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Abstract We review our work on effects of spin-symmetry breaking in nanoscale
structures caused by spin-orbit interaction. The spin-based effects offer an unprec-
edented ability to control light and its polarization state in nanometer-scale optical
devices, thereby facilitating a variety of applications related to nano-photonics.
The polarization-dependent effects are considered as result of a geometric phase
arising from the interaction of light with an anisotropic and inhomogeneous na-
noscale structure. The discussed phenomena inspire one to investigate other spin-
based plasmonic effects and to propose a new generation of optical elements for
nano-photonic applications, as a constituent of a new branch in optics — spinop-
tics.

13.1 Introduction

The interaction of light with metallic subwavelength structures exhibits various
anomalous effects such as extraordinary optical transmission[1] and beaming [2].
These effects have been elegantly explained by a mechanism involving the cou-
pling of light to collective surface-confined electronic oscillations known as sur-
face plasmon-polaritons (SPPs). Extensive research has been carried out in the
field of electromagnetic surface waves due to its technological potential and fun-
damental implications. Additional exciting phenomena were studied such as unidi-
rectional plasmon coupling [3], plasmon focusing [4,5], waveguiding and interfer-
ometry [6,7], enhanced coherent thermal emission [8,9], surface-enhanced Raman
scattering [10], planar optical chirality[11,12] and super-resolution [13,14]. Ap-
parently, the handedness of the light's polarization (optical spin up/down) may
provide an additional degree of freedom in nanoscale photonics. The dynamics of
spinning light was recently investigated, and the effect of spin on the trajectories
of polarized light beams (spin-orbit coupling) was experimentally observed [15],
with results that agree with the predictions of Berry’s phase theory. In this chapter
we examine the spin-orbit coupling effects that appear when a wave carrying in-
trinsic angular momentum (spin) interacts with a nanoscale structures which sup-
port SPP. The Berry’s phase is shown to be a manifestation of the Coriolis effect



in noninertial reference frame attached to the wave. A variety of experiments
demonstrate spin-dependent effects in the electromagnetic waves coupling via an
anisotropic inhomogeneous nanostructure. In the Section 13.2 we present and dis-
cuss the observation of spin-dependent surface-plasmon phenomena in anisotropic
nanostructures on metal surface. In the Section 13.3 we consider plasmonic
nanoapertures which exhibit a crucial role of an angular momentum (AM) selec-
tion rule in a light-surface plasmon scattering process, which is accompanied by a
spin symmetry breaking effect due to spin-orbit interaction. Section 13.4 is devot-
ed to properties of plasmonic nanoapertures which demonstrate behavior that is
analogous to the Aharonov-Bohm effect. In Section 13.5 properties of the
nanoapertures as topological defects are considered in relation with potential
spinoptical devices having a spiral point spread function. An optical spin Hall ef-
fect in this system due to spin-orbit coupling which can be observed in the far-
field is then studied in detail in Section 13.6. In the final Section 13.7 observation
of an optical Rashba effect - spin degeneracy breaking due to spin-orbit interac-
tion - in thermal radiation emitted from an inhomogeneous anisotropic 2D lattice
composed of coupled antennas is presented. The spin split dispersion arises from
the inversion symmetry violation in the lattice.

13.2 Spin-Based Plasmonic Effect in Nanoscale
Structures

In this section we will describe a spin-dependent behavior of SPPs that was exper-
imentally found in the interaction of light with metallic anisotropic and inhomo-
geneous nanoscale structures [16]. The anisotropic plasmonic structure under con-
sideration is produced on top of a thin metal film evaporated onto a glass plate
(Fig. 13-1a,b). The element consists of a spiral Bragg grating with a central defect,
surrounded by a coupling grating, both of which were etched to a depth of 50nm
by a focused ion beam (FIB). The thickness of the metal (Au) was chosen to be
100nm in order to prevent any direct transmission of light. The grating provides
coupling with normally incident light at | 5 =532nm to a surface-plasmon wave,
while the Bragg grating with a central defect serves as a plasmonic microcavity
for the surface wave. Therefore, the actual coupler period and the Bragg period
were chosen to be 0.5um and 0.25um, respectively. The outer diameter of the
structure of 10pum and the small radius of the spiral cavity ro = 1.32um are con-
sistent with the surface plasmon propagation length [17] L oc :I/ Im(kp), which is

about 3um for gold at this wavelength.
The structure was illuminated by circularly polarized light which is denoted

henceforth with a spin state |S J_,> , where |s +> —2% (@ —i)" stands for right-handed

circularly polarized light and |s _)= 2%(1 i)' for left-handed circularly
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Fig. 13-1 Spin-dependent geometric phase in the spiral plasmonic structure. a) The geome-
try of the structure (side view) and the optical setup. The Quarter Wave Plate (QWP) was
used to generate a circularly polarized illumination, which was partially coupled to the SPP

mode in the cavity — E,. b) Scanning electron microscope (SEM) picture of the spira plas-
monic cavity. c,d) Intensity distribution in the cavity measured by a NSOM for |s +> and

|s_) illumination, respectively. ef) Calculated intensity in the cavity for |s ) and |s _)
illumination. (g,h) Calculated phase in the cavity for |s , ) and |s _) illumination.

polarized light. Figure 13-1a demonstrates the intensity in the near-field of the
plasmonic cavity that was measured by a near-field scanning optical microscope
(NSOM) in a non-contact mode. The captured intensity distribution is presented in
Fig. 13-1c,d. The near-field intensity distribution which calculated by a finite dif-
ference time domain (FDTD) algorithm is depicted in Fig. 13-1le,f. Surprisingly,
the measured as well as the calculated intensity distribution exhibits a strong de-
pendence on the incident spin. An annular ring structure with a dark spot in the
center for |s +> illumination and with a bright spot for |s _> illumination indi-



cates coupling to different spiral plasmonic modes. The origin of the spin-
dependent change in the near-field intensity distributions lies in the phase of the
excited plasmonic mode. This phase has been verified by FDTD calculation (see
Fig. 13-1g,h) and was found to correspond to a spiral mode exp(ilj ), where j s
the azimuthal angle, with topological charge / = -2 for |S +> and /=0 for |S _> il-

lumination. The origin of the spin-dependent phase could be elucidated by use of

Fig. 13-2 Plasmonic field distribution in the circular cavity. a8) SEM picture of the circular
structure. b) Messured intensity distribution in the near-field for |s ) illumination. An

identical intensity distribution was obtained for |s_). c) Calculated intensity distribution
for |s,). d.e) Calculated E, field phase inside the cavity for |s ) and |s _)illumination,
respectively.



a simpler structure with full rotational symmetry (see Fig. 13-2a). This structure
consisted of concentric rings with the same depth and pitch as before and a central
circular microcavity (ro = 1. 2um). The eigenmodes of such a circular plasmonic
cavity are given by,

Epl .r)=Epexplik,z)exp(ilj )3, (kpr)z, (13-1)

where £ is the wavenumber perpendicular to the surface direction, £, is the radial
wavenumber; j , » and z are the cylindrical coordinate set, / is the topological

charge and E is a constant. The notation J; stands for the /-order Bessel function
of the first kind. The plasmonic in-plane wavenumber is given approximately by

kp ~ko e/ (l+ e) , where € is the dielectric constant of the metal (Re(e)<-1)
and kg =2p/l o is the wavenumber of the incident light. The wavenumber in the
z direction is expressed by k22 + k% = kg and consequently is purely imaginary
(kp >Kg). Equation (1) represents an optical scalar vortex with a topological

charge, /, which is associated with the optical angular momentum of the mode and
corresponds to appropriate phase boundary conditions. The experimental near-
field intensity distribution presented in Fig. 13-2b indicates a non-zero topological
charge, which corresponds to a helical phase distribution for both |S +> and |S ,)

illumination. The FDTD calculation presented in Fig. 13-2d,e clear indicates that
helicity of the phase equals to | =-S,, where S :l,(S_ = —1) stands for the

spin state |s +>,(|S _>), respectively. This is evidence of a selective spin-dependent

coupling to a single cavity mode induced by the structure. The existence of a spin-
dependent spiral phase can be elucidated by analyzing the coupling mechanism
between incident light with a specific spin and a surface plasmon cavity mode.

