] J. Rowland, S. Banerjee and M. Randeria, (unpublished).

9551-46, Session 12

Spirals and skyrmions in two dimensional
oxide heterostructures (/nvited Paper)

Xiaopeng Li, Univ. of Maryland, College Park (United
States); W. Vincent Liu, Univ. of Pittsburgh (United States);
Leon Balents, Univ. of California, Santa Barbara (United
States)

Metallic interfaces between insulating oxides such as STO-LAO or STO-

GTO provide a versatile platform to study two dimensional electron liquids.
Numerous experiments have observed magnetism and significant spin-orbit
effects in such structures. We construct the general free energy governing
long-wavelength magnetism in two-dimensional oxide heterostructures,
which applies irrespective of the microscopic mechanism for magnetism.
This leads, in the relevant regime of weak but non-negligible spin-orbit
coupling, to a rich phase diagram containing in-plane ferromagnetic, spiral,
cone, and skyrmion lattice phases, as well as a nematic state stabilized by
thermal fluctuations.

help@spie.org 135



Conference 9551: Spintronics VIII

9551-47, Session 12

Electrical injection and detection of spin-
polarized currents in 3D topological
insulators (/nvited Paper)

Jifa Tian, Purdue Univ. (United States)

Topological insulators (Tls) are an unusual phase of quantum matter with
nontrivial spin-momentum locked topological surface states (TSS). The
electrical detection of spin-momentum locking of the TSS in 3D Tls has been
lacking till very recently. In this talk, we will present the spin potentiometric
measurements in thin flakes exfoliated from 3D Tl Bi2Te2Se (BTS221) and
Bi2Se3 bulk crystals, using two outside nonmagnetic (Au) contacts for
driving a DC spin helical current and a middle ferromagnetic (FM)-AI203
tunneling contact for detecting spin polarization. The voltage measured by
the FM electrode exhibits a hysteretic step-like change when sweeping an
in-plane magnetic field between opposite directions along the easy axis of
the FM contact to switch its magnetization. Importantly, the direction of the
voltage change can be reversed by reversing the direction of the DC current,
and the amplitude of the change as measured by the difference in the
detector voltage between opposite magnetization increases linearly with
increasing bias current, consistent with the current-induced spin polarization
of spin-momentum-locked TSS. Our work directly demonstrates the
electrical injection and detection of spin polarization in Tl and may enable
utilization of spin-helical TSS for future applications in nanoelectronics and
spintronics.

9551-48, Session 13

Magnon Hall effect (/nvited Paper)
Yoshinori Onose, The Univ. of Tokyo (Japan)

In itinerant ferromagnets, the Hall effect proportional to the magnetization,
which is termed anomalous Hall effect, is driven by the relativistic spin-orbit
interaction, and does not require the Lorentz force. Therefore, an important
question is whether charge neutral magnons can show the anomalous Hall
effect.

Recently, we have succeeded in observing the magnon Hall effect for the
first time in terms of thermal transport. We also observe the distinct effect
of lattice geometry on the magnon Hall effect, which can be well explained
by the picture of the Dzyaloshinskii-Moriya interaction-induced magnon Hall
effect.

9551-49, Session 13

Magnonic Hall effect and topological
magnonic crystals (/nvited Paper)

Shuichi Murakami, Tokyo Institute of Technology (Japan)

In electronic systems it is well established that when there is a magnetic
field or spontaneous magnetization, the Hall effect, and in some cases the
quantum Hall effect appears. We theoretically pursue analogs of these
phenomena in magnons (spin waves) and plasmons. In the case of magnons
in ferromagnets, the Hall effect or quantum Hall effect requires some kind
of a spin-orbit coupling (similar to electronic systems), and we show that
the dipolar interaction, as well as the Dyaloshinskii-Moriya interaction, plays
the role. By calculating the Berry curvature from the wavefunction, we can
calculate thermal Hall effect for magnons in ferromagnets with dipolar
interaction. We found that only the magnetostatic forward volume-wave
mode exhibits the thermal Hall effect while the backward mode and the
surface mode do not. In addition, by introducing some artificial spatial
periodicity into the magnet, for example by fabricating nanostructures

with two different magnets in a periodic structure or by making a periodic
array of nanomagnets, we theoretically find appearance of quantum Hall
effect in a certain range of the magnetic field. There appear chiral edge
states which propagate along the edge of the magnet in one way. We call
this a topological magnonic crystal. In the plasmon case, we should begin
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with constructing a fundamental band theory, and we theoretically show
that on a metal surface with corrugations forming a triangular lattice under
the magnetic field, the quantum Hall effect appears. It can be called a
topological plasmonic crystal.

9551-50, Session 13

Magnon Hall effect and planar Righi-
Leduc effect measured in NiFe and YIG
ferromagnets

Benjamin Madon, Do Chung Pham, Ecole Polytechnique
(France); Daniel Lacour, Institut Jean Lamour (France);
Abdelmadjid Anane, Unité Mixte de Physique CNRS/Thales
(France) and Univ. Paris-Sud 11 (France); Rozenn Bernard,
Vincent Cros, Unité Mixte de Physique CNRS/Thales
(France) and Univ. Paris Sud 11 (France); Michel Hehn,
Institut Jean Lamour (France); Jean-Eric Wegrowe, Ecole
Polytechnique (France)

A pure magneto-thermal signal (described by the anisotropic Fourier law)
was measured in ferromagnets that possess a chiral structure (Lu2vV207):
this is the magnon hall effect (or equivalently “anomalous Righi-Leduc
effect”) [1], that is the thermal analogue of the electric anomalous Hall
effect. It has then been proposed [2] that the effect could be universal,

in the sense that it can also be measured in ferromagnetic materials
without specific crystalline structures, like NiFe (metallic) or Yttrium Iron
Garnets (YIG, electric insulator). Furthermore, it has been predicted that
the Magnon-Hall effect should be associated with the “Planar Righi-Leduc
effect” (which is the thermal analogue of the electric planar-Hall effect).

We report here about a comparative study of the Magnon-Hall and planar
Righi-Leduc effect performed on both NiFe and YIG ferromagnets. For the
first time, the magneto-thermal effect is measured with a thin electrode
deposited on the top of a ferromagnetic layer. This electrode plays the
role of the thermocouple. The corresponding magneto-thermo-voltage

is measured as a function of the quasi-static magnetization states. It is
shown that, for a heat current confined in the plane of the ferromagnetic
layer and oriented perpendicular to the electrode, the Magnon-Hall signal
follows a 360° periodicity as a function of the out-of-plane angle of the
magnetization, while the Planar Righi-Leduc signal follows a 180° periodicity
as a function of the in-plane angle.

The relation between these observations and the occurrence of the inverse
spin-Hall effect (which is responsible for the spin-Seebecl effect[3]) is
discussed.

[11Y. Onose et al, Science 329, 297 (2010).

[2] J.-E. Wegrowe et al. Phys. Rev. B 89, 094409 (2014)

[3] K. Uchida et al., Nature 455, 778-781 (2008).

9551-51, Session 14

Helimagnetism in nanometer small bilayer
iron islands (/nvited Paper)

Dirk Sander, Max-Planck-Institut fur Mikrostrukturphysik
(Germany)

We report a novel noncollinear magnetic order in individual nanostructures
of a prototypical magnetic material, bilayer iron islands on Cu (111) [1].
Spin-polarized scanning tunnelling microscopy reveals a magnetic stripe
phase with a period of 1.28 nm, which is identified as a one-dimensional
helical spin order. Ab initio calculations reveal reduced-dimensionality-
enhanced long-range antiferromagnetic interactions as the driving force

of this spin order. Our findings point at the potential of nanostructured
magnets to establish noncollinear magnetic order in a nanostructure, which
is magnetically decoupled from the substrate.

[11 S.H. Phark, J.A. Fischer, M. Corbetta, D. Sander, K. Nakamura, J. Kirschner,
Nature Comm. 5, 5183 (2014).
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9551-52, Session 14

Toward the realization of a single atom
magnet (/nvited Paper)

Fabio Donati, Ecole Polytechnique Fédérale de Lausanne
(Switzerland)

Single atoms adsorbed on a solid surface represent a paradigm for
investigating the ultimate size limit of a magnet. The main request for their
use in information storage and computation is the magnetic bistability,
which requires protecting the magnetization of an atom against thermal
fluctuations and quantum tunneling. Different strategies have been
attempted in this direction, aiming to increase the magnetic anisotropy
energy of the adsorbed atom, decouple its spin from the conduction
electron of the substrate, and tailor the angular symmetry of the crystal
field of the surface. However, the complexity of the interactions between
magnetic atoms and surface electrons makes the experimental realization of
a single atom magnet a challenging task.

In this talk, | will present the recent advancements in the field, discussing the
results achieved in the engineering of the magnetic properties of transition
metal and rare earth atoms. First, | will describe how graphene can be
successfully used to induce a large magnetic anisotropy in adsorbed Co
atoms [Phys. Rev. Lett. 111, 236801 (2013); 113, 177201 (2014)]. For the same
atoms, | will show how the magnetic anisotropy can be enhanced to the
maximum limit of 58 meV imposed by the spin-orbit coupling by exploiting
the almost cylindrical crystal field environment offered by the MgO/Ag(100)
surface [Science 344, 988 (2014)]. Finally, | will illustrate how the magnetism
of Ho and Er atoms can be tailored via the interaction with closed packed
metal surfaces [Phys. Rev. Lett. 113, 237201 (2014)].

