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ABSTRACT

Spin-Hall effect is a basic phenomenon arising from the spin-orbit coupling of eectrons. In particular, the spatia
trgjectory of the moving electronsis affected by their intrinsic angular momentum. The optical spin-Hall effect (OSHE)
— beam deflection due to the optical spin (polarization helicity) — was recently presented. The effect was attributed to the
optical spin-orbit interaction occurring when the light passes through an ani sotropic and inhomogeneous medium. Here,
we present and experi mentally observe the OSHE in coupled localized plasmonic chains. The OSHE is due to the
interaction between the optical spin and the path of the plasmonic chain with an isotropic plasmonic mode. In addition,
OSHE was observed due to the interaction between the optical spin and the local anisotropy plasmonic mode, which is
independent on the chain path. A spin-dependent orbital angular momentum was observed in acircular path. Moreover,
awavefront phase dislocation due to the scattering of surface plasmons from atopologica defect is directly measured in
the near-field by means of interference. The dislocation strength is shown to be equal to the incident optical spin and
with analogy to the magnetic flux parameter in the Aharonov-Bohm effect. OSHE in spontaneous emission was a so
obtained in a structure consisting of a coupled thermal antenna array. The effect is due to a spin-orbit interaction
resulting from the dynamics of the surface waves propagating along the structure whose local anisotropy axisis rotated
in space. The OSHE in the nanoscal e provides an additional degree of freedom in spin-based optics.
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1. INTRODUCTION

The interaction of light with metallic subwavelength structures exhibits various anomal ous effects such as
extraordinary optical transmission and beaming. These effects have been elegantly explained by a mechanism involving
the coupling of light to collective surface-confined el ectronic oscillations known as surface plasmon-polaritons (SPPs).
Extensive research has been carried out in the field of el ectromagnetic surface waves due to its technological potential
and fundamental implications. Apparently, the handedness of the light's polarization (optical spin up/down) may provide
an additional degree of freedom in nanoscal e photonics. The dynamics of spinning light wasinvestigated, and the effect
of spin on the trajectories of polarized light beams (spin-orbit coupling) was experimentally observed, with results that
agree with the predictions of Berry’s phase theory *. We examine the spin-orbit coupling effects that appear when awave
carrying intrinsic angular momentum (spin) interacts with a nanoscal e structures. The Berry’ s phaseis shownto bea
manifestation of the Coriolis effect in noninertia reference frame attached to the wave. The theory is supported by
experiment demonstrating the spin-orbit coupling of electromagnetic waves via a surface plasmon anisotropic
inhomogeneous nanostructure. The measurements verify the unified geometric phase, demonstrated by the observed
pol ari zation-dependent deflection (spin-Hall effect) of the waves *°,
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2. OBSERVATION OF THE SPIN-BASED PLASMONIC EFFECT IN NANOSCALE
STRUCTURES

The proposed anisotropic inhomogeneous plasmonic structure was produced on top of athin metal film evaporated

onto a glass plate. The element consisted of a cavity (aspiral Bragg grating with a central defect), surrounded by a
coupling grating (Fig. 1(a)). The structure was illuminated by circularly polarized light (R —right-handed, L — I eft
handed). The intensity in the plasmonic cavity was measured by a Near-field Scanning Optical Microscope (NSOM).
The measured intensity distribution exhibits a strong dependence on the incident spin (see Fig. 1(a)). An annular ring
structure with a dark spot in the center for R illumination and with a bright spot for L illumination indicates coupling to
different spiral plasmonic modes. The origin of the spin-dependent change in the near-fidd intensity distributionsliesin
the geometric phase of the excited plasmonic mode. In the most general case, when awave carrying an arbitrary spin
angular momentum changesits direction of propagation and polarization state, the geometric phaseis given by asimple
expression stemming from the Coriolis effect 2. The Coriolis effect is aresult of the rotation of the reference frame,
represented by the local direction of the grating grooves. Accordingly a spiral geometric phase with spin-dependent
helicity arisesin acircular grating °. In the spiral structure, (see Fig. 1(a)) an additional dynamic phase arises as a result
of aspace-variant path difference. The overall phase in the spird cavity is the sum of the geometric and dynamic phases,
which is manifested by different spiral modes that are obtained in the cavity for different polarizations.