In plasmonic systems, when a coupling structure is illuminated by an arbitrarily
polarized beam, the surface waves are excited via transverse magnetic (TM) polar-
ization, corresponding to the magnetic field parallel to the grooves direction [17].
The propagation direction of the resulting plasmonic surface wave is perpendicu-
lar to the grooves whereas its polarization is linear in the vertical direction, £,. If
the direction of the grating's grooves varies azimuthally, the coupling of an inci-
dent plane wave to a surface wave takes place within a space-variant local direc-
tion. This non-trivial simultaneous manipulation in the space of polarizations and
in the space of directions one can describe using geometric representation upon
the Majorana sphere [18,19]. In this scheme, polarized light is characterized by
two dots on a unit sphere in the direction space (x,y,z), i.e., by two vectors, u and
v, which point to these dots from the origin. Their bisector unit vector, n, coin-
cides with the propagation direction of the wave, while its sign corresponds to the
helicity of the polarization ellipse. For pure circular polarizations the bisector can
be denoted as s.n. The projections of the dots onto the plane perpendicular to n



denote the two foci of the corresponding polarization ellipse. The physical signifi-
cance of this representation is that it provides a method to evaluate a geometric
Berry phase [20-22] for complex fields whose polarization and direction have
been modified.

Let us consider right-handed circularly polarized illumination |Eext> = E0|S +>

impinging upon the element depicted in Fig. 13-2a from the bottom. Here Ej is the
amplitude of the field, which can be taken as one for brevity purposes. The circu-
larly polarized incident beam, propagating along the z direction, can be depicted
on the Majorana sphere by vectors u and v, which coincide at the north pole (see
Fig. 13-3). The evanescent vertically polarized electric field that propagates on the

Fig. 13-3 Graphical representation of the geometric phase on the M ajorana sphere. Geomet-
ric phase induced by the interaction of light with an anisotropic inhomogeneous structure is
equal to half of the area enclosed by the two geodesics that correspond to different propaga-
tion directions, k, of the excited SPPs (gray area). The variation of the propagation
wavevector Kk p(j 3 along the element is depicted in the small picture by blue arrows.

metal surface in a radial direction is consequently represented by a vector u’,
which still points to the north pole, and a vector v© which now points to the south
pole. The interaction of light with a coupling grating whose local orientation is]

can then be defined by a geodesic arc connecting the north pole with the south



pole that intersects the xy plane at anglej (see Fig. 13-3). The Berry phase in our

specific case is geometrically associated with the area enclosed on the Majorana
sphere by the paths of vectors u and vector v, explicitly, fg = —(Qu +QV)/ 2.

Since the vector u is static, the Berry phase between the fields at two different az-
imuthal locations will be given simply as half of the area between two correspond-
ing geodesics, which yields f g = . In the opposite case, when left-handed cir-

cularly polarized light is applied, i.e., |Eext> = EO|S _> , the picture on the sphere

will be reversed. The initial state will be denoted by vectors u and v both pointing
to the south pole, and the final state will be defined by u" pointing to the south
pole and v' pointing to the north pole. In the second case, the path traversed on the
Majorana sphere is in the reverse direction, which corresponds to the positive ge-
ometric phase, f g =] . The general case, therefore, can be given byf g =-s.j .

Note that this phase results from the spin-orbit angular momentum coupling due to
the space-variant polarization state and directional manipulations and is therefore
geometric in nature. The appearance of the geometric phase in our experiment re-
sulted from the SPP excitation by a spatially rotated grating and resembles the
phase delay that arises when circularly polarized light is transmitted through a ro-
tated polarizer [21,22]. This phase is linear with j and spirals around the center

of the structure, giving rise to a phase singularity with a topological
charge| =—s , ; these properties explain the results presented in Fig. 13-2.

The intensity distributions in the cavity described above for incident spins
s, ands _ are indistinguishable, as opposed to the experimental results obtained
in the spiral cavity (see Fig. 13-1). In the latter, in addition to the geometric phase
of the SPPs due to a polarization-dependent coupling, a dynamic phase arises as a
result of a space-variant path difference. This dynamic phase is induced by the
grooves' spiral pitch. The overall phase in the spiral cavity is the sum of the geo-
metric and dynamic phases, f =f 4 +f4 and the total topological charge of the

plasmonic vortex is | = —(S 4+ m) , where m is the spiral pitch in the units of SPP
wavelength. For the specific case when m=1, the microcavity mode obeys the
form of Jo(kpr) for|s ,) and ofexp(—iZ )Jz(kpr) for |S +>. Consequently, for
|s ,) illumination the resultant field distribution possesses no phase singularity in
the center, as opposed to the |S +> illumination case, which agrees with the exper-

imental results presented in Fig. 13-1. The formation of the geometric phase is,
therefore, the origin of the spin-dependent intensity distribution in the spiral cavi-
ty, and may lead to other spin-based phenomena in plasmonic systems.

One of the possible implementations of the plasmonic geometric phase could be
a spin-dependent plasmonic focusing lens. Fig. 13-4e presents an appropriate
structure that consisted of a 150nm-thick gold film with a hemi-circular coupling



grating with the inner radius of ry) = 1.64 um followed by a Bragg grating on the
outer side. In experiment the structure was illuminated from the bottom with |S +>

and |S _> plane waves and the intensity distribution was collected by the NSOM

tip. The measured intensity of the plasmonic wave is shown in Fig 13-4a,b. The
most interesting feature in this intensity distribution is a spin-dependent transverse
shift of the focus which one can easily observe by comparing the cross-sections of
the spots (Fig. 13-4c). This shift can be regarded as a manifestation of the optical
Magnus effect [23,24] and the optical spin Hall effect [25, 26] which arises in the
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Fig. 13-4 Spin-dependent plasmonic lens based on a geometric phase. a, b) The intensity
distributions measured by a NSOM for |s ), and|s _} illumination, respectively. c) The
transverse cross-sections of the measured intensity distributions in the focal plane of the
lens for |s ., ) (blue squares) ,|s _) (red circles) illumination, respectively. FDTD calcula-
tion is plotted for each polarization (solid blue line -|s , ) ; dashed red line - |s _)). The
cross-sections in (¢) were measured along the horizontal dashed lines depicted in a) and b).
d) The intensity distribution measured by NSOM for |s , )+|s _) (linearly polarized) illu-
mination. €) The SEM picture of the element.

system due to a spin-orbit coupling producing a spiral geometric phase. The ex-
perimental results are supported by the FDTD numerical simulation which are also
depicted in the Fig. 13-4c. The focal shift corresponds to the spin-dependent spiral
phase modification due to the Berry phase and can be estimated

by Ax~ ro‘kgl‘v(s J)=s, kgl‘, (Ax~160nm). The observed shift of the focal in-

tensity distribution is about 200 nm which is in good agreement with the above es-
timation as well as with the FDTD results (see Fig. 13-4c). The slight deviation of



the measured results from the simulation can be attributed to the modified disper-
sion relation of the SPPs due to impurities caused by the fabrication process. This
geometric effect is exceptionally pronounced when linearly polarized light (the

superposition of spin |S +> and |S _> beams) is incident upon the structure. In this

case, the focal spot is split in the lateral direction (see Fig. 13-4d) and clearly re-
minds us the effect of spin-dependent electron beam splitting in the classic Stern-
Gerlach experiment [27, 28].