9551-53, Session 14

Geometrical phase and inertial regime
of the magnetization: Hannay angle and
magnetic monopole (/nvited Paper)

Jean-Eric Wegrowe, Ecole Polytechnigue (France)

It is well known that the Landau-Lifshitz-Gilbert (LLG) equation for a
macroscopic magnetic moment find its theoretical limit of validity at

very short time scales or equivalently at very high frequencies. The

reason for this limit of validity is well understood in terms of separation

of the characteristic times between slow (the magnetization) and fast

(the environment) degrees of freedom, as pointed-out in the stochastic
derivation of the LLG equation first proposed by W. F. Brown in 1963 [1].
Indeed, the ferromagnetic moment is a slow collective variable, but fast
degrees of freedom are also playing a role in the dynamics, and especially
the angular momentum responsible for inertia. In the last couple of years,
the generalization of the LLG equation with inertia (ILLG) has been derived
by different means [2,3,4]. The signature of the inertial regime of the
magnetization is the nutation oscillation - added to the usual precession

- that can be measured by resonance experiments (but it has not been
observed up to know). However, we show that even for the pure precession
movement, the fast degrees of freedom can also play an important role.

We developed an approach in terms of geometrical phase (defining

the corresponding Hannay angle [5], which is the classical analog to

the quantum Berry phase), that has recently been used with success to
analogous problems [6]. We calculated the Hannay angle for the precession
of the magnetization in the case of the inertial effect. This analysis allows
the slow vs. fast variable expansion to be calculated in the specific case

of pure precession. The result is interpreted in terms of classical magnetic
monopole.

[11 W. F. Brown, “Thermal Fluctuation of a Single_Domain Particle” Phys.
Rev. 130 (1963), 1677 (1963)

[2] M. Faehnle, D. Steiauf, and Ch. lllg, “erratum: Generalized Gilbert
equation including inertial damping: Derivation from an extended breathing
Fermi surface model” Phys. Rev. B 88 (2013), 219905.

[3] J.-E. Wegrowe, C. Ciornei “Magnetization dynamics, Gyromagnetic
Relation, and Inertial Effects”, Am J. Phys. 80, 607 (2012).
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[4]1 M.-C. Ciornei, J. M. Rubi, and J.-E. Wegrowe, “Magnetization dynamics in
the inertial regime: Nutation predicted at

short time scales”, Phys. Rev. B 83, 020410(R) (201).

[5] J. H. Hannay “Angle variable holonomy in adiabatic excursion of an
integrable Hamiltonian”, J. Phys. A 18, 221 (1985)

[6]1 M. V. Berry a,d P. Shukla “Slow Maniforld and Hannay angle in the
spinning top”, Eur. J. Phys. 32, 115 (2011)

9551-54, Session 14

Laser-induced spin precession for
magnetic alloy films in THz wave range
(Invited Paper)

Shigemi Mizukami, Tohoku Univ. (Japan)
No Abstract Available

9551-55, Session 14

Magnetism in thin films: a spin-resolved
investigation of single and multi-layer
systems (/nvited Paper)

Alberto Calloni, Politecnico di Milano (ltaly)

An overview of our past and present activity in the study of the magnetic
properties of ultrathin films of transition metal elements is presented, with
emphasis on spin resolved electron spectroscopy results. The development
of perpendicular anisotropies, the observation of oscillatory magnetic
coupling and giant magnetoresistence in such multilayer systems are widely
exploited by the microelectronic industry for data manipulation and storage.
The practical realization and characterization of selected model systems is
devised to investigate some of these peculiar magnetic phenomena. In this
respect, specific topics will be discussed, such as: (i) the epitaxial growth of
monolayer range thin films of Fe and Ni on non-magnetic substrates [such
as W(110)], focusing on the occurrence of a spontaneous magnetization as
a function of the film thickness and the crystal structure evolution. (ii) The
characterization of the magnetic phenomena occurring at the interface/
surface of magnetic films. In particular, recent results on the coupling of

a thin Cr layer to a Fe(100) substrate, where a layered antiferromagnetic
order is induced, will be illustrated, together with some strategies devised to
tune the anisotropy energy in thin films made of stacked Fe/Ni(111) and Co/
Ni(111) layers, eventually leading to perpendicular magnetization. The role
of structural (i.e. the effect of film strain) chemical (i.e. the stability of the
interface against atomic diffusion) and procedural issues (i.e. the different
strategies devised to promote the layer-by-layer growth of atomically flat
interfaces), often the key ingredients for the determination of the magnetic
behavior of such systems, will be highlighted.

9551-56, Session 15

Voltage control of nanoscale
magnetoelastic elements: theory and
experiments (/nvited Paper)

Gregory P. Carman, Univ. of California, Los Angeles (United
States)

Electromagnetic devices rely on electrical currents to generate magnetic
fields. While extremely useful this approach has limitations in the small-
scale. To overcome the scaling problem, researchers have tried to use
electric fields to manipulate a magnetic material’s intrinsic magnetization
(i.e. multiferroic). The strain mediated class of multiferroics offers up to 70%
of energy transduction using available piezoelectric and magnetoelastic
materials. While strain mediated multiferroic is promising, few studies exist
on modeling/testing of nanoscale magnetic structures.
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This talk presents motivation, analytical models, and experimental data

on electrical control of nanoscale single magnetic domain structures.

This research is conducted in a NSF Engineering Research Center entitled
Translational Applications for Nanoscale Multiferroics TANMS. The models
combine micromagnetics (Landau-Lifshitz-Gilbert) with elastodynamics
using the electrostatic approximation producing eight fully coupled
nonlinear partial differential equations. Qualitative and quantitative
verification is achieved with direct comparison to experimental data. The
modeling effort guides fabrication and testing on three elements, i.e.
nanoscale rings (onion states), ellipses (single domain reorientation), and
superparamagnetic elements. Experimental results demonstrate electrical
and deterministic control of the magnetic states in the 5-500 nm structures
as measured with Photoemission Electron Microscopy PEEM, Magnetic Force
Microscopy MFM, or Lorentz Transmission Electron Microscopy TEM. These
data strongly suggests efficient control of nanoscale magnetic spin states is
possible with voltage.

9551-57, Session 15

Reversible electric field driven magnetic
domain wall motion (/nvited Paper)

Kevin J. A. Franke, Aalto Univ. School of Science and
Technology (Finland); Ben Van de Wiele, Univ. Gent
(Belgium); Yasuhiro Shirahata, Tokyo Institute of
Technology (Japan); Sampo J. Hdmalainen, Aalto Univ.
School of Science and Technology (Finland); Tomoyasu
Taniyama, Tokyo Institute of Technology (Japan);
Sebastiaan van Dijken, Aalto Univ. School of Science and
Technology (Finland)

Control of magnetic domain wall motion by electric fields has recently
attracted scientific attention because of its potential for magnetic logic
and memory devices. Here, we report on a new mechanism for reversible
and deterministic motion of magnetic domain walls using an electric field
only. Full electric-field control over the magnetic domain-wall velocity

in the absence of a magnetic field or spin-polarized electric current is
demonstrated using epitaxial Fe films on single-crystal BaTiO3 substrates
with alternating in-plane (a domains) and out-of-plane (c domains)
ferroelectric polarization [1]. The magnetic domain walls of the Fe film are
strongly pinned onto the a-c boundaries of the BaTiO3 substrate by abrupt
changes in the symmetry and strength of magnetic anisotropy as a result of
strain transfer and inverse magnetostriction [2]. Repeatable back-and-forth
motion of a ferroelectric a-c boundary and a pinned magnetic domain wall
is realized by the application of positive and negative out-of-plane voltage
pulses. The domain-wall velocity is varied over 5 orders of magnitude by
adjusting the electric-field strength. Patterning of the magnetic film reveals
that near-180° transverse magnetic domain walls can be stabilized in
magnetic nanowires on top of BaTiO3 due to competing shape anisotropy.
Moreover, the driving mechanism is not affected by pinning centers such as
grain boundaries or notches that usually influence the motion of magnetic-
field or electric-current driven magnetic domain walls.

1. K. J. A. Franke, B. Van de Wiele, Y. Shirahata et al., Phys. Rev. X 5, 011010
(2015)

2. T. H. E. Lahtinen, Y. Shirahata, L. Yao et al., Appl. Phys. Lett. 101, 262405
(2012)

9551-58, Session 15

Magnetoelectric imaging of multiferroic
heterostructures (/nvited Paper)

Massimo Ghidini, Arnaud Lesaine, Bonan Zhu, Xavier
Moya, Wenjing Yan, Sam Crossley, Bhasi Nair, Rhodri
Mansell, Russell P. Cowburn, Crispin H. W. Barnes, Univ.
of Cambridge (United Kingdom); Florian Kronast, Sergio
Valencia, Helmholtz-Zentrum Berlin fir Materialien und
Energie GmbH (Germany); Francesco Maccherozzi,
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Sarnjeet S. Dhesi, Diamond Light Source Ltd. (United
Kingdom); Neil Mathur, Univ. of Cambridge (United
Kingdom)

Electrical control of magnetism has been demonstrated in multiferroic
compounds and ferromagnetic semiconductors, but electrical switching
of a substantial net magnetization at room temperature has not been
demonstrated in these materials. This goal has instead been achieved

in heterostructures comprising ferromagnetic films in which electrically
driven magnetic changes arise due to strain or exchange bias from ferroic
substrates, or due to charge effects induced by a gate. However, previous
work focused on electrical switching of an in-plane magnetization or
involved the assistance of applied magnetic fields.

In heterostructures made of juxtaposed ferroelectric and ferromagnetic
layers, we have shown electrical control with no applied magnetic field of
the perpendicular magnetization of small features [1] and of magnetic stripe
domains patterns [2].

Here we investigate Ni81Fel9 films on ferroelectric substrates with and
without buffer layers of Cu, whose presence precludes charge-mediated
coupling. Ni81Fel19 has virtually zero magnetostriction, but sufficiently thin
films show large magnetostriction, and thus, on increasing film thickness
through the threshold for zero magnetostriction, we have seeked the
crossover from charge- to strain-mediated coupling.

We will then show that strain associated with the motion of 90°-
ferroelectric domain walls in a BaTiO3 substrate, can switch the
magnetization of an array of overlying single-domain Ni dots.