One of the possible technol ogical implementations of the plasmonic geometric phase could be a spin-dependent
plasmonic focusing lens. The proposed structure is presented in Figure 1(b). This structure was illuminated from the
bottom with R and L -polarized plane waves and the near-field intensity distribution was collected by the NSOM. A spin-
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Fig. 1. (@) The scanning €l ectron microscope image of the spiral nanostructure and the scheme of the optical setup. Intensity
distribution in the cavity measured by aNSOM for R and L illumination. (b) Spin-dependent plasmonic lens based on a
plasmonic spin-Hall effect. Theintensity distributions measured by aNSOM for R and L illumination and the
corresponding transverse cross-sections of the measured intensity distributionsin the focal plane of thelens (R - blue
squares, L - red circles) Calculated cross-sections are plotted for each polarization (solid blueline -R; dashed red line -

L). The SEM picture of the element isdepicted in the inset.

dependent transverse shift of the focusis observed by comparing the spots (Fig. 1(b)). This shift can be regarded as a
manifestation of the optical Magnus effect (optical spin-Hall effect) which arisesin our system dueto a spiral geometric
phase. The observed effects inspire one to investigate other spin-based plasmonic effects and to propose a new
generation of optical elements for nano-photonic applications.
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3. OBSERVATION OF OPTICAL SPIN SYMMETRY BREAKING IN NANOAPERTURES

Observation of a spin symmetry breaking effect in plasmonic nanosca e-structures due to spin-orbit interaction is
presented. We demonstrate a nanoplasmonic structure which exhibits a crucial role of an angular momentum (AM)
selection rulein alight-surface plasmon scattering process. In our experiment, the intrinsic AM (spin) of the incident
radiation is coupled to the extrinsic momentum (orbital AM) of the surface plasmons via spin-orbit interaction. Due to
this effect, we achieved a spin-controlled enhanced transmission through a coaxial nanoaperture *.

In our experiment the spin-orbit interaction mechanism and the AM selection rules were experimentally verified by
investigating the effect in a circularly symmetric — achiral —nanostructure. For this purpose we induced an external
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Fig. 2. Removal of the spin-degeneracy in circular corrugation by use of externally induced OAM. (@) experimental setup. A laser
beam is modulated by a Spatial Light Modulator (SLM) to obtain a spiral phase and then incident through a Beam Splitter (BS)
onto acoaxial aperture with circular corrugation. The transmitted light is captured in theimage plane by the camera. The spira
phase with | = 2, the measured intensity distribution across the incident beam, and the SEM picture of the e ement are presented
inthefigure. (b) intensity distribution cross-sections captured by the camerafor different .

OAM carried by the incident beam. We fabricated the element, which consisted of anindividua coaxial aperture,
surrounded by an annular coupling grating (see Fig. 2a). This aperture was illuminated by agreen laser light at a

wavel ength 532nm whose phase was modulated by a spatial light modulator (to achieve a spiral phase with topological
charges |_, =0, + 2. We obtained a spin-dependent enhanced transmission by controlling the behavior of the device with

externa orbital AM, (see Fig. 2(b)).
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4. PLASMONIC AHARONOV-BOHM EFFECT

A circular nanodlit was used to excite an out-propagating plasmonic wavefront. We measured the scattered
plasmonic-wave disl ocation strength by itsinterference with an additional plasmonic reference wave (see Fig. 3). The
didlocation strength was shown to be equal to the incident optical spin (polarization hdicity) in amanner similar to the
Aharonov-Bohm wavefunction dislocation strength being equal to the magnetic flux parameter. Moreover, we
experimentally demonstrated that the surface plasmon-polariton wave dislocation is independent on the incident
wavel ength and the nanodlit diameter, therefore verifying the geometric nature of the phenomenon. This effect is
attributed to the optical spin-orbit interaction — coupling of the intrinsic angular momentum - spin and the extrinsic
(orbital/linear) momentum of the electromagnetic field °. Our experiment was analyzed using a rotating reference frame,
which leads to a spin-dependent correction of the momentum term in the wave equation. The experiment and anaysis
presented in this letter elucidate the significance of the optica spin in the scattering of surface plasmon-polaritons from
atopologica defect and its connection to the plasmonic phase dislocations.