13.3 Optical Spin Symmetry Breaking in
Nanoapertures

The dynamics of various physical systems, including optical systems, are substan-
tially characterized by their AM. The AM of an optical beam comprises the spin
component, associated with the handedness of the circular polarization, and the
orbital angular momentum (OAM), associated with a spiral phase front [29-32]. In
a paraxial beam with a spiral phase distribution f oclj , the total AM per photon,

in units of % (normalized AM), was shown to be | = (s +1 ), where S =1 stands
for the spin state |S +> and S = -1 stands for the spin state |S _> [33]. In accord-

ance with fundamental physical principles, resonant excitation of an electromag-
netic eigenmode requires that the exciting wave match the excited mode both with
its linear and angular momentum. This required matching imposes certain re-
strictions on the excitation process — selection rules. Likely the simplest plasmonic
nanoscale structure, which demonstrates these common rules is a nanoaperture in
a

thin metal film. Let consider a matrix consisted of annular apertures surrounded
by a shallow spiral periodic corrugation. In the experiment [34] a structure with
the inner and the outer radii of the ring slit apertures of 250 and 350 nanometers,
respectively, spiral corrugation with a period of 500nm and a pitch of 2 periods,
and depth of 70nm was milled by a FIB into a 200nm thick gold film evaporated
onto a glass wafer (see Fig. 13-5b). Transmission of circularly polarized light
through the structure is strongly affected by relationship between helicity of illu-
minating light and handedness of the spirals. A picture of the transmitted light for

the spin states |S +> and |S _> , and for the linear polarization 27}/2(15 L)+|s _>)is
presented in Fig. 13-5a. The experimental results show that when the incident spin
is opposite to the handedness of the spiral grating, the intensity of the transmitted
light is enhanced. Accordingly, the word "SPiN" written with right-handed spirals
is lit up when illuminated by |S _> light. For |S +> illumination, the contrast is re-

versed. A spectral transmission through a similarly structured array of only right-
handed spirals, normalized by transmission through a annular aperture array with-
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Fig. 13-5 Spin-dependent transmission through annular nanoapertures. a) light transmission
measured from the element for |S _> , |S +>+ |S _) and |S +> illuminations. b) SEM pic-
ture of the element used in the experiment. Spiral corrugations are either left-handed or

right-handed, depicted with a counterclockwise or clockwise arrow, respectively. The
magnified SEM pictures of a single element and a coaxial nanoaperture are also presented.

¢) spectral transmission enhancement for |S _> (red line) and |S +> (blue line). The spec-

trum was normalized by the transmission measured for annular apertures without corruga-
tions.
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out corrugations manifest a clearly observed resonant peak for |S _> illumination

around 570 nm. The light transmission at the peak was found to be enhanced by
factor of 16 relative to an uncorrugated aperture array. The spectral transmission

ofa |S +> illumination does not exhibit any substantial resonance.

The excitation of electromagnetic eigenmodes inside a nanoaperture by surface
waves is constrained by the AM selection rule, which is given by

lsv =lom » (13-2)

where |qy and gy are the normalized OAM of the surface mode and guided

mode inside the annular structure, respectively. A conceptual scheme of the
transmission mechanism is depicted in Fig. 13-6. The annular nanoapertures can

Incident beam

Surface mode

Guided mode

Fig. 13-6 The mechanism of the nanoaperture’s excitation controlled by the AM selection
rules. The incident beam bears the intrinsic angular momentum of S j,, . The excited surface

mode acquires the orbital angular momentum of /gy, as a result of the plasmonic spin-orbit
interaction. The guided mode with /g, is excited only if the selection rule is satisfied.

be designed to be a single mode system; for example, as in this case possessing a
single allowed excitation for |gy ==1. This is a useful advantage of the annular

apertures. The spiral corrugation couples the incident light into a plasmonic wave
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and induces a dynamic spiral phase according to the spiral grating pitch, |g. In the

described structure the spiral corrugation adds to the surface mode a spiral phase
with |g=2. Experiment shows that only |g=2 provides spin-dependent trans-

mission enhancement through the apertures. The observed exceptional transmis-
sion enhancement indicates that the eigenmode of the annular waveguide is
properly excited by a surface mode. The apparent difference between lgy ==1

and the spiral charge |5 =2 of the surface mode leads one to assume that another

mechanism induced an additional spin-dependent spiral phase that compensated
the excess of AM on the left side of the selection rule in Eq. (13-2). This phase
modifies the complete OAM of the surface mode to be Iqy =Si, +lg, (Sip is the

incident spin) which now perfectly satisfies the AM selection rule of the system.
Thus, the incident spin is converted into the OAM, conserving the total AM of the
system. The process by which an intrinsic property of light is coupled to an extrin-
sic property of a plasmonic field will be referred here to plasmonic spin-orbit in-
teraction. This interaction occurs in anisotropic and inhomogeneous structures and
is manifested by a geometric Berry phase arising in the system [15,16, 36,37].

The above effect can be regarded as a spatial angular Doppler effect (ADE)
[38]. In analogy with a temporal ADE, where an observer at a reference frame ro-
tating with a rate Qt registers a spin-dependent temporal frequency shift [39],

here a spatial rotation of the periodic surface corrugation with a rate of Q, induc-

es a spin-dependent spatial frequency shift. Accordingly, the geometric phase aris-
ing from this spatial frequency modulation can be easily calculated to be

fg=-s ianx dx , where the rotation of the grating is given by Qyx =dq/dx ,

the angle ¢ indicates the local groove's orientation, and X stands for a spatial co-
ordinate. In the structure presented in Fig. 13-5b where x =j , the geometric
phase is simply given by the spin-dependent spiral phase f g=-S i producing

the required additional OAM for the surface wave to satisfy the AM selection rule
(Eq. (2)). Note that while polarization and chirality effects in anisotropic inhomo-
geneous nanoscale structures were investigated previously [40-43], the mechanism
of spin-orbit interaction was not distinguished.

It is very helpful to compare the behavior of the spiral structure discussed
above with properties of the annular aperture fitted with in a circularly symmetric
(achiral) corrugation using incident beam with OAM . The circular symmetry of
the coupling corrugation does not induce a dynamic phase, which means that
Is =0. However, due to the spin-orbit interaction, the incident spin induces a spi-

ral Berry phase, and, as before, is converted to the OAM component of the surface
mode. The external spiral phase modifies the complete OAM of the surface mode
to be lqy =Sy +leq . Therefore, when the external OAM is zero, the resulting

surface mode AM is lqy =1, in which case the selection rule is a/ways satisfied
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Fig. 13-7 The removal of the spin-degeneracy in circular corrugation by use of externally
induced OAM. a) experimental setup. A laser beam is modulated by a spatial light modula-
tor (SLM) to obtain a spiral phase and then incident through a beam splitter (BS) onto a co-
axial aperture with circular corrugation. The transmitted light is captured in the image plane
by the camera. The spiral phase with /,,= 2, the measured intensity distribution across the
incident beam, and the SEM picture of the element are presented in the figure. b) intensity
distribution cross-sections captured by the camera for different /,,,. The blue dashed lines

correspond to |S +> illumination and red solid lines correspond to |S _) illumination. The

intensity is normalized by the transmission measured via a annular aperture without the sur-

rounding corrugation (the horizontal dimension is scaled according to the optical magnifi-
cation).

and the transmission of the element is undistinguished for distinct spin states.
Moreover, providing an external spiral phase of lg¢ =2, the AM of the surface

mode will be either 1 or 3 for an incident spin |S _) or |S +>, respectively. For
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le¢ =—2the surface mode AM will be correspondingly, -3 for |S _> and -1 for
|S +> . As before, the best overlapping of the surface mode and the guided mode is

obtained for lq, ==1; therefore, the transmitted intensity will be strongly de-
pendent upon the incident spin.

Figure 13-7b shows the measured transmissions of a laser light at wavelength
532 nm by use of a spatial light modulator (SLM) generating a beam with OAM
for various combinations of lgq and S j,. The transmission ratio of the two spin

states is shown to be approximately 3 which is close to the ratio measured with the
spiral corrugations. Thus, the suggested AM selection rule is verified for systems
of substantially different symmetry.

Additional understanding of the AM evolution in the enhanced resonant trans-
mission can be obtained by analyzing the AM of the light scattered from the
nanoaperture. To do this, one should investigate the scattered light far behind the
element. The transverse electric field component of the guided mode [44] with
lem =1, can be described by the Jones vector

EPM —(Ex EyJ7 =Eo(r)(cosi sinj )Tell | where Eq(r) is the radial field
dependence. Note that the guided mode in a circular basis is given by
E?M =277 Eo(r)[|s _) +€2 |S +)] . This field distribution corresponds to a vec-
torial vortex (see Fig. 13-8a) with a Pancharatnam topological charge of 1, result-
ing in a total AM of j = 1. As was shown [45], such vectorial vortices are unstable

and collapse upon propagation. The guided mode can be verified by propagating
it to the far-field and it was done in experiment (see Fig. 13-8b-¢). As expected

from the far-field of E?M , a bright and a dark spot have been observed for the

left and right circular polarization components, respectively, with a good agree-
ment between calculation and measurement. Thus, the total AM of light in the sys-
tem is conserved also for the scattered light ( j =1).
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Fig. 13-8 Far-field analysis of the light scattered from the element. a) The £, component
distribution of the guided mode and the instantaneous transverse vectorial field (£,). b,c)
measured and d,e) calculated intensity distributions of the light scattered to the far-field, for
light transmitted through right-handed b,d) and left-handed c,e) circular polarizer.