[1] M. Ghidini, R. Pellicelli, J. L. Prieto, X. Moya, J. Soussi, J. Briscoe, S. Dunn
and N. D. Mathur, Nature Communications 4 (2013) 1453.

[2] M. Ghidini, F.Maccherozzi, X. Moya, L. C. Phillips, W.Yan, J. Soussi, N.
Métallier, MVickers, , N. -J.Steinke, R. Mansell, C. H. W. Barnes, S. S. Dhesi,
and N. D. Mathur, Adv. Mater.doi: 10.1002/adma.201404799 (2015).

9551-59, Session 15

Non-collinear magnetic structure in
La2/3Sr1/3MnO3/LaNiO3 superlattices
(Invited Paper)

Anand Bhattacharya, Argonne National Lab. (United
States)

Non-collinear magnetic textures give rise to interesting charge and spin
transport properties, and allow for control of of magnetism using small
electric currents. While these textures have been observed in a number

of bulk materials and in thin films, realizing non-collinear magnetism in
heterostructures may lead to new avenues to control their properties
using tailored interfaces and gate electric fields. We have discovered a
non-collinear magnetic coupling in superlattices comprised of two metallic
perovskites,

La2/35r1/3Mn0O3 (LSMO) and LaNiO3 (LNO). The angle between the
magnetization of the LSMO layers varies in an oscillatory manner with

the thickness of the intervening LNO. The magnetic field and temperature
dependence of this angle cannot be explained using models that incoporate
bilinear and biquadratic coupling, commonly used to describe non-collinear
magnetism in conventional metallic heterostructures. Furthermore, we
observe substantial electron transfer from the LSMO into the LNO layer,
causing the Ni sites in the vicinity of interfaces to be in approximately a

2+ oxidation state. We propose a model where these localized Ni2+ spins

in the LNO couple to a momentum dependent spin susceptibility, giving
rise to a spiral magnetic structure within the LNO. All our superlattices are
synthesized using oxide-MBE, and characterized with a variety of means,
including neutron scattering.
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9551-60, Session 15

Efficient spin-to-charge conversion at
LaAlIO3/SrTiO3 interfaces (/nvited Paper)

Edouard Lesne, Juan-Carlos Rojas-Sanchez, Unité Mixte de
Physique CNRS/Thales (France); Simon Oyarzun, Yu Fu,
CEA-INAC (France); Nicolas Reyren, Eric Jacquet, Vincent
Cros, Unité Mixte de Physique CNRS/Thales (France);
Gérard Desfonds, Serge Gambarelli, Matthieu Jamet,
Jean-Philippe Attané, CEA-INAC (France); Jean-Marie
George, Albert Fert, Agnés Barthélémy, Unité Mixte de
Physique CNRS/Thales (France); Laurent Vila, CEA-INAC
(France); Henri Jaffrés, Unité Mixte de Physique CNRS/
Thales (France) and Peter Grlnberg Institute (Germany)
and Institute for Advanced Simulation (Germany); Manuel
Bibes, Unité Mixte de Physique CNRS/Thales (France)

The Rashba effect is a manifestation of spin-orbit interaction (SOI) in
solids, where the spin degeneracy associated with the spatial inversion
symmetry is lifted due to a symmetry-breaking electric field normal to
the heterointerface [1] and giving rise to an electric field modulation
effect at e.g. the canonical LaAIO3/SrTiO3 interface, as demonstrated
very recently [2]. On the other hand, Eldelstein was the first to realize
that in a Rashba two-dimensional electron system, the flow of a charge
current is accompanied by a non-zero spin accumulation coming from
uncompensated spin-textured Fermi surfaces [3]. Recently, the converse
effect, corresponding to a spin-to-charge conversion through SOI (inverse
Edelstein effect or IEE), was demonstrated at Ag/Bi(111) interfaces [3].

Here we report on spin-pumping experiments performed on a series

of NiFe/LaAlO3/SrTiO3 heterostructures, with possible evidence of
efficient spin-to-charge conversion from perpendicular spin injection by
spin-pumping method to lateral current measured in voltage detection
method. We tentatively interpret these results in terms of the large SOI at
the LaAIO3/SrTiO3 interface [5], discuss the corresponding electrostatic
modulation of the IEE by a back-gate voltage and give perspectives for
oxide-based spintronics free of ferromagnetism.

[11Y. A. Bychkov & E. I. Rashba, J. Phys. C 17, 6039 (1984).
[2] G. Herranz et al., Nat. Commun. 6, 6028 (2015).

[3]1 V. M. Edelstein, Solid State Commun. 73, 233 (1990).

[4] J. C. Rojas-Sanchez et al., Nat. Commun. 4, 2944 (2013).
[5]1 A. D. Caviglia et al., Phys. Rev. Lett. 104, 126803 (2010).

9551-61, Session 16

Periodic and quasiperiodic artificial spin
ices: magnetic structure and dynamics
(Invited Paper)

Christopher H. Marrows, Univ. of Leeds (United Kingdom)

Artificial spin ices are frustrated systems constructed using nanotechnology,
where single-domain magnetic nanoislands are arranged in such a manner
that their magnetostatic interactions cannot all be simultaneously satisfied.
They are often described as designer metamaterials, since all the system
parameters can be tuned during the design of the lithography pattern.
They are often touted to be model statistical mechanical systems, yet

most instances to date are athermal systems described by an effective
thermodynamics. Here we report on square ice systems where the island
size has been shrunk to the point where the energy barrier to reversal is of
the order of kT, and the moment of the islands therefore fluctuates as time
passes. These islands are too small to be imaged by conventional magnetic
microscopy techniques. Real space X-ray transmission microscopy and
reciprocal space X-ray photon correlation spectroscopy studies, both using
soft X-rays with XMCD contrast, show the thermally activated dynamics of
the system as it explores its phase space.

We have also prepared systems based on Penrose tilings. These have a
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multiplicity of different structural vertex types, each with its own energy
spectrum. MFM shows that high-magnetic charge configurations are
avoided, but long-range magnetic order is difficult to observe. Analysis
of the vertex energies suggests that the structure can be divided into two
parts: a percolating ‘skeleton’ that possesses a rigid twofold ground state,
containing spins that are ‘flippable’ and do not affect the overall system
energy, a signature of true frustration.

9551-62, Session 16

Unconventional spin textures in
magnetically frustrated topologies (/nvited
Paper)

Nicolas Rougemaille, loan Chioar, Institut NEEL (France);
Michel Hehn, Daniel Lacour, Francois Montaigne, Institut
Jean Lamour (France); Benjamin Canals, Institut NEEL
(France)

Frustration is a general concept in physics and can be found in many
condensed matter systems. Frustration arises when all pairwise interactions
can not be satisfied simultaneously, for example due to the system
geometry. In some cases, frustration effects lead to an extensively
degenerate ground state, i.e a low-temperature manifold built with a infinite
number of configurations with identical energy. Frustrated systems may
then have a finite entropy, even at zero temperature.

Progress in fabrication and characterization techniques allowed
researchers to produce, artificially, two-dimensional frustrated arrays

of nanostructures and to investigate their collective magnetic behavior.
These studies have stimulated new research activities motivated by the
quest for exotic magnetic phases in condensed matter physics, bringing
together the communities of magnetic frustration, statistical physics, and
nanomagnetism.

In this contribution, we’ll show, experimentally (magnetic imaging
techniques) and theoretically (mainly Monte Carlo simulations), that
simple magnetic topologies can lead to unconventional, non-collinear spin
textures. For example, kagome arrays of ferromagnetic nano-islands with
ferromagnetic nearest neighbor interactions do not show magnetic order.
Instead, these systems are characterized by spin textures with intriguing
properties, such as chirality, coexistence of magnetic order and disorder, and
charge crystallization. However, in kagome arrays of ferromagnetic nano-
disks with antiferromagnetic interactions between neighboring elements,
the system is also characterized by a new magnetic phase, but with a still
unknown spin texture.

9551-63, Session 16

Direct visualization of the thermodynamics
of artificial spin ice systems (/nvited Paper)

Alan Farhan, Paul Scherrer Institut (Switzerland)

Recent years have shown a significant amount of research being directed
towards investigations on artificial spin ice systems [1, 2], which mimic

the behavior of geometrically frustrated pyrochlore spin ice [3]. Here, we
present first direct observations of thermally induced magnetic relaxation
in extended arrays of artificial square ice [4] and building block structures
of artificial kagome spin ice [5, 6]. While thermal relaxation leads to a clear
route towards the ground state in artificial square ice [4], we observe an
increasing difficulty in accessing the predicted ground state configuration
in artificial kagome spin ice with increasing system size [5, 6]. This makes
artificial kagome spin ice an ideal system to visualize an optimization of
applied annealing procedures. From a general point of view, our methods
offer the possibility to observe and investigate the thermodynamics of two-
dimensional frustrated systems in real space and time, and provide a way to
directly investigate the nature of complex stochastic processes.

[1] C. Nisoli and P. Schiffer, Review of Modern Physics 85, 1473 (2013).

[2] L. J. Heyderman and R. L. Stamps, Journal of Physics-Condensed Matter
25, 363201 (2013).
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[3] M. J. Harris et al., Physical Review Letters 79, 2554 (1997).
[4] A. Farhan et al., Physical Review Letters 111, 057204 (2013).
[5] A. Farhan et al., Nature Physics 9, 375 (2013).

[6] A. Farhan et al., Physical Review B 89, 214405 (2014).