Fig. 3 Experimentally measured near-field intensity for () ¢ =1 polarization (right circular polarization) and
(b) 0 =—1 polarization (left circular polarization) at wavelength 800 nm. The measured fringe maxima are

presented in (c) for o0 =1 and (d) for o = —1 states. Theblack circlein (c) and (d) represents the | ocation of
the circular nanodlit. Theinset in (b) with adark spot in the center (marked with an arrow) is the measured
intensity distribution inside the circular dlit.
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5.OPTICAL SPIN-HALL EFFECTSIN PLASMONIC CHAINS

Spin-Hall effect is a basic phenomenon arising from the spin-orbit coupling of electrons. In particular, the spatia
trgjectory of the moving electronsis affected by their intrinsic angular momentum. More generaly, the dispersion
relation of the particles is modified in a spin-dependent manner.® The spin-Hall effect is regarded asintrinsic when it
arises due to Rashba coupling (Berry curvature), while the extrinsic effect occurs due to the spin-orbit-dependent
scattering of dectrons from impurities. The optical spin-Hall effect (OSHE) — beam displacement and momentum shift
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Fig. 4. The OSHE-LI| and OSHE-LA for circular chains. The measured far-field intensity distribution of the spin-flip
component scattered from acircular chain of ordered (a) and disordered (c) coaxia apertures at awaveength of 780 nm,
and rotating nanorodswith m = 2 at awave ength of 730 nm (b); bottom, SEM images of the chains with radii of Sum.
The spin-Hall momentum deviation is accompanied by a spiral phase-front with the topological charges|=2 and 1=4, for
the OSHE-LI (a) and OSHE-LA (b), respectively. Note that no spin-Hall momentum deviation is observed from the
disordered chain (c).

due to the optical spin (polarization helicity) —was recently presented. ” The effect was attributed to the optical spin-
orbit interaction occurring when the light passes through an anisotropic and inhomogeneous medium. Here, we present
and experimentally observe the optical spin-Hall effectsin coupled localized plasmonic chains ®. The locally isotropic
optical spin-Hall effect (OSHE-LI) isregarded as the interaction between the optical spin and the path of the plasmonic
chain with an isotropic unit cell. In contrast, the locally anisotropic optical spin-Hall effect (OSHE-LA) occurs due to
the interaction between the optical spin and the local anisotropy of the unit cell, which is independent on the chain path.
This latter mechani sm expands the scope of the OSHE and provides an additional degree of freedom in spin-based
optics.

The OSHE-LI was studied on a coupled plasmonic chain of annular apertures, whose local orientation varies
linearly with the x coordinate. The local orientation of the curved chain induces local anisotropy variation in the
scattered field. Polarization analysis shows that the scattering from the curved chain contains a spin-flip component,
which is experience a spin-dependent beam deflection. Similar beam deflection was observed in scattering from linear
chain of rectangular apertures (nanorodes) with orientation linearly varied along the chain (OSHE-LA). In other
experiment the circular chains of coaxial apertures and rotating nanorods demonstrate scattered wave with an orbital
angular momentum as result of spin-orbit interaction between light and ani sotropic inhomogeneous structure (see Fig. 4).
The observed OSHES are due to the collective interaction of the localized modes within the periodic plasmonic chains.
Emergence of spira phase front with orbital AM was then directly verified by interference experiment and strength of
phase singularity was measured.