13.4 Plasmonic Aharonov-Bohm Effect

As it was showed in previous section the rotation of the local anisotropy axis re-
lated to the slit curvature entails correction of the momentum term in the wave
equation, which results in a spiral geometric phase. The geometric phase of the
surface plasmons can be directly observed via the interference pattern in the near-
field by means of near-field scanning optical microscope (NSOM) [46]. The ob-
served effect will be analyzed using the analogy of the scattering of electrons from
a topological defect in the Aharonov-Bohm (AB) experiment [47]. In order to ob-
serve the surface plasmon interference in the near-field a structure onto glass sub-
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strate was chosen consisting of thin (120nm) gold film with annular aperture (in-
ner and outer radii of the aperture are 365nm and 525nm, respectively). The
320nm-wide slit has been milled in the proximity of the annular aperture to pro-
vide a reference wavefront for the interference measurement (see Fig. 13-9a,b).
The structure was illuminated by a tunable laser and excited surface plasmon wave
was directly probed by the 150nm aperture NSOM tip. The measured fringe pat-
tern for incident right- and left-handed circularly polarized light (S =41) at
[ g =800nm is presented in Fig. 13-10a,b. The resulting pictures appear to be

asymmetric in that an additional fringe emerge above or below the coaxial aper-
ture according to the incident spin (see fringe analysis in Fig. 13-10c,d). It can

©

detector

Laser

Fig. 13-9 a) SEM image of the investigated element. b) A magnified SEM image of the
circular nanoslit. ¢) Experimental set-up. The element is illuminated from the bottom by the
laser beam whose polarization was switched by a quarter-wave plate (QWP)tobe s =+1.
The near-field intensity distribution was measured by the NSOM tip.
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be concluded that a plasmonic wave scattered by the cylindrical defect acquires a
phase front dislocation [46] analogous to the one obtained in a AB wavefunction
[47-49]. A phase dislocation is a singular point of the field where the phase is in-
determinate; therefore the field amplitude must vanish there. Such a dislocation is
evidence of a spiral phase front obtained by the scattered surface plasmons. In the
experiment, the additional fringe appearing in the interference pattern indicates
that the topological charge of the spiral phase is +1, depending on the incident
spin; therefore, the corresponding phase distribution is given by f = —-sj , where

j , is the azimuthal angle (Fig. 13-9b). This phenomenon can be elucidated by
considering the effect of spin-orbit coupling.

ag=1

Fig. 13-10 Measured near-field intensity a) for S =1 polarization and b) for S = -1 polar-
ization, at | =800nm. The observed fringe maxima are presented in ¢) for S =1 and in d)
for s =-1 states. The black circle in c¢) and d) represents the location of the annular
nanoslit. The inset in b) with a dark spot in the center (marked with an arrow) is the meas-
ured intensity distribution inside the circular slit.
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The coupling of light to non-radiative surface modes is achieved via momentum
modification by a surface defect, such as a nanoaperture [50,51]. In particular, a
nanoslit introduces a momentum modification (matching) in perpendicular direc-
tion, exciting a surface wave with a phase front parallel to the slit. Moreover, only
TM polarized incident waves (with an electric field perpendicular to the slit) can
be efficiently coupled by the slit to surface plasmons. This polarization selectivity
in SPP excitation implies highly anisotropic interaction. Due to the circular shape
of the annular slit, it is convenient to analyze the wave propagation in a rotating
reference frame attached to a local anisotropy axis [46, 52, 53]. For the observer
moving along a path with radius r the local structure (slit) orientation appears to
be rotated with the rate Q = dq/dE =1/r where q(x) is the slit orientation, and x

is the path parameter (see Fig. 13-10b). The Helmholtz equation in a non-inertial
reference frame rotating with Q(X), is (V2 +k?-25 QK)E; =0, where

Eg =2’%(Ex+isEy) are the eigenvectors of circular polarizations. Note that a
spin-dependent Coriolis term appears in the corrected Helmholtz equation. This
equation can be written as (VZ + KZ)ES =0, where K(w)=k(Ww)-s Q is the
generalized momentum [47,48,53]. A similar term also appears in the time-
independent Schrodinger equation in the presence of a vector potential. This spin-
dependent wavevector modification is a manifestation of the optical spin-orbit in-

teraction similar to the spin-Hall and the Stern-Gerlach effects. The additional
momentum leads to a geometric phase accumulation of,

fgz—Istx=—sq . (13-3)

Accordingly, the phase of the scattered plasmonic wave will be continuous up to
the factor of 2p everywhere excluding the point r = 0, where the phase disloca-
tion appears. The phase in Eq. (13-3) is analogous to the phase arising in a AB
wavefunction, y (r) [48,49]. The latter effect appears when a beam of particles

with charge of Q is scattered from an infinite impenetrable cylinder containing a
magnetic flux @ = i;A(r) -dr = ﬁ B(r)dS, where A(r) is the vector potential and

B(r) is the magnetic field. The suitable vector potential is given by
A(r)=(®/2pr)j , where | is the unit vector in the azimuthal direction.
The corresponding time-independent Schrdedinger equation is then given by,

1, . n2k?
S iV —aAmPy () ==

Plank's constant. Note that the expression in parentheses is the generalized mo-
mentum term. In the linear approximation in A, the above equation can be written

y (r), where m is the particle's mass and # is
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as, (VZ +k? —%A 'V}/ (r) =0. The resulting equation resembles the Helm-

holtz equation in the rotating frame, where the third term in the parentheses stands

=1 Fg=-—1

Fig. 13-11 a) and b) Measured intensity distribution of the SPPs scattered from a larger di-
ameter defect compared to Fig. 13-10 (see text for details) for s =1 and S = -1 polariza-
tions, respectively, at | =800nm. c) and d) The calculated interference intensity distribu-
tion for s =1 and s =-1, respectively, with the same defect as in a), now with
| =532nm. To guide the eye, the dashed lines in a) — d) indicate one solid fringe and the

arrows indicate the fringes appearing to the left of the dashed line. e) and f) The calculated
phase distributions of the SPPs scattered from the same circular slit as in ¢) and d).
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for the Coriolis term. In our system, the momentum correction term along the X
coordinate is (Ak)x =s/r, and is analogous to the gA term in the AB effect. The
main result of the AB experiment is a spiral phase f =aj acquired by the parti-
cles scattered from the cylinder, where the topological charge a = q(D/(th) is
the magnetic flux parameter. The topological charge of the phase obtained in our

experiment can be found as, | = % §(Ak)x dx =s . Therefore, one can conclude

that the intrinsic spin in our experiment corresponds to the flux parameter a in
the AB effect. Due to the non-zero topological charge (S ==1) a singularity of
the plasmonic field appears in the center of the defect, resulting in a dark spot (see
inset Fig. 13-10b). The vanishing electromagnetic field in the center corresponds to
the impenetrability of the cylinder proposed in the AB experiment. Accordingly,
the geometry of our system affects the resulting plasmonic phase front in a similar
way as a vector potential affects the electrons' wavefunction. In contrast to the
original AB effect, here the topological charge of the plasmonic spiral phase is
spin-dependent, therefore it can be regarded as the intrinsic AB effect similar to
the Aharonov-Casher effect [54].