9551-64, Session 17

Artificial spin ice: from scientific toy to
material by design (/nvited Paper)

Cristiano Nisoli, Los Alamos National Lab. (United States);
Peter Schiffer, lan Gilbert, Univ. of lllinois at Urbana-
Champaign (United States)

Frustration, the presence of constraints/interactions that cannot be
completely satisfied, is ubiquitous in the physical sciences as well as in

life and a source of degeneracy and disorder which gives rise to new and
interesting physical phenomena. In the past years a new perspective has
opened in the study of frustration through the creation of artificial frustrated
magnetic systems, consisting of arrays of lithographically fabricated single-
domain ferromagnetic nanostructures that behave like giant Ising spins.
The interactions can be controlled through their geometric properties

and arrangement: The degrees of freedom of the material can be directly
tuned, but also individually observed. Experimental studies have unearthed
intriguing connections to the out-of-equilibrium physics of disordered
systems and non-thermal “granular” materials, while revealing strong
analogies to spin ice materials and their fractionalized magnetic monopole
excitations, lending the enterprise a distinctly interdisciplinary flavor.

In this talk we outline the more recent developments and future vistas

for progress in this rapidly expanding field. We show how recent results
have opened paths to new territories. Higher control, inclusive of genuine
thermal ensembles have replaced the earlier and coarser methods based

on magnetic agitation. Dynamical versions are now being realized,
characterized in real time via PEEM, revealing statistical mechanics in action.
This has lead us to afford implementation of new geometries, not found in
nature, for dedicated bottom up design of desired emergent properties.
Born as a scientific toy to investigate frustration-by-design, artificial spin ice
might now be used to open “a path into an uncharted territory, a landscape
of advanced functional materials in which topological effects on physical
properties can be explored and harnessed.”

9551-65, Session 17

Controlling electric and magnetic currents
in artificial spin ice (/nvited Paper)

Will R. Branford, Imperial College London (United
Kingdom)

I will discuss the collective properties of arrays of single domain
nanomagnets called Artificial Spin Ice.l The shape of each nanomagnet
controls the magnetic anisotropy and the elements are closely spaced

so dipolar interactions are important. The honeycomb lattice geometry
prevents the satisfaction of all dipole interactions. Here | will show direct
magnetic imaging studies of magnetic charge flow.2 The magnetic charge
is carried by transverse domain walls and the chirality of the domain wall is
found to control the direction of propagation.3,4 Injection of domain walls
within the arrays with local fields is also explored.5

References

1 Branford, W. R, Ladak, S., Read, D. E., Zeissler, K. & Cohen, L. F. Emerging
Chirality in Artificial Spin Ice. Science 335, 1597-1600, (2012).

2 Ladak, S., Read, D. E., Perkins, G. K., Cohen, L. F. & Branford, W. R. Direct
observation of magnetic monopole defects in an artificial spin-ice system.
Nature Physics 6, 359-363, (2010).

3 Burn, D. M., Chadha, M., Walton, S. K. & Branford, W. R. Dynamic
interaction between domain walls and nanowire vertices. Phys. Rev. B 90,
144414, (2014).
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4 Zeissler, K., Walton, S. K., Ladak, S., Read, D. E., Tyliszczak, T., Cohen, L. F.
& Branford, W. R. The non-random walk of chiral magnetic charge carriers in
artificial spin ice. Sci Rep-Uk 3, 1252, (2013).

5 Pushp, A., Phung, T., Rettner, C., Hughes, B. P, Yang, S. H., Thomas,
L. & Parkin, S. S. P. Domain wall trajectory determined by its fractional
topological edge defects. Nature Physics 9, 505-511, (2013).

9551-66, Session 17

Ordering and thermal excitations in dipolar
coupled single domain magnet arrays
(Invited Paper)

Erik Ostman, Uppsala Univ. (Sweden); Unnar Arnalds,
Univ. of Iceland (Iceland); Vassilios Kapaklis, Bjérgvin
Hjérvarsson, Uppsala Univ. (Sweden)

For a small island of a magnetic material the magnetic state of the island is
mainly determined by the exchange interaction and the shape anisotropy.
Two or more islands placed in close proximity will interact through dipolar
interactions. The state of a large system will thus be dictated by interactions
at both these length scales. Enabling internal thermal fluctuations, e.g.

by the choice of material, of the individual islands allows for the study of
thermal ordering in extended nano-patterned magnetic arrays [1,2]. As a
result nano-magnetic arrays represent an ideal playground for the study of
physical model systems.

Here we present three different studies all having used magneto-optical
imaging techniques to observe, in real space, the order of the systems.

The first study is done on a square lattice of circular islands. The remanent
magnetic state of each island is a magnetic vortex structure and we can
study the temperature dependence of the vortex nucleation and annihilation
fields [3]. The second are long chains of dipolar coupled elongated islands
where the magnetization direction in each island only can point in one

of two possible directions. This creates a system which in many ways
mimics the Ising model [4] and we can relate the correlation length to the
temperature. The third one is a spin ice system where elongated islands are
placed in a square lattice. Thermal excitations in such systems resemble
magnetic monopoles [2] and we can investigate their properties as a
function of temperature and lattice parameters.

[1] V. Kapaklis et al., New J. Phys. 14, 035009 (2012)
[2] V. Kapaklis et al., Nature Nanotech 9, 514(2014)
[3] E. Ostman et al.,New J. Phys. 16, 053002 (2014)

[4] E. Ostman et al..Thermal ordering in mesoscopic Ising chains, In
manuscript.

9551-67, Session 18

Majorana modes and Kondo effect in a
quantum dot attached to a topological
superconducting wire (/nvited Paper)

Edson Vernek, Univ. Federal de Uberlandia (Brazil); David
Ruiz-Tijerina, Luis G. Dias da Silva, José Carlos Egues, Univ.
de S&o Paulo (Brazil)

Quantum dot attached to topological wires has become an interesting setup
to study Majorana bound state in condensed matter[1]. One of the major
advantage of using a quantum dot for this purpose is that it provides a
suitable manner to study the interplay between Majorana bound states and
the Kondo effect.

Recently we have shown that a non-interacting quantum dot side-connected
to a 1D topological superconductor and to metallic normal leads can sustain
a Majorana mode even when the dot is empty. This is due to the Majorana
bound state of the wire leaking into the quantum dot. Now we investigate
the system for the case in which the quantum dot is interacting[3]. We
explore the signatures of a Majorana zero--mode leaking into the quantum
dot, using a recursive Green’s function approach. We then study the Kondo
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regime using numerical renormalization group calculations. In this regime,
we show that a “0.5” contribution to the conductance appears in system
due to the presence of the Majorana mode, and that it persists for a wide
range of the dot parameters. In the particle-hole symmetric point, in which
the Kondo effect is more robust, the total conductance reaches $3e"2/2h$,
clearly indicating the coexistence of a Majorana mode and the Kondo
resonance in the dot.

However, the Kondo effect is suppressed by a gate voltage that detunes the
dot from its particle-hole symmetric point as well as by a Zeeman field. The
Majorana mode, on the other hand, is almost insensitive to both of them. We
show that the zero--bias conductance as a function of the magnetic field
follows a well--known universal curve. This can be observed experimentally,
and we propose that this universality followed by a persistent conductance
of $0.5,e"2/h$ are evidence for the presence of Majorana--Kondo physics.

This work is supported by the Brazilians agencies FAPESP, CNPq and
FAPEMIG.

[11 A. Y. Kitaev, Ann.Phys. {bf 303}, 2 (2003).

[2] E. Vernek, P.H. Penteado, A. C. Seridonio, J. C. Egues, Phys. Rev. B {bf
89}, 165314 (2014).

[3] David A. Ruiz-Tijerina, E. Vernek, Luis G. G. V. Dias da Silva, J. C. Egues,
arXiv:1412.1851 [cond-mat.mes-hall].

9551-68, Session 18

Universal parity-crossing statistics in spin-
polarized hybrid normal-superconductor
nanostructures (/nvited Paper)

Inanc Adagideli, Sabanci Univ. (Turkey)

We focus on topologically protected crossings of Andreev bound states in
spin-polarized normal-superconductor hybrid structures [1]. Such crossings,
signaling a change in the ground state fermion parity, became the focus

of recent attention as they are regarded to be precursors to Majorana
fermions that appear in the long-wire limit. In recent work, we showed

how a topological state can be induced from regular or irregular scattering
in (i) p-wave superconducting wires and (ii) Rashba wires in proximity to
an s-wave superconductor. We also related the topological properties of
such nanowires to their normal state properties such as conductance [2].

In the present work, we build on these results and study the correlation
between parity-crossings in the superconducting state and the normal state
properties of a hybrid nanostructure. Surprisingly, we find that the crossing
points as well as their statistics are universal and are described solely

by their normal-state properties. We obtain formulae for mean spacing
between parity crossings as well as crossing statistics in disordered wires/
cavities. We finally discuss under what conditions these crossings signal
Majorana fermions. [1] |. Adagideli et al . [2] |. Adagideli, M. Wimmer, A.
Teker, Phys Rev B 89, 144506 (2014)

9551-69, Session 18

Magnetic noise from Kondo charge traps
(Invited Paper)

Luis G. Dias da Silva, Univ. de Sao Paulo (Brazil); Rogério
de Sousa, Univ. of Victoria (Canada)

Magnetic noise impacts a wide variety of solid-state devices, from quantum
bits in superconductor and semiconductor-based quantum computer
architectures to spintronic devices made of metals and semiconductors.
Developing a theory of magnetic noise will have great impact in minimizing
fluctuations in these devices. Magnetic noise is commonly detected as flux
noise in superconducting quantum interference devices (SQUIDs). At low
frequencies, SQUID flux noise spectral density decreases with frequency as
$1/f*{alpha}$ with $alpha=0.5-0.8% in a wide variety of devices. However,
at higher frequencies (above ~1-GHZ) flux noise was found to be Ohmic, i.e.
increasing linearly with frequency. This puzzling behavior is not explained by
any model of magnetic fluctuations.
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Here we present a theory for the magnetic noise produced by local charge
traps, elucidating the kind of noise that the majority of defects produce in a
typical solid-state device. Our numerical renormalization group calculations
reveal a deviation from 1/f behavior in the magnetic noise of charge traps
in the Kondo regime over a wide range of frequencies. Remarkably, such
behavior is not present in the charge noise, which is dominated by single-
particle processes, consistent with a mean-field picture. The results show
that, when Kondo correlations are present, magnetic noise originating from
charge traps has a many-particle character, while charge noise does not.
Since Kondo temperatures can be relatively high in charge traps, these
findings indicate that electron-electron interactions can lead to a strong
contribution to the magnetic noise that has not been captured by current
models.