6. SPIN SYMMETRY BREAKING IN THERMAL EMISSION

When light is emitted or scattered from a revolving medium, it exhibits a dispersion splitting — angular Doppler
effect (ADE) — which depends on the circular polarization handedness (the photon's spin)®. The dispersion splitting is
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attributed to a spin-dependent correction of the momentum term in the wave equation due to rotation of the emitting
medium. This splitting is the manifestation of the spin-orbit interaction, which is the basis for optical spin-Hall, Magnus,
and Coriolis effects. Here, we report on ageometric Doppler effect manifested by a spin-dependent dispersion splitting
of thermal radiation emitted from a structure whose local anisotropy is rotated along x-axis. The observed effect is
attributed to the dynamics of the thermally excited surface wave propagating along the structure'.

In our experiment deepenings (“"thermal antennas") with the subwavelength size of 1.2um x 4.8um (Fig. 5,
inset(i)) were etched to a depth of 1um on a SiC substrate forming isolated thermal antenna and coupled therma antenna
array (Fig. 5, inset(iii)) with aperiod of A =11 .6 um. The upper plot in Fig. 4 is the emission spectrum of the isolated
thermal antenna, which shows local resonances at frequencies 890 cm™ and 945 cm™. These modes exhibit strong linear
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Figure5. Spectral emission from theisolated thermal antenna (top, SEM image in inset (i)), and for homogeneous coupled
oriented antenna array (bottom, SEM image in inset (iii)); red and blue curves correspond to polarization along the short axis
and long axis of the antennarespectively, and black for thetota intensity. Inset(ii) presents a FDTD simulation of the intensity
distribution in vicinity of an isolated antenna at 890 cm™, white line indicates the location of the antenna. Black arrows point to
thelocal resonances.

polarization along the direction of the small axis of the antenna. The same polarization of local modesis observed in the
emission from the coupled antenna array (Fig. 5, inset (iii)). However, in this case the spectrum at normal incidence,
contains an additional narrow peak at 830 cm™, which is also strongly linear polarized along the same direction (Fig. 5,
bottom). By measuring the emission dispersion from the array of identically oriented antennas, we have found that the
narrow spectral peak contains two extended dispersive modes - afast mode and a slow mode, attributed to coupled,
localized surface phonon-polaritons (Fig. 6 (a)). By applying polarization measurements, we verified that the
polarization direction of the slow mode follows the antennas' orientation.

Different and very intriguing polarization properties were observed in an array of antennas whose orientation was
gradually rotated along the x-axis (Fig.6(b), inset). In the measured dispersion of thermal radiation *°, the slow mode
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exhibits a clear splitting in the momentum of the emitted waves. The above phenomenon can be elucidated when
considering surface waves propagation. As surface phonon-polaritons travel aong the superstructure, they radiate a
linearly polarized field that rotates at a spatial rate @ = d¢ /dx (¢- local antennas orientation). This rotation induces
coupling between the intrinsic and the extrinsic momentum — spin-orbit interaction — which leads to a spin-dependent
perturbation of the momentum Ak = ¢ o ,Where ¢ = +1 isthe spin state. By solving the perturbated Helmholtz
equation we derive the dispersion shift o = w(k, + o Q ) in the momentum dimension. Therefore, the original
dispersion of the homogeneous structureis split into two emitted modes with opposite spin states. We found the spin-
projected dispersion of the thermal emission (Fig. 6(b)) by measuring the Stokes' pol arization parameter S;, which
represents the circular polarization portion. This measurement reveals that the slow mode is split in the momentum by
20 between the two opposite spin-states.
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Figure 6. (@) The measured emission dispersion of the coupled thermal antenna array (Fig. 5 inset (iii)). Dashed lines
highlight the dispersion of the slow and the fast modes. (b) Spin-projected dispersion of the rotating antenna array, obtained
by S; measurement. Dashed/dotted lines highlight the dispersion of the spin-split slow mode (red/blue color correspondsto a
positive/negative spin projection, respectively). The observed dispersion shiftis ok = ¢ 0 , Signsof o =+1 correspond to
two opposite circular polarizations; in theinset - SEM of the antenna array rotating along the x-axis with a period
a=6A;(Q=rx/a).
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