A peculiarity of the observed effect lies in its geometric nature. The spiral phase
of the plasmonic waves arises solely due to a rotation of the local anisotropy and
is not the result of an optical path difference. Therefore, the phase dislocation will
be independent of the wavelength or the size of the defect. This is confirmed ex-
perimentally on several elements with apertures of different sizes. Figure 13-11a,b
presents the observed fringe patterns for circular slit with a diameter of 1.8 um
and width of 320 nm illuminated with | =800nm. Moreover, a FDTD simulation
for the same defect size, but for | =532nm incident illumination is presented in
Fig. 13-11(c,d). In the measured as well as in the calculated near-field intensity
distributions, same spin-dependent phase dislocations are clearly observed. A
phase distribution of the scattered plasmonic field (without interfering with a ref-
erence wave) calculated by FDTD for | =532nm illumination is presented in the
Fig. 13-11e,f. The topological charge of the calculated spiral phase is equal to the
incident spin and is not dependent upon the incident wavelength or the defect size,
emphasizing the geometric nature of the observed effect. In the next section we
will study the collective behavior of the defects upon the surface plasmon support-
ing media.

13.5 Spin-Dependent Plasmonics: Interfering
Topological Defects

The results of the previous section show that the electromagnetic field scattered
from subwavelength nanoaperture has an essential property of a topological defect
(TD). The TD is a singular spatial configuration of a vector field which cannot
unwind under continuous deformations [55] . Topological defects (TDs) are
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among the most intriguing signatures of symmetry breaking in the laws of physics
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Fig. 13-12 Plasmonic vortex source. a) Horizontal cross sections of the near-field electro-
magnetic fields of the nanoantenna, normally illuminated with circularly polarized light, at
a wavelength of 780 nm; the blue area corresponds to the width of the etched circular
nanoslit. The inset shows a SEM image of an annular nanoantenna with inner and outer ra-
dii of 75 and 125 nm, respectively, upon a 200 nm thick Au film. b) FDTD simulation of
the E, magnitude for s ; . ¢c) FDTD simulation of the E, phase for horizontally linear po-
larization. d, e) FDTD simulations of the E, phases for S ., respectively. The insets in

panels b, d and e show the corresponding analytical calculation.

[54]. TDs have attracted extensive attention in various realms such as condensed
matter physics [57,58], superfluidics [59], hydrodynamics [60], cosmology [61],
liquid crystals [62], and optics [63]. The optical TDs are termed vortices and they
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carry an OAM of |# per photon manifested by the spiral phase |j of the beam,
where the integer number | is the topological charge and j is the azimuthal an

gle. Observation of TDs in plasmonic systems is possible via the spin-orbit inter-
action (SOI), which provides a suitable mechanism to couple the optical spin to an
OAM carried by the surface plasmons (SPs). Moreover, a measurement of a wave-
front phase dislocation due to the scattering of SPs from a macro-wavelength TD
was recently presented [64].

When a linearly polarized light illuminates a local scatterer, a typical dipolar
SP polariton emission pattern is observed, aligned with the incident polarization
direction [65,66], and comprises a perpendicular dislocation line. The scattering of
the SP waves propagating away from the point scatterer is described as a source of
spherical (Huygens) wave [66], with p -phase retardation between the two sec-
tions intersected by the dislocation line (Fig. 13-12c¢). In this section we consider a
spin-dependent plasmonics as result of scattering the circularly polarized wave
from local defect on surface maintaining SP [67]. We choose an annular nanoslit
as a source for a propagating plasmonic wavefront.

A FDTD simulation gives the near-field electromagnetic fields distribution for
annular nanoantenna (Fig. 13-12a, inset), illuminated with a circular polarization.
Figure 13-12a shows the horizontal cross sections of the electric field components.
In the vicinity of the slit, all the field components have comparable amplitudes,
while those components in the out-launching plasmonic wave decay in a different
manner. After propagation to a distance of half a plasmonic wavelength, the con-
tribution of the normal E, component to the intensity distribution is an order of

magnitude larger than those of the E, and E, components. Hence, for multi-

wavelength propagation distances, the complex plasmonic wavefront launched
from the nanoantenna mainly contains the E, signature. Figure 13-12b shows the

spin-degenerated magnitude of the electric field component E, with zero-field
amplitude in the origin. Moreover, the phase of the E, field is spiral and its he-

licity is spin-dependent (Figs. 13-12d,e), resulting from the optical SOI. Due to the
SOI, the excited SPs acquire an OAM which is equal to the incident spin, resulting
in a nanoscale TD: a plasmonic vortex source.

We give below the analytical evaluation result for the E, field launched from
an annular nanoantenna - infinitely thin circular slit with a radius rg, in a medium

supporting SPs. The selected shape of the nanoantenna as a circular nanoslit origi-
nates from the simple boundary conditions formulation. A one-dimensional
nanoslit provides a momentum modification in the perpendicular direction, which
is essential for the coupling of light to non-radiative surface modes, thereby excit-
ing a surface wave with a phase front parallel to the slit. Moreover, only transverse
magnetic polarized incident waves with an electric field perpendicular to the slit
are efficiently coupled by the slit to SPs. If we consider a circularly polarized light



23

as a rotating in time linear polarization, the maximal coupling efficiency along a
circular nanoslit follows the local polarization selectivity of the one-dimensional
slit [46]. The phase delay due to the varying polarization state results in a geomet-
ric phase, leading to a plasmonic field E,(rg,] ) =exp(-isj ), where s is the in-
cident spin. Two additional boundary conditions are required: zero-field amplitude
at the origin and at infinity, arising from the spiral phase and a single point source,
respectively.

The two-dimensional Helmholtz equation, with the SP wave vector kspa is

separable in polar coordinates (r,j ), where r is the radius and j is the azimuth-

al angle. The different boundary conditions for the internal and external regions
dictate different solutions for the in- and out-propagating plasmonic fields. The re-
sulting solution of the in- and out-propagating plasmonic fields are

E(r )= Jg (kspr)[\]_S (kspro)]‘le‘isj , in—wave
Z’J_H ke l)[H kr}l‘iSj t —wav
—s(sp) —S(spO) e , ou ave

Here, J,, and H, are the mth-order of the Bessel and Hankel functions of the

first kind, respectively. The analytical results, presented in the insets of Figs. 13-
12b,d,e, confirm the scattering dynamics of the SPs from the localized vortex
source obtained by the FDTD simulations.

The described mechanism of spin degeneracy removal in a single nanoantenna
paves the way for consideration of spin-dependent plasmonic devices based on
multiple plasmonic vortex sources. In conventional optics, the point spread func-
tion (PSF) is given by the spherical wave hoc exp(ikr), and it links between the

input and output of a space-invariant system via the superposition (convolution)
integral. We herein propose the spin-orbit PSF — a spiral wavefront
hy oc exp(—isj ) — where the incident spin is a degree of freedom. Hence, for a

system consisting of multiple TD sources with an input ¢, the system output g,
is spin-dependent and is described by the convolution relation gz(s ): 0, ®hs .

This concept encourages one to demonstrate different configurations of sources ar-
rangements to observe spinoptical effects.

The experimental observation of multiple TD plasmonic field was completed on
a circular chain of nanoscale TDs, etched by FIB at a thin Au film deposited on a
glass substrate (Fig. 13-13a). The element was illuminated by a laser via a circular
polarizer, and the excited SP wave was directly probed by the 150 nm aperture
near-field scanning optical microscopy (NSOM) tip. The measured spin-
degenerated intensity distribution is presented in Fig. 13-13b; the inset of Fig. 13-
13a shows a horizontal cross section of the measured intensity and analytically
calculated interference pattern of isolated TDs, at the center of the chain. A plas-
monic interference pattern with a dark spot in the center (Fig. 13-13b, inset) is ob-
served for the distinct spin states; such a singularity indicates a non-zero OAM,
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corresponding to a spiral phase. The calculated phase distributions by the model
for multiple plasmonic vortex sources are presented in Figs. 13-13c,d and verified
its spin-dependent helicity. Moreover, this calculation provided the quantitative
value of the OAM per photon, shown to be equal to the incident optical spin;
therefore, the superposition of vortex sources in a circular symmetry results in an
intensity-enhanced plasmonic vortex with a higher total OAM. Note that if spheri-
cal waves from point sources are considered, a bright spot at the center would be
expected.

{b) “.‘|l|ill-'_
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Fig. 13-13 Circular plasmonic chain of TDs. a) SEM image of the chain consisting of annu-
lar nanoapertures arranged in a circular path with a radius of 8 pm, and with a period of 760
nm. The inset shows a horizontal cross section of the intensity at the center of the chain; the
curve and the squares represent the measured and analytically calculated intensities, respec-
tively. b) Measured near-field intensity distribution for normally incident s + at a wave-
length of 780 nm; the inset represents a magnification of the dark spot. c), d) Analytical
calculations of the phase distributions of the plasmonic fields for S  , respectively.