9551-99, Session PWed

Intrinsic spin Hall effect of vector beam
with rotational symmetry-breaking

Xiaohui Ling, Shenzhen Univ. (China); Zhiping Dai,
Hengyang Normal Univ. (China); Xunong Yi, Shenzhen
Univ. (China); Liezun Chen, Youwen Wang, Hengyang
Normal Univ. (China); Shuangchun Wen, Shenzhen Univ.
(China)

We report the observation of intrinsic photonic spin Hall effect (SHE) of
cylindrical vector beam by breaking its rotational symmetry using a fan-
shaped aperture to block part of the vector beam. The spin accumulation
occurs at the edge of the beam, and the spin-dependent splitting increases
with the topological charge of the vector beam and restricts by the aperture
angle. The underlying mechanism is attributed to the discontinuous local
energy flow that results from the broken, opposite vortex phases. It is

large enough to be directly observed without using a weak measurement
technology. Because of the inherent nature of the phase and independency
of light-matter interaction, the observed photonic SHE is intrinsic. This
enables us to observe a direct and giant photonic SHE. Our findings reveal
that the photonic SHE may be manipulated (enhanced or inverted) by
directly tailoring the polarization geometry of light, which may provide a
possible route for generation and manipulation of spin-polarized photons,
and enables spin-controlled photonics applications.

9551-100, Session PWed

Fabrication of Fe/MgO/Fe low-resistance
nano-contact on pn-GaAs photodetector
as a memory element for a high-speed
non-volatile optical memory

Vadym Zayets, Hidekazu Saito, Koji Ando, Shinji Yuasa,
National Institute of Advanced Industrial Science and
Technology (Japan)

The high-speed non-volatile optical memory has been proposed [1], which
is utilized a high-speed spin injection of a spin-polarized photo current
from a semiconductor-made pn-junction into a metal nanomagnet. The
demultiplexing of a train of optical pulses at the speed of 2200 GBit/s was
experimentally demonstrated for this memory [1].

For the successful operation of the memory it is essential to inject photo-
excited electrons form the semiconductor detector into the nanomagnet
within a time interval shorter than the spin life time in the semiconductor.
The spin life time in the GaAs is short and it does not exceed 100
picoseconds at room temperature. In the case of the injection time longer
than the spin life time, the spin information is lost inside the semiconductor
before it is injected into the nanomagnet.

The injection time significantly depends on the nanocontact resistance. The
lowest contact resistance is important to shorten photocurrent injection
time from the pn-photodetector to the nanomagnet. The photocurrent was
excited by 170-fs 10-pJ optical pulses at wavelength of 860 nm. The area
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of the MTJ nanocontact was 0.01 um2. The tunnel magneto resistance was
100%. The injection time was measured to be 3 ns, 350 ps and 75 ps for the
MTJ nanocontacts with contact resistance of 7000, 250 and 30 Ohm umz2.
The injection time shorter than the spin life time in the GaAs is achieved.
The dependence of the tunnel magneto-resistance on the light intensity was
observed.

[1] V. Zayets, APL 94 (2009) pp. 121104

9551-101, Session PWed

Band structure of thin films materials

Amine Elhaimeur, Zouhair Sofiani, Univ. Ibn Tofail
(Morocco)

Calculations of ferromagnetic properties using local density approximation
(LDA) based on the parameterization given by Moruzzi, Janak, and Williams
(MJW), were investigated in datail. We found that Nickel concentration

in ZnO could induce magnetism effects. These effects from Ni impurties
incorporation in ZnO matrice are explored using the Korringa-Rostocker
potential approximation (KKR-CPA). The magnetic effect is due to the
hybredization between 3d and 2p oxygen of Zn, O, and nickel atoms.

9551-102, Session PWed

The titanium-antisite (TiO) magnetism
effect on Ti0.98Cr0.0202(0.98)(TiO0)0.02
system within ab-initio calculation

Zakaryaa Zarhri, Univ. Mohammed V (Morocco)

The ab-initio calculations, based on the Korringa Kohn Rostoker
approximation approach combined with Coherent Potential Approximation
(KKR-CPA) were used to study the magnetic properties of the Titanium
antisite (TiO) and Chromium (Cr) doped TiO2. In the considered systems, we
used different concentrations for TiO defect and Cr doping. In Ti02(0.98)
(Ti0)0.02, the obtained results indicate that TiO is an acceptor having the
half-metal behavior. TiIO[3d] band is located at the Fermi level, although
isn’'t 100% polarized, the ferromagnetic (FM) state is verified as being more
stable than Disordred Local Moment (DLM) one. For Ti0.98Cr0.0202 the

Cr introduced new states which give the material half-metallic feature.

The majority spin of Cr impurity are located at the Fermi level and the
conduction electrons around the Fermi level are 100% spin polarized. This
indicates the stability of (FM) state. Moreover, in Ti0.98Cr0.0202(0.98)
(Ti0)0.02, the top of the conduction band (TCB) related to TiO2 shifted to
lower energy and the n-type of TiO2 is verified. the majority spin of Cr[3d]
are located at 0.025 Ry close Fermi level. The predicted Curie temperatures
(Tc) were calculated using the Mean Field Approximation (MFA) and we
predicted that TiO defect in Cr doped TiO2 makes Tc higher. This kind of
defect makes the material useful for spinotronics’s applications and devices.

9551-103, Session PWed

Description of the spin proximity effect
from a solution of the modified Boltzmann
transport equations

Vadym Zayets, National Institute of Advanced Industrial
Science and Technology (Japan)

The spin proximity effect was measured experimentally [1,2]. The Spin
Proximity effect describes the fact that at a contact between two
conductors, the spin accumulation diffuses from the conductor of a

higher spin polarization to the conductor of a smaller spin polarization.
For example, in the vicinity of a contact between a ferromagnetic and
non-magnetic metals, in the ferromagnetic metal the equilibrium spin
accumulation becomes smaller than in the bulk and the electron gas in the
non-magnetic metal becomes spin-polarized.
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When a drift current flows through the contact, the spin accumulation is
drifted from one metal to the other metal, because of the spin injection. The
spin injection only modifies the distribution of the spin accumulation across
the contact, which was initially established due to the Spin Proximity effect.
From a solution of the modified Boltzmann transport equations [3,4] it was
found that the contributions of the electrons and holes to the spin injection
are of opposite signs. In contrast, the contributions of the electrons and
holes to the Spin Proximity effect are of the same sign. For this reason,

in a metal a significant drift current is required in order to modify the
distribution of the spin accumulation across a contact enough so that the
modification can be detected.

The features of the spin Proximity effect will be discussed.

[11S. A. Crooker et al., Science 309, 2191 (2005).

[2] M. Furis, et al. New Journal of Physics 9, 347 (2007).

[3] V. Zayets J. Mag. and Mag. Mat. 356 52-67 (2014) 52-67

[4] V. Zayets, ArXiv 1410.7511; https://staff.aist.go.jp/v.zayets/spin3_intro_41.
html

9551-104, Session PWed

Ultrafast affection of electron spin
dynamics in GaAs by a ferromagnetic film

Dagmar Butkovi?ova, Petr N?mec, Charles Univ. in Prague
(Czech Republic); Kamil Olejnik, Vit Novak, Institute

of Physics of the ASCR, v.v.i. (Czech Republic); Toma?
Janda, Franti?ek Trojanek, Charles Univ. in Prague (Czech
Republic); Toma? Jungwirth, Institute of Physics of the
ASCR, v.v.i. (Czech Republic)

Spin-polarized electrons can be optically injected in semiconductor by
absorption of circularly-polarized light. If an external magnetic field Hext
perpendicular to the light propagation direction is applied, the electron
spins presses around this field. Consequently, an oscillatory signal reflecting
the electron spin dynamics in the material can be measured using the time-
resolved pump-probe magneto-optical technique.

We studied the electron spin dynamics in GaAs substrate overgrown by a
thin (-~ 20 nm) epilayer of ferromagnetic semiconductor (Ga,Mn)As with
different Mn doping [1] at temperature of 15 K using the light tuned to ~ 25
meV above the band gap of GaAs. Since the light penetration depth is much
bigger than the thickness of the (Ga,Mn)As epilayer, the spin-polarized
electrons are injected in both (Ga,Mn)As and GaAs. We observed that the
presence of a thin ferromagnetic layer induced a very pronounced initial
phase shift of the measured oscillations relative to the initial phase present
in a bare GaAs. This phase shift of the electron spin precession arises within
~ 50 ps after the impact of a laser pulse on the sample, is dependent on

the sample temperature and it disappears if an insulating barrier is inserted
between GaAs and (Ga,Mn)As. Overall, our experimental data suggest that
there is an ultrafast mechanism by which the ferromagnetic layer can modify
the electron spin dynamics in the adjacent paramagnetic semiconductor.

[1] N?mec et al, Nature Communications 4, 1422 (2013).