The total field of uncoupled plasmonic nanoantennas, separated by a distance
of the SP wavelength, is the coherent summation of all the elemental fields. The
absence of a collective coupling between TDs in the proposed plasmonic device
was verified by FDTD simulations of the same geometry with a random distribu-
tion of nanoantennas; the similar spin-based effect observed in ordered and disor-



25

dered chains (not shown) is a signature for the non-collective behavior of the lo-
calized modes in the near-field. The isolated nature of TDs in the near-field is the
basis for the multi-source consideration as the interference of vortex sources, and
shows a good agreement with the spin-dependent experimental results

Another interesting spin-dependent plasmonic device based on the interference
of TDs is a plasmonic focusing lens. A semicircular plasmonic chain consisted of
annular nanoapertures with the previous parameters is shown in Fig. 13-14a. Fig-
ures 13-14c,d present the measured intensities of the focusing plasmonic waves

Intensity (a.u.)

Fig. 13-14 Spin-dependent plasmonic focusing lens. a) SEM image of the plasmonic lens
consisting of annular nanoapertures arranged in a semicircular path. b) Transverse cross
sections of the intensity distributions in the focal plane; the blue and red curves (squares)
represent the measured (analytically calculated) intensities for s ., respectively. c), d)
Measured near-field intensity distributions of the plasmonic lens, at a wavelength of 780
nm for normally incident S 4 , respectively.

for s, respectively. A spin-dependent transverse shift of the focal spot is easily

observed from the compared cross sections (Fig. 13-14b). The obtained focal shift
is a manifestation of the optical spin-Hall effect [15,16,35,68], associated with the
SOI, inducing the plasmonic vortex sources. The relocation of the spot can be cal-
culated wusing the optical path condition with a spiral wavefront
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Kspli —SJ j=2pm, where 1 is the distance between the i th source and the shift-

ed spot, j ; is the corresponding azimuthal angle, and m is an integer. Using this

formalism, we estimate the spin-dependent deflection by s / ksp (~120 nm), and it

evidently supports the experimental results as well as the analytical calculations
(Fig. 13-14b). Moreover, the calculation of the plasmonic fields reveals p -phase
retardation between the spin-dependent focusing waves. Hence, when the super-

position of the spin states 2’%(|s L)+s ,)) — a horizontal linear polarization — is
illuminated, the focal spot splits in the lateral direction [64,35]; however, for the
superposed excitation iZ_%(|s )-ls _)) — a vertical linear polarization — the retar-
dation is compensated, and as a result the plasmonic wave homogeneously con-

verges without a focal spot splitting [64].

In the next section we will introduce the optical spin-Hall effect induced by
nanoapertures chain which observed in the far-field [35]

13.6 Optical Spin-Hall Effect from Plasmonic
Nanoapertures

In contrast to the results of the previous section here we consider collective inter-
action within periodic plasmonic chains, which play a crucial role in the re-
coupling of SPs to a propagating mode via the momentum-matching condition, as
was recently presented [35].

One can distinguish between two types of optical spin-Hall effect (OSHE) [35].
The locally isotropic optical spin-Hall effect (OSHE-LI) is regarded as the interac-
tion between the optical spin and the path X of the plasmonic chain with an iso-
tropic unit cell (Fig. 13-15a). 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 (Fig. 13-
15b). This resembles two types of spin-Hall effects in electron 2D systems - in-
trinsic (due to Rashba coupling) and extrinsic (due to the spin-orbit-dependent
scattering of electrons from impurities).

The OSHE-LI can be observed on a chain of scatterers whose local orientation
with respect to the selected x coordinate g = tan‘l(dy/ dx) varies linearly with x,
explicitly, q(X): px/a where a is the period of the structure (Fig. 13-16b). This
demand leads to a chain with a route {X(X ), y(x )} given by the function

X :(a/2p)InK1+sinFZJ/(l—sjnFZH. (13-3)
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(b)

Fig. 13-15 Coupled localized plasmonic chains. a) A plasmonic chain with isotropic unit
cell and rotating reference frame (U,V) which follows the path X . b) An anisotropy unit

cell chain with a frame (u' ,V') attached to the local anisotropy axis of the unit cell. The lab
reference frame is indicated by (X, y).
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Fig. 13-16 a) Transmission spectra of the plasmonic chain consisting of coaxial nanoaper-
tures with inner/outer radii of 75/125 nm, with period of A =470nm and a length of
84.6mm. The blue and red lines/arrows correspond to transversal and longitudinal polariza-
tion excitations, respectively. The inset shows SEM image of the chain. b) SEM image of a
curved chain whose local orientation q is varied linearly along the x-axis with a rotation
period of a=9nm, and a structure length of 135nm. ¢) The spin-dependent momentum

deviation for the OSHE-LI, at a wavelength of 780 nm. The red and blue lines stand for in-
cident right- and left-handed circularly polarized light, respectively (S, ==£1). S o de-

notes the spin state of the scattered light.
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The transmission spectrum of the coupled plasmonic chain, immersed in an index-
matching oil to obtain symmetric configuration, bears a signature of two modes
centered at the wavelengths of 700 and 780 nm corresponding to transversal and
longitudinal polarization excitations [70], respectively (Fig. 13-16a).

Figure 13-16¢ shows the measured OSHE-LI observed from the chain corre-
sponding to Eq. (13-3). In experiment the structure was sandwiched between cir-
cular polarizers and illuminated with a laser beam at a wavelength of 780 nm in
order to excite the longitudinal mode. The intensity distribution is measured in the
far-field, which corresponds to the momentum space.

Polarization analysis reveals that the scattering from the curved chain compris-
ing two components: ballistic and spin-flip. The ballistic component doesn't expe-
rience any diffraction and maintains the polarization state of the incident beam,
while the spin-flip component, with an opposite spin state, undergoes diffraction.

Spin-dependent beam deflection is observed in the experiment via orthogonal
circular polarizers, corresponds to a momentum shift of Ak, =—2s p/a, where s

is the incident spin state. The peculiarity of the observed effect lies in its geomet-
ric nature. Light scattering by a system with spatially non-uniform anisotropy has
a close analogy with a scattering from a revolving medium [39], as was shown re-
cently [38]. Hence, the scattering by the bent chain is most conveniently studied
using a rotating reference frame [52,38] (u,v) , which is attached to the axis of the

local anisotropy of the chain and follows the chain's route x(x, y) (Fig. 13-15a).
This is accompanied by spatial rotation of the frame with a rate Q, = dq(x)/dx ,

where q(x) is the orientation angle. As a result, a spin-dependent momentum de-

viation Ak, =-25 Q,  which corresponds to an additional phase of

f =J.Akx dx =-2sq, appears in the spin-flip scattered component. The experi-

mentally observed spin-Hall momentum deviation concurs with the expected cor-
rection of Ak, =V,f =-2s p/a. This effect is regarded as the OSHE-LL.

When the chain unit cell is anisotropic itself, the local anisotropy is also al-
lowed to be arbitrarily oriented along the path. The reference frame attached to the
unit cell anisotropy is presented as the system (u',v‘) in Fig. 13-15b. It was previ-

ously shown that plasmonic structures consisting of nanorods exhibit a high polar-
ization anisotropy that follows the orientation of the rods [71,72]. An element con-
sisting of randomly arranged but similarly oriented rectangular apertures with
dimensions of 80x220 nm (Fig. 13-17a, top inset) demonstrates the localized
mode resonance at a wavelength of 730 nm by measuring the transmission spec-
trum with linear polarization excitation parallel to its minor axis. High anisotropy
is clearly observed between the two orthogonal linear polarization excitations,
which results from the local anisotropy of the nanorod (Fig. 13-17a). A straight
chain of subwavelength nanorods with a period of 430 nm (Fig. 13-17a, bottom
inset) gives



30

)

1.0

0.8

0.6

0.4

0.2

transmissivity (arb. units)

0.0

500 600 700 800 900 1000
wavelength (nm)

(b)

—~
(o)

N

o

o
©

0.6

intensity (arb. units)

Ak, (2n/a)

Fig. 13-17 a) Transmission spectra of randomly arranged identically oriented rectangular
apertures with dimensions of 80x220 nm in 86mm square array, and of a homogeneous

chain with period A =430nm, local orientation q'=45° and a length of 86nm. The red

and blue lines/arrows correspond to linear polarization excitations parallel and perpendicu-
lar to the nanorod's minor axis, respectively. The insets show SEM images of the structures
described above. b) SEM image of a chain in which the nanorods' orientation ' varies lin-
carly along the x-axis with a rotation period of a=3.44nm, and a structure length of
86 mm . ¢) The spin-dependent momentum deviation for the OSHE-LA, at a wavelength of

730 nm. The red and blue lines stand for incident spin states S, = £1, respectively.
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a narrow resonant line shape of the transmitted light in correspondence with the
momentum matching condition, when the structure is illuminated by a linear po-
larization parallel to the nanorod's minor axis (Fig. 13-17a). When the orientation
of the nanorods is varied linearly along the x-axis to obtain a spatial rotation rate
of Q=dq'/dx=p/a (Fig. 13-17b), the beam deflection of the spin-flip compo-
nent

(a) (b}

Fig 13-18 The OSHE-LI and OSHE-LA for circular chains. The measured far-field intensi-
ty distribution of the spin-flip component scattered from a circular chain of ordered a) and
disordered c) coaxial apertures at a wavelength of 780 nm, and rotating nanorods with
m=2 at a wavelength of 730 nm b); bottom, SEM images of the chains with radii of
I, =5mm. The spin-Hall momentum deviation is accompanied by a spiral phase-front with

| =2 and | =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).

corresponding to the spin-Hall momentum deviation of Ak, =-25 Q arises (Fig.

13-17c). This beam deflection is regarded as the OSHE-LA and it arises due to the
rotation of the local unit cell's anisotropy rather than the chain path curvature.The
described mechanism paves the way for one to consider other path symmetries.
According to Noether's theorem, for every symmetry in dynamical system there is
a corresponding dynamical conservation law [73]. When the structure symmetry,

or more explicitly the chain path X(x, y), is circular, the corresponding conserva-

tion rule is for the angular momentum (AM). The AM of an optical beam can have
two components: an intrinsic component that is associated with the handedness of
the optical spin, and an extrinsic (orbital) component that is associated with its
spatial structure. In an optical paraxial beam with a spiral phase distribution
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Fig 13-19 Dislocation's strength measurement. a) SEM image of two separated identical
chains of nanorods rotated along a circular path with m=1. b, ¢) Magnified segments of
SEM images of circular chains with m==£1, respectively. d, e) Calculated interference pat-
terns for a pair of identical optical vortices with topological charges of | =42, respective-
ly. f, g) Measured interference patterns of the spin-flip components for m=1 (regions of
interest), at a wavelength of 730 nm and incident spin states S;, =1, respectively. The

additional fringes emerge above or below indicate the two generic phase dislocations and
the red guiding lines emphasize their locations.
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(f =—lj , where j is the azimuthal angle in polar coordinates, and the integer

number / is the topological charge), the total AM per photon, in units of 7 (nor-
malized AM), was shown to be j=s +I[33]. Let's consider circular chains with

a path parameter X =ry (rg is the chain radius) of annular apertures and rotating
nanorods with a rotation rate Q =myry, so the local anisotropy orientation is
g'=m (m is an integer). The far-field intensity distributions of the scattered

spin-flip components are presented in Figs. 13-18a,b for annular apertures and ro-
tating nanorods with m= 2, respectively. A characteristic dark spot in the center
is clearly seen in the images which is a signature of orbital AM. Moreover, it is
evident that the radius of the dark spot for the nanorod chain of m=2 is larger
than the one for the annular apertures, corresponding to a higher orbital AM. The
observed OSHESs and specifically the orbital AM obtained from circular chains are
due to the collective interaction of the localized modes within the periodic plas-
monic chains. The role of the interaction can be elucidated by comparing the spin-
flip component of the scattered light from a circular chain with random distribu-
tion of annular apertures. As evident from Fig. 13-18c a bright spot was obtained,
indicating zero orbital AM in a disordered plasmonic chain. The orbital AM of
the spin-flip component scattered from a circular chain is characterized by the
strength of the dislocation and its helicity. Phase dislocations are singular field
points such that the phase obtains a 2p -fold jump when making a closed loop
around them. The dislocation's strength is the number of wave-fronts that end at
the phase dislocation point. Its absolute value and sign (helicity) can be measured
simultaneously by the interference of two optical vortices [74,75]. For this pur-
pose, one can use a system consisting of two separated identical chains of nano-
rods rotated along a circular path with m=1 (Figs. 13-19a,b). The two chains,
which behave as twin sources, give rise to intensity fringes, as shown in Figs. 13-
19f,g. In the observed interference patterns of the spin-flip components, two addi-
tional fringes emerge, indicating two phase dislocations (see the guiding lines in
Figs. 13-19f,g). When the incident spin state alters , the antisymmetric fork-like
picture is reversed. The experimental patterns with an incident spin of S =11 are
similar to the calculated patterns resulting from the scalar interference of two iden-
tical optical vortices with topological charges of | =+2, respectively (Figs. 13-
19d,e). The spin-dependent fringe patterns of a similar element with m=-1 (Fig.
13-19¢) were also observed (not shown) to verify that the helicity of the phase dis-
location corresponds to the rotation handedness of the nanorods. Moreover, the in-
terference pattern of the ballistic component did not comprise a phase dislocation,
indicating zero orbital AM. Each of the phase dislocations of the spin-flip compo-
nents predicted by the calculated patterns (triple fork, see Figs. 13-19d,e), breaks
in the experiment into a pair of fundamental phase dislocations (double fork, see
Figs. 13-19f,g). The non-generic vortex collapse to generic vortices is in accord-
ance with the prediction in Ref. [76]; therefore, the topological charge of the beam
in this experiment is given by the number of the fundamental phase dislocations,
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resulting in | =+2. As the orbital AM is directly linked to the azimuthal momen-
tum correction Ak via | = —(ZI/ 2p )§AkJ dx , the observed optical field with

| =2ms provides the evidence for a spin-Hall momentum deviation of
Alq =-2ms /1, . Since the unit cell anisotropy of the chain for m=1 follows its

curvature (q' =] ), the OSHE-LA in this case is equivalent to the OSHE-LI one.

However, by m-fold rotation of the nanorods' orientation one can obtain m-fold
magnification of the OSHE. Circular chains of annular apertures and rotating na-
norods with m=1+2 were analyzed using the same interference method to exper-

imentally demonstrate that the topological charge of the spin-flip component
equals | =25 and 2ms for the OSHE-LI and OSHE-LA, respectively.

Finally, the topological charge's magnitude of the spin-flip component scat-
tered from the circular chains can be verified by an interference, which results
from a linear polarization projection of the ballistic and the spin-flip components
[35]. For this purpose it is enough to measure the intensity distribution immediate-
ly behind the element via a linear polarizer. The interference patterns obtained

(d)

Fig 13-20 Interference patterns resulting from linear polarization projections of the ballistic
and spin-flip components scattered from single circular chains of coaxial apertures (a, b),
rotating nanorods with m=1 (c¢) and m=2 (d). The arrows indicate the direction of the
linear polarizer-analyzer. The coaxial chain was illuminated at wavelengths of 780 and 700
nm to excite the longitudinal (a) and transversal (b) plasmonic modes, respectively. The na-
norod chain was illuminated at 730 nm.

by circular chains of annular apertures and rotating nanorods with m=1,2 are

visualized in Fig. 13-20. Propeller-like images confirm the orbital AM of /, which
is expected from the obtained interference profile of 1+ cos(lj ), for the OSHE-LI

and OSHE-LA.
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13.7 Coupled Thermal Antenna Lattices and Rashba-
like Spin Degeneracy Violation

The spin state of elementary particles, atoms and molecules plays a key role in
fundamental effects in physics. An external magnetic field causes energy separa-
tion of electrons (Zeeman effect) [77]. Spin-dependent momentum separation of
charge carriers can occur due to structural inversion asymmetry in a material as
result of spin-orbit interaction (Rashba and Dresselhaus effects) [78-80]. These
two mechanisms show distinct patterns of energy dispersion, see Fig. 13-21. The
photonic analogy of spin-orbit interaction is well known, wherein, the spin of the
photons (helicity state of circularly polarized light) plays the role of the spin of
charge carriers. Spin-dependent deflection of light was observed for propagation
in gradient-index media [15, 53, 68] and with the scattering of surface plasmon
polaritons (SPPs) from metallic nanostructures [34, 35, 46].
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Fig. 13-21 Energy dispersion schemes of a) spin-degenerated system, b) energy splitting of
the dispersion associated with Zeeman effect, c) spin-dependent shift of the dispersion in
the momentum space.