9551-105, Session PWed

Giant stress field in a single Ni nanowire
generated by an external mechanical strain

Giuseppe Melilli, CEA-Ctr. de SACLAY (France); Marie-
Claude Clochard, Commissariat a 'Energie Atomique
(France); Mohamed tabellout, Univ. du Maine (France);
Daniel Lacour, Laurent Bouvot, Univ. de Lorraine (France);
Nicolas Biziere, Ctr. d’Elaboration de Matériaux et
d’Etudes Structurales (France); Jean-Eric Wegrowe, Ecole
Polytechnique (France)

The effects of thermoelastic and piezoelectric strain of an active track-
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etched ?-PVDF polymer matrix on an electrodeposited single-contacted

Ni nanowire (NW) are investigated at the nanoscale by measuring the
change of magnetization (i.e. using the inverse magnetostriction effect). The
magnetization state is measured locally by anisotropic magnetoresitance
(AMR). The ferromagnetic NW plays thus the role of a mechanical probe
that allows the effects of mechanical strain to be characterized and
described qualitatively and quantitatively.

The inverse magnetostriction was found to be responsible for a quasi-
disappearance of the AMR signal for a variation of the order of ?T =10
K. In other terms, the variation of the magnetization due to the stress

compensates the effect of external magnetic field applied on the NW

resistance.

The induced stress field in a single Ni NW was found 1000 time higher than
the bulk stress field (due to thermal expansion measured on the PVDF). This
amplification could be attributed to three nanoscopic effects: (1) a stress
mismatch between the Ni NW and the membrane, (2) a non-negligible role
of the surface tension on Ni NW Young modulus, and (3) the possibility of
non-linear stress-strain law.

We investigate here the role of these different contributions using various
types of track-etched polymer membranes leading, after electrodeposition,
to embedded Ni NWs of different diameters and orientations.

9551-107, Session PWed

Controlled switching and frequency tuning
of polarization oscillations in vertical-
cavity surface-emitting lasers

Markus Lindemann, Henning H6pfner, Nils C. Gerhardt,
Martin R. Hofmann, Ruhr-Univ. Bochum (Germany); Tobias
Pusch, Rainer Michalzik, Univ. UlIm (Germany)

Spintronic lasers offer promising perspectives for novel concepts and
characteristics superior to conventional purely charge-based devices. This
applies in particular to spin-polarized vertical-cavity surface-emitting lasers
(spin- VCSELs), which exhibit ultrafast spin and polarization dynamics.
Using pulsed spin-injection, oscillations in the circular polarization degree
can be generated, which have the potential to be much faster than
conventional relaxation oscillations and may exceed frequencies of 100 GHz.
The oscillations originate from the coupled carrier-spin-photon system in
birefringent VCSEL cavities. The polarization oscillations are independent
from conventional relaxation oscillations and thus can be the cornerstone
for ultrafast directly modulated spin-VCSELs in the near future. It is possible
to switch the oscillations on and off, depending on phase and amplitude
conditions of two consecutive excitation pulses. Even half-cycles can be
generated, which is the basis for short polarization pulses, only limited

by the polarization oscillation resonance frequency. Experimental results

of oscillation switching are given using an 850 nm oxide-confined single-
mode VCSEL. In order to increase the polarization oscillation frequency,
birefringence has to be tuned to higher values. We demonstrate a method
to manipulate the birefringence by adding mechanical strain to the substrate
in vicinity of the VCSEL. With this method the polarization oscillation
frequency can be tuned over a wide range of several tens of GHz. The results
are compared to the theory with simulations using the spin-flip-model.

9551-108, Session PWed

Spin relaxation dynamics of an individual
Co2+ ion in a CdTe/ZnTe quantum dot

Aleksander M. Bogucki, Mateusz Goryca, Kacper
Oreszczuk, Tomasz Smolenski, Jakub Kobak, Wojciech
Pacuski, Piotr Kossacki, Univ. of Warsaw (Poland)

Studies of single dopants in semiconductors constitute one of the research
areas of the dynamically developing field of solotronics.

In this work we present studies of spin dynamics of a single Co2+ ion
embedded in a CdTe/ZnTe quantum dot (QD) - a new system of single
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magnetic ion in semiconductor QD. In order to determine spin-relaxation
time of the single Co2+ ion we performed time-resolved measurements of
the QD photoluminescence under quasi-resonant, modulated excitation
for various magnetic fields. It is experimentally simpler than the method
previously used for the Mn2+ ion. The obtained relaxation times stay in

an agreement with the values determined previously under non-resonant
excitation and are much shorter than those reported for the Mn2+ ion.

We discuss the impact of the local strain on the spin relaxation. The Co2+
ion has non-zero orbital momentum, thus it is more sensitive to the local
anisotropy of surrounding lattice than the Mn2+ ion. Analyzing different
dots, we show that local distortion has minor influence on the cobalt
relaxation time. This new observation can help to determine the spin-lattice
relaxation mechanism of a single magnetic ion in a QD.

We also show that similarly to the case of the QDs with Mn2+ ions, qusi-
resonant injection of spin polarized excitons leads to the orientation of the
Co2+ spin. The time resolved measurements of this effect reveals that the
spin orientation efficiency per one exciton for a Co2+ ion in a CdTe dot is
much larger than for Mn2+ ion in a similar dot.

9551-109, Session PWed

Spin-lasers: from threshold reduction to
large-signal analysis

Sean Bearden, Evan Wasner, Univ. at Buffalo (United
States); Jeongsu Lee, Univ. at Buffalo (United States) and
Univ. of Regensburg (Germany); Igor Zutic, Univ. at Buffalo
(United States)

Lasers in which spin-polarized carriers are injected provide paths to
different practical room temperature spintronic devices, not limited to
magnetoresistive effects. Considering spin-lasers, it is necessary to revisit
simple concepts in spintronics. Is longer spin relaxation always better?
How does a simultaneous spin relaxation of electrons and holes affect the
device operation? Unfortunately, the proper framework to investigate such
questions is usually overlooked. Theoretical studies mostly focus only on
spin-polarized electrons, the holes are merely spectators with vanishingly
short spin relaxation time, losing their spin polarization instantaneously.
Unlike the conventional understanding of spintronic devices, an optimal
performance of such spin-lasers can arise for finite, not infinite, spin
relaxation time. By considering spin-relaxation times of both electrons
and holes, we elucidate advantages of spin-lasers over their conventional
(spin-unpolarized) counterparts. In addition to the steady-state threshold
reduction, spin-lasers can improve transient operation leading to shorter
turn-on delay times, reduced ringing of emitted light, and an enhanced
bandwidth [1,2].

[1] J. Lee, S. Bearden, E. Wasner, and |. Zutic, Appl. Phys. Lett. 105, 042411
(2014).

[2] E. Wasner, S. Bearden, J. Lee, and |. Zutic, preprint.

9551-71, Session 19

Spin photonics and spin-photonic devices
with dielectric metasurfaces (/nvited
Paper)

Hailu Luo, Yachao Liu, Shizhen Chen, Yougang Ke, Xinxing
Zhou, Hunan Univ. (China)

Dielectric metasurfaces with spatially varying birefringence fabricated by
transparent materials can exhibit exceptional abilities for controlling the
photonic spin states. We present here some of our works on spin photonics
and spin-photonic devices with dielectric metasurfaces. We develop a
hybrid-order Poincare sphere to describe the evolution of spin states of
wave propagation in the metasurface. We extend the orbital Poincare
sphere and high-order Poincare sphere to a more general form. The spin
evolutionin the metasurface with special geometry can be conveniently
described by state evolution along the longitude and the latitude lines on
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the hybrid-order Poincare sphere. Similar to that in previously proposed
Poincare spheres, the Berry curvature can be regarded as an effective
magnetic field with monopole centered at the origin of sphere and Berry
connection can be interpreted as the vector potential. Both the Berry
curvature and the Pancharatham-Berry phase on the hybrid-order Poincare
sphere are demonstrated to be proportional to the variation of total angular
momentum. Moreover, we show that the dielectric metasurfaces can provide
great flexibility in the design of novel spin-photonic devices such as spin
filter and spin-dependent beam splitter. The high transmission efficiency of
dielectric metasurfaces makes it possible to utilizing the spin-dependent
effect based on Pancharatnam-Berry phase in optical far field, which would
substantially facilitate the development of spin-dependent devices in
photonics.

9551-72, Session 19

Spin-photonic devices based on
crystalline-AlOx / GaAs for emission
and detection of circular polarized light
(Invited Paper)

Hiro Munekata, Masaki Aoyama, Ronel Roca, Nozomi
Nishizawa, Tokyo Institute of Technology (Japan)

In the papers published in APL 2014 [1] and JMSJ 2014 [2], we reported
electrical helicity switching of circularly polarized light (CPL) at 1 KHz with
spin-LEDs having dual spin injection electrodes [3] of Fe and detection of
CPL up to RT by operating reversely the spin-LEDs. Those LEDs consisted of
a n-AlGaAs/InGaAs/p-AlGaAs double heterojunction and a newly developed
crystalline x-AlOx tunnel barrier [4]. Presented here are helicity switching of
CPL at 1 MHz and a phenomenological model of spin photodiode (PD), the
recent progresses towards the realization of spin-photonics based devices.
The same type of a dual-electrodes spin-LED is used for experiments. Only
a quarter waveplate and a linear polarizer are used to distinguish helicity of
electroluminescence (EL). The degree of EL-CPL is 10 to 15 % at around peak
wavelength of 840 nm. Alternating a current between the two electrodes
with the frequency of 1 MHz has yielded dynamic change in the intensity
output, indicating helicity switching at same frequency. A model of spin-PD
is based on a picture that a spin polarized photo-current yielded in a pn
junction is split into two independent spin channels R(up) and R(down)
including those due to spin-dependent tunneling. The advantage of our
model is the direct estimation of relaxation of carrier spin polarization
gmma from experimental data; e.g., gamma = 0.4 % at low temperatures
referring the data shown in ref. 2.

[11 APL 104(2014)11M02, [2] JMSJ 38(2014)147, [3] SST 17(2002)285, [4] JAP
14(2013)0333507.

9551-73, Session 19

Development of plasmonic isolator for
integration into photonic integrated
circuits (/nvited Paper)

Vadym Zayets, Hidekazu Saito, Koji Ando, Shinji Yuasa,
National Institute of Advanced Industrial Science and
Technology (Japan)

An optical isolator is an important component of an optical network. At
present, there is a significant commercial demand for an optical isolator,
which can be integrated into the Photonic Integrated Circuits (PIC). A

new design of an integrated optical isolator, which utilizes unique non-
reciprocal properties of surface plasmons, has been proposed [1]. The main
obstacle for a practical realization of the proposed design is a substantial
propagation loss of the surface plasmons in structures containing a
ferromagnetic metal. The reduction of the propagation loss of a surface
plasmon is the key to make the plasmonic isolator competitive with other
designs of the integrated isolator.

We studied experimentally optical and magneto-optical properties of a
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Fe plasmonic waveguide integrated with an AlGaAs rib waveguides and
a Co plasmonic waveguide integrated with Si nanowire waveguides. It
was demonstrated experimentally that by utilizing a double-dielectric
plasmonic waveguide it is possible to reduce significantly the optical
loss in a plasmonic waveguide. For Fe/Si02/AlGaAs double-dielectric
plasmonic waveguide the low optical loss of 0.03 dB/um is obtained.
As far as we know at present it is a lowest optical loss demonstrated for
a plasmon propagating at a surface of a ferromagnetic metal. For Co/
Ti203/Si02 double-dielectric plasmonic waveguide integrated with a

Si nanowire waveguide on a Si substrate the optical loss of 0.7 dB/um
was demonstrated. The designs of the plasmonic isolator utilizing a ring
resonator or a non-reciprocal coupler were studied.

[11 V. Zayets, H. Saito, S. Yuasa, and K. Ando,, Materials 5, 857 (2012).

9551-74, Session 19

Integrated optical isolators using magnetic
surface plasmon (/nvited Paper)

Hiromasa Shimizu, Terunori Kaihara, Saori Umetsu, Masashi
Hosoda, Tokyo Univ. of Agriculture and Technology
(Japan)

Optical isolators are one of the essential components to protect
semiconductor laser diodes (LDs) from backward reflected light in
integrated optics. In order to realize optical isolators, nonreciprocal
propagation of light is necessary, which can be realized by magnetic
materials. Semiconductor optical isolators have been strongly desired on Si
and I1I/V waveguides. We have developed semiconductor optical isolators
based on nonreciprocal loss owing to transverse magneto-optic Kerr
effect, where the ferromagnetic metals are deposited on semiconductor
optical waveguidesl). Use of surface plasmon polariton at the interface of
ferromagnetic metal and insulator leads to stronger optical confinement
and magneto-optic effect. It is possible to modulate the optical confinement
by changing the magnetic field direction, thus optical isolator operation

is proposed?2, 3). We have investigated surface plasmons at the interfaces
between ferrimagnetic garnet/gold film, and applications to waveguide
optical isolators. We assumed waveguides composed of Au/Si(38.63nm)/
Ce:YIG(1700nm)/Si(220nm)/Si , and calculated the coupling lengths
between Au/Si(38.63nm)/Ce:YIG plasmonic waveguide and Ce:YIG/
Si(220nm)/Si waveguide for transversely magnetized Ce:YIG with forward
and backward directions. The coupling length was calculated to 232.lum
for backward propagating light. On the other hand, the coupling was not
complete, and the length was calculated to 175.5um. The optical isolation by
using the nonreciprocal coupling and propagation loss was calculated to be
43.7dB when the length of plasmonic waveguide is 700um.

1) H. Shimizu et al., J. Lightwave Technol. 24, 38 (2006). 2) V. Zayets et al.,
Materials, 5, 857-871 (2012). 3) J. Montoya, et al, J. Appl. Phys. 106, 023108,
(2009).

9551-75, Session 20

Electrical generation and manipulation
of spin polarization in semiconductors
(Invited Paper)

Vanessa Sih, Univ. of Michigan (United States)

Utilizing spins for information processing requires developing methods

to generate and manipulate spin polarization. Current-induced spin
polarization is a phenomenon in which carrier spins in a semiconductor
are oriented when subjected to current flow. However, the mechanism that
produces this spin polarization remains an open question. Existing theory
predicts that the spin polarization should be proportional to the spin-orbit
splitting, yet no clear trend has been observed experimentally. We perform
experiments on semiconductor samples designed so that the magnitude
and direction of the in-plane current and applied magnetic field can be
varied and measure the electrical spin generation efficiency and spin-orbit
splitting using optical techniques. These techniques can sensitively measure
the electron g-factor and effective magnetic fields produced by spin-
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orbit splitting and nuclear spin polarization. Contrary to expectation, the
magnitude of the current-induced spin polarization is shown to be larger for
momentum directions corresponding to smaller spin-orbit splitting [1]. In
addition, angle-dependent measurements demonstrate that the steady-
state spin polarization is not along the direction of the spin-orbit field, which
we attribute to anisotropic spin relaxation. Furthermore, we show that this
electrically-generated electron spin polarization can produce a nuclear spin
hyperpolarization through dynamic nuclear polarization [2].

This work is supported by AFOSR, DTRA, NSF, and ONR.
[11 B. M. Norman et al., Phys. Rev. Lett. 112, 056601 (2014).
[2] C. J. Trowbridge et al., Phys. Rev. B 90, 085122 (2014).

9551-76, Session 20

Spinor effects in the pattern formation of
polaritons in semiconductor microcavities
(Invited Paper)

Rudolf Binder, Ming Ho Luk, The Univ. of Arizona (United
States); K. P. Chan, The Chinese Univ. of Hong Kong (Hong
Kong, China); Przemyslaw Lewandowski, Univ. Paderborn
(Germany); Ombline Lafont, Ctr. National de la Recherche
Scientifigue (France); Vincenzo Ardizzone, Emmanuel
Baudin, Lab. Pierre Aigrain (France); Nai-Hang Kwong,
College of Optical Sciences, The Univ. of Arizona (United
States); Yuen Chi Tse, The Chinese Univ. of Hong Kong
(Hong Kong, China); Andreas Luecke, Univ. Paderborn
(Germany); CY. Tsang, The Chinese Univ. of Hong Kong
(Hong Kong, China); Marco Abbarchi, Lab. Pierre Aigrain
(France); Jacqueline |. Bloch, Elisabeth Galopin, Aristide
Lemaitre, Lab. de Photonique et de Nanostructures
(France); Philippe Roussignol, Lab. Pierre Aigrain (France);
Pui Tang Leung, The Chinese Univ. of Hong Kong (Hong
Kong, China); Jéréme Tignon, Lab. Pierre Aigrain (France);
Stefan Schumacher, Univ. Paderborn (Germany)

Semiconductor microcavities form an important class of semiconductor
systems in which light is strongly coupled to excitons. The resulting
polaritons have advantageous dispersion relations that, in the past, have
allowed for the observations of many prominent effects, ranging from

Bose condensation to the optical spin Hall effect. Our group has recently
predicted and observed formation of patterns in the spatial polariton
density and far-field emission signals. These patterns are created by a
coherent optical pump field that enters the microcavity in normal incidence
and that is tuned above the minimum of the lowest polariton branch. Four-
wave mixing instabilities involving pump photons and polaritons on the
elastic circle (off-axis polaritons) are the main process for pattern formation.
An important aspect of patterns involving linearly polarized pump fields is
the TE/TM splitting, which in the past has been associated with important
characteristics of semiconductor microcavities, including the optical spin
Hall effect.

In our previous research, we have investigated spin-dependent exciton-
exciton interaction in semiconductor quantum wells and microcavities,
and recently we found that the TE/TM splitting, together with the spin-
dependent exciton-exciton interaction, leads to specific characteristics in
the polariton pattern formation. For example, the spin-dependent exciton-
exciton interaction favors a linearly x-polarized pump beam to produce
y-polarized off-axis polaritons. Depending on the pump conditions, this can
create patterns involving TE or TM polarized polaritons. The patterns offer
the possibility of external control as they can be rotated simply through
rotation of the pump polarization. We review the theoretical framework as
well as experimental results.

Return to Contents +1 360 676 3290

SPIE.

NANOSCIENCE+
ENGINEERING

9551-77, Session 20

Effect of the Pauli principle on
photoelectron spin transport in p+ GaAs
(Invited Paper)

Daniel Paget, Ecole Polytechnigue (France)

In p+ GaAs thin films, the effect of photoelectron degeneracy on spin
transport is investigated theoretically and experimentally by imaging the
spin polarization profile as a function of distance to the light excitation
spot. Under degeneracy of the electron gas (high concentration, low
temperature), a dip at the center of the polarization profile appears, with

a polarization maximum at a distance of about 2um from the center. This
counterintuitive result reveals that photoelectron diffusion depends on spin,
as a direct consequence of the Pauli principle which causes a concentration
dependence of the spin stiffness while the spin dependence of the mobility
is found weak in doped material.

The various effects which can modify spin transport in a degenerate
electron gas under local, circularly-polarized, laser excitation are considered.
A comparison of the data with a numerical solution of the coupled diffusion
equations reveals that ambipolar coupling with holes increases the steady-
state photo-electron density at the place of excitation and therefore the
amplitude of the degeneracy-induced dip. Thermoelectric currrents are
predicted to depend on spin under degeneracy (spin Soret currents),

but these currents are negligible except at very high excitation power

where they play a relatively small role. Coulomb spin drag and bandgap
renormalization are negligible due to electrostatic screening by the hole gas.