When light is emitted or scattered from a revolving medium, it exhibits a
dispersion splitting — angular Doppler effect (ADE) — which depends on the circu-
lar polarization handedness (the photon's spin) [39]. The dispersion splitting is at-
tributed to a spin-dependent correction of the momentum term in the wave equa-
tion due to rotation of the emitting medium. In this section we will describe a spin-
dependent dispersion splitting of thermal radiation emitted from a structure whose
local anisotropy is rotated along selected x-axis. The observed effect is attributed
to the dynamics of the thermally excited surface wave propagating along the struc-
ture [81].

For experiments the deepenings ("thermal antennas") with the subwavelength
size of 1.2mm x 4.8mm (Fig. 13-22a, right inset)) were etched to a depth of 1mm
on a SiC substrate forming isolated thermal antenna and coupled thermal antenna
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array (Fig. 13-22¢) with a period of A =11.6 um. Two distinct resonances on iso-

lated antenna, attributable to the local modes at w;/2p c=885.7 cm! and

Wo/2p c=944.7 Cmfl, were observed at the temperature 773 K (Fig. 13-22a,

curves | and II). These parameters find good agreement with calculations by the
modified long wavelength approximation (MLWA) theory [82] resulting in

wMWA) 125 c=883.7cmit and WM j2p c=946.1cm™ (Fig. 13-22b). Un-

like the isolated antenna, the thermal antenna array manifest an additional narrow
resonance peak at 830 cm™ | attributed to collective antennas excitation (see Fig.
13-22a, curve III). The local resonances exhibit strong linear polarization along
the direction of the small axis of the antenna. The emission dispersion measure-
ment showed that the narrow spectral peak contains two propagating dispersive
modes - a fast mode and a slow mode, (Fig. 13-23a) and the polarization direction
of the slow mode follows the antennas' orientation (Fig. 13-23b).

(a) (b)
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Fig. 13-22 a) Spectral emission from the isolated thermal antenna, measured at q = 6° (I)

and g =0° (I) [SEM image of the antenna, right inset], and for antenna array at q =0’
(IIT) [SEM image in ¢)]; red and blue curves correspond to polarization along the short axis
and long axis of the antenna, respectively, and the black for the total intensity. Left inset
presents FDTD simulation of the intensity distribution in vicinity of an isolated antenna at
883.7 cm’!, white square indicates the location of the antenna. Black arrows point to the lo-
cal resonances. b) Calculated extinction cross section of an isolated antenna attained for po-
larization along the short axis of the antenna.

The polarization properties of the thermal antenna array dramatically and intri-
guingly change if orientation of antennas is gradually rotated along the x-axis. In
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Fig. 13-24a the such antennas array with a distance along x-axis between neigh-
boring antennas of A =11.6 um is presented. The antennas' angle with respect to
the x direction, j (X) =(m/a)X, changes at a spatial rotation rate of

Q=dj (X)/dx=p /a, where a is the distance along the x direction for a z rotation.
Fig. 13-24b represents a spin-projected dispersion (in the k, momentum direc-
tion) for a lattice with QQ =0.17(p / A) obtained by measuring the S; component of
the Stokes vectors, which represents the circular polarization portion within the
emitted light.

In the measured dispersion of thermal radiation [81], the slow mode exhibits a
clear spin-controlled splitting in the momentum of the emitted waves. The degree
of splitting of these modes, 2Ak, grows linearly with Q, so as Ak =s Q, (Fig.
13-24c,d). The observed effect of the spin symmetry breaking is due to a spin-
orbit

(b) y

o/2mc (cm™)
o'
o
o
o/2mc (em™)

8207

k. (w/A)

Fig. 13-23 a) Dispersion of thermal emission from the parallel antenna array (j =60°);

gray scale - intensity, a.u. b) Measured orientation angle of the polarization ellipse, v (°),
for the dispersion in a).

interaction resulting from the dynamics of the surface waves propagating along
the structure whose local anisotropy axis is rotated in space. The spin symmetry
breaking is caused by the absence of inversion symmetry (IS) in the system. In
general, time reversal symmetry (TRS) in a system results in energy relation
E(k,s ;) = E(-k,s_) . If the crystal lattice has inversion symmetry, i.c., the oper-

ation r — —r does not change the lattice, one will obtain E(k,s)=E(-k,s).

Consequently, if both TRS and IS are present, the band structure should satisfy the
condition E(k,s,)=E(k,s_). One can see that the inhomogeneous antenna lat-
tice (Fig. 13-24a), has a broken inversion symmetry along the x direction,
J ) #] (=X), resulting in E(ky,s ;) # E(ky,s _). However, from the dispersion
depicted in Fig. 13-24b, it is evident that E(k,,s )= E(-k,,s_). Therefore, while
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the system has broken IS, it preserves TRS. Such behavior is similar to the Rashba
spin splitting in electron bands of heterostructures which stems from inversion
asymmetry in the structure [79]. The momentum offset Ak in the Rashba effect is

proportional to the Rashba parameter ag, (Ak = m*a R/ hz, m" representing the
effective mass of electrons), so in the observed photonic effect, the spatial rate of
the lattices' inhomogeneity, ), resembles m*aR/hZ. In the same manner, one

can define a Rashba-like energy, Eg_| , (Egr_| =7AWg_ , see Fig. 13-24c) that

is proportional to Qz, in accordance with approximately parabolic shape of the
slow modes.
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Fig. 13-24 a) SEM image of the lattice composed of antennas rotating along the x-axis with
spatial rotation rate Q =0.17(p /A) . b) Measured spin-projected dispersion of emission

from the lattice obtained by the Stokes parameter S; measurement; blue/red color corre-
sponds to a negative/positive spin projection. Dashed white and black lines highlight the
spin-split dispersion. ¢) Measured spin-projected dispersion of the split modes for vari-
ousQ (in units of (p/A)); red and blue lines correspond to S, and S _ spin states, re-

spectively; AWg_, denotes the Rashba-like energy normalized by #/2p c. d) Observed
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spin-controlled momentum displacement (circles), compared with the predicted dependence
(solid line).

The peculiarity of the observed effect lies in its geometric nature. Surface
waves scattered to radiation by a structure with spatially non-uniform anisotropy
has a close analogy with emission from a revolving medium, as was recently
shown [81]. Hence, the emission is most conveniently studied using a rotating ref-
erence frame that is attached to the axis of the local anisotropy of the antennas.
The Helmholtz equation in a non-inertial reference frame revolving with rate
CQ << W is

(V2 +k?+25 QK)Eg =0, (13-4)

where Eg are the eigenvectors of circular polarizations; note that 2s Qkis the
Coriolis term. This equation similar to the Schrédinger equation
(V2 +k?+2ma RS y(—iV)/hz)‘P(r) =0 for the confined 1D Rashba system.

The term 2m'a RS y(-1V)/ hzcorresponds to the Coriolis term 2s Qk , in accord-

ance with our interpretation that Q resembles m*a R/ 7%, The equation (13-4)

can be written as (V2 + KZ)ES =0, where K(W) =~ k(w)+s Q is the generalized
momentum, and the dispersion relation then becomes W:W(kX +s Q). There-
fore, due to rotation of the local anisotropy axis, the original dispersion of the ho-
mogeneous lattice is now split into two modes with opposite spin states, each
shifted by Ak =s Q on the momentum axis. The corresponding generalized mo-
mentum is the manifestation of the spin-orbit interaction, which is responsible for

effects such as the optical spin-Hall, Magnus, and Coriolis effects, and the Berry
phase shift.
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