9551-78, Session 20

Efficient conversion of light to charge and
spin in Hall-bar microdevices

Lukas Nadvornik, Institute of Physics of the ASCR, v.v.i.
(Czech Republic); James A. Haigh, Hitachi Cambridge
Lab. (United Kingdom); Kamil Olejnik, Institute of Physics
of the ASCR, v.v.i. (Czech Republic); Andrew C. Irvine,
Univ. of Cambridge (United Kingdom); Vit Novak, Toma?
Jungwirth, Institute of Physics of the ASCR, v.v.i. (Czech
Republic); Joerg Wunderlich, Hitachi Cambridge Lab.
(United Kingdom)

During the last decade, the spin related Hall effects have developed from
subtle academic phenomena to practical tools for exploring a variety of
fields in the fundamental and applied spintronics research. One of the
recently proposed concepts, where these effects can find utility, is the spin
Hall based polarimeter.

In this contribution, we report an experimental study of the direct
conversion of light into electrical signals in GaAs/AlGaAs Hallbar
microdevices. Our approach based on different modulation frequencies of
the intensity and polarization of the laser beam allows us to disentangle the
charge and spin dependent parts of the induced electrical signal, and to link
them to the incident light intensity and polarization, respectively.

In our electrical polarimeter, the degree of circular polarization of incident
light is directly converted into transverse electrical voltage via spin-orbit
interaction acting on optically generated spin-polarized photocarriers. We
demonstrate that the efficiency of the light to spin conversion is strongly
enhanced by adding a drift component to the transport of the spin-
polarized photocarriers, as compared to a purely diffusive transport regime
of the device. We show that this is in agreement with the theory of spin-
related Hall effects.

For a micron-size focused laser beam, the experiments also demonstrate
that the light to charge and spin conversion efficiency depends on the
precise position of the light spot, reflecting the spatially dependent
response function of the Hall cross.

All these observations may find utility in designing spin Hall based
convertors, modulators, polarimeters or other related opto-spintronic
microdevices.
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9551-79, Session 21

Current-induced magnetization dynamics
and thermal stability of perpendicular STT-
MRAM devices (/nvited Paper)

Huanlong Liu, Luc Thomas, Guenole Jan, Son Le, Yuan-
Jen Lee, Jian Zhu, Ru-Ying Tong, Keyu Pi, Yu-Jen Wang,
Tom X. Zhong, Terry Torng, Po-Kang Wang, Headway
Technologies, Inc. (United States)

Spin-transfer torque-magnetic random access memory (STT-MRAM)
devices, combining non-volatility and fast read/write operations, have

the potential of becoming next generation “universal memory”. In this
presentation, we will discuss some of the interesting challenges we face in
developing the STT-MRAM technology. Firstly, we will show that millions
of devices can be switched reliably by electrical pulses as short as sub-
nanoseconds. However, complex magnetization dynamics is occasionally
observed, especially for large devices in the deep statistics regime. We
will discuss the origin of these phenomena and how they can be avoided
by improving the design of the MTJ stacks. Secondly, we will address the
thermal stability of the devices. In particular, we will discuss methods of
evaluating the energy barrier Eb at different temperatures in order to assess
data retention of different MTJ designs.

9551-80, Session 21

Spintronic devices for space applications
(Invited Paper)

Malik Mansour, Lab. de Physique des Plasmas (France)

In this presentation we aim to review some implementations of spintronic
devices in the frame of space applications. Because they are compact

and can easily be adapted to a space environment, we will show that
magnetoresistive effects based sensors (MR) (as AMR, GMR or TMR sensors)
can not only be used as positioning sensing devices but are also new assets
to develop highly integrated space magnetometers dedicated to space
science. Their sensitivity as well as their ability to cover a large frequency
range allows using them for magnetometry applications ranging from the
Martian soil mapping up to the measurement of interplanetary magnetic
waves fluctuations. Whether used alone or as part of new instrumental
concepts we will endeavor to show that MR sensors have the potential to be
a must in the field of magnetic measurement in a space environment.

9551-81, Session 21

Monolithic integration of focused 2D GMR
spin valve magnetic field sensor for high-

sensitivity (compass) applications (/nvited
Paper)

Olaf Ueberschar, Fraunhofer-Institut far Elektronische
Nanosysteme (Germany); Maria J. Almeida, Fraunhofer-
Institut fUr Elektronische Nanosysteme (Germany) and
Technische Univ. Chemnitz (Germany); Patrick Matthes,
Technische Univ. Chemnitz (Germany); Mathias Mdller,
Hochschule Mittweida (Germany); Ramona Ecke,
Fraunhofer-Institut fUr Elektronische Nanosysteme
(Germany); Horst Exner, Hochschule Mittweida (Germany);
Stefan E. Schulz, Fraunhofer-Institut fir Elektronische
Nanosysteme (Germany) and Technische Univ. Chemnitz
(Germany)

We have designed and fabricated 2D GMR spin valve sensors on the basis

of IrMn/CoFe/Cu/CoFe/NiFe nanolayers in monolithic integration for high
sensitivity applications. For a maximum signal-to-noise ratio, we realize a
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focused double full bridge layout featuring an antiparallel exchange bias
pinning for neighbouring meanders and an orthogonal pinning for different
bridges. This precise alignment is achieved with microscopic precision by
laser heating and subsequent in-field cooling.

Striving for maximum signal sensitivity and minimum hysteresis, we study
in detail the impact of single meander geometry on the total magnetic
structure and electronic transport properties. The investigated geometrical
parameters include stripe width, stripe length, cross bar material and total
meander length. In addition, the influence of the relative alignment between
reference magnetization (pinned layer) and shape anisotropy (free layer) is
studied. The experimentally obtained data are moreover compared to the
predictions of tailored micromagnetic simulations.

Using a set of optimum parameters, we demonstrate that our sensor may
readily be employed to measure small magnetic fields, such as the ambient
(geomagnetic) field, in terms of a 2D vector with high spatial (200 fm) and
temporal (-1 ms) resolution.

9551-82, Session 21

State of the art of the equivalent
magnetic sensor noise: from intrinsic
sensor performances to application, the
challenges (/nvited Paper)

Christophe Dolabdjian, Univ. de Caen Basse-Normandie
(France)

This talk deals with on the problematic of the development on highly
sensitive magnetic sensors to applications. The sensor performances

were described and analysed, mainly, in term of intrinsic or equivalent
input magnetic noise in the Tesla per square root Hertz. Based on our
laboratory researches, three sensor technologies were outlined: Giant
MagnetoResistance, Magneto(Elasto)Electric and Magneto-Impedance
devices. These sensors are based on different physical principles. In each
case, a soft magnetic material is used and can be seen as an intrinsic or

as an extrinsic sensing element, which is coupled to the active part of the
sensor. The material properties and conditioning electronic parameters
were detailed versus sensor working principles. Both have to be well
considered in highly sensitive magnetic magnetometer development. To
improve this analysis, the relation between the sensitivity and the equivalent
input magnetic noise of the sensors and the sensor material properties
have to be study, carefully! We notice that sensor noise improvements

can be done, only, by considering a system theory or systems engineering
approach, which includes the material properties, the working principle, the
conditioning electronics and often, the fluctuation dissipation theorem! The
general trends, predicted by the (and our) theoretical models, which are
associated to these different sensor technologies, are very well supported
by experiments. These analyses provide a view of the technological limits
and insights for material, design, working principle, optimization and used.
To conclude this presentation, some applications (NDT, magnetic detection,
magnetorelaxometry, imagery of NMPs, biomagnetism...) as example, will
be given. The link between the intrinsic sensor noise and performances and
measurement problematics will be pointed out.

9551-83, Session 22

Tailoring and manipulating spin in
semiconductor nanostructures (/nvited
Paper)

Christopher J. Stanton, Gary D. Sanders, Univ. of Florida
(United States)

There has been much interest in lll-V and I-VI dilute magnetic
semiconductors in which incorporation of magnetic impurities, such as
manganese, is used to tailor the electronic, magnetic, and magneto-optical
properties. In particular, carrier-induced ferromagnetism in dilute magnetic
semiconductors has opened up opportunities for device applications. We
present a theory for the electronic and magneto-optical properties of
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magnetically doped semiconductor nanostructures and investigate how
the effects of i) quantum confinement, ii) interfacial strain and iii) precise
control of the magnetic impurity position can be used to change and tune
these properties. We study two systems: 1) quantum wells and 2) core shell
quantum dots. Calculations in the quantum wells are based on an 8 band
calculation and allows for valence/conduction band mixing in narrow gap
materials. The spherical quantum dots consist of an inner core surrounded
by an outer shell. This core-shell quantum dot is doped by magnetic Mn
impurities all of which are implanted at a preselected and controllable radius
on a spherical surface within the dot. The electronic states in the presence
of a magnetic field are treated in an effective mass model which includes
the s-d and p-d exchange interaction with the Mn electrons. Strain in both
systems due to the lattice is assumed to be pseudomorphic and the effect
of this strain field on the electronic and spin states is included. The optical
properties are computed using electronic states from our calculations using
Fermi’s golden rule.

This work was supported by the NSF through grant DMR-1105437.

9551-84, Session 22

100% spin polarized surface resonance
in the half metallic Heusler compound
Co2MnSi (Invited Paper)

Martin Jourdan, Johannes Gutenberg Univ. Mainz
(Germany); Jan Minar, Juergen Braun, Ludwig-Maximilians-
Univ. MUnchen (Germany); Alexander Kronenberg,
Johannes Gutenberg Univ. Mainz (Germany); Stanislav
Chadov, Max-Planck-Institut fur Chemische Physik Fester
Stoffe (Germany); Benjamin Balke, Johannes Gutenberg
Univ. Mainz (Germany); Andrey Gloskovskii, Deutsches
Elektronen-Synchrotron (Germany); Michaela Kolbe,
Hans-Joachim Elmers, Gerd Schoenhense, Johannes
Gutenberg Univ. Mainz (Germany); Hubert Ebert, Ludwig-
Maximilians-Univ. MUnchen (Germany); Claudia Felser,
Max-Planck-Institut fir Chemische Physik Fester Stoffe
(Germany); Mathias Klaeui, Johannes Gutenberg Univ.
Main