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Spin-momentum-locking—induced dynamic circular dichroism in extraordinary
optical transmission
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We present an experimental and theoretical study of circular dichroism observed in a symmetric nanohole
array in a metal film—a nonchiral planar structure exhibiting extraordinary optical transmission. The effect is
attributed to an extrinsic chirality dynamically induced in the excitation of surface plasmon polariton waves via

spin-momentum locking.
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I. INTRODUCTION

Chirality is a fundamental degree of freedom which has
been deployed in nature and in physical systems to remarkable
effects. Enantiomers, mirror-pairs of molecules of opposite
chirality, are good examples. They are identical in atomic
composition and thus indistinguishable in scalar physical
properties, but have starkly different effects in living systems:
one can be toxic and cancer causing, the other therapeutic [1].
In sciences, it has played critical roles in analytical chem-
istry, crystallography, and material sciences. In engineering
practices, one may also cite gyroscopes as one of its more
recent and prominent applications. Artificial chiral materials
are being developed and explored for meeting the everlasting
demand for better, cheaper, and more compact technolo-
gies. While most of these newer developments have focused
on constructing three-dimensional (3D) metamolecules, it is
known that two-dimensional (2D) plasmonic chiral structures,
in particular nanohole arrays, could also exhibit various chi-
roptic effects, in particular circular dichroism [2,3]. In such
cases, the chirality is typically achieved by fabricating chiral-
shaped nanoholes [4,5] or slits, or by the arrangement of
several nanoholes into a unit cell that possesses chirality
(handedness) [6,7]. Circular dichroism was also demonstrated
in planar metasurfaces whose unit cell is nonchiral [§-10] but
also noncentrosymmetric. In such a system it is then possible
to align the system to a direction of the incident light to induce
an extrinsic chirality [8].

Even more counterintuitive is the presence of circular
dichroism found in a symmetric square array of circular
nanoholes, as reported in Refs. [11-13]. Such structure clearly
has an inversion symmetry. The experiments and numeric
computations [11,13] revealed that the effect originates from
the interference of propagating surface plasmon polariton
(SPP) waves. The chiral response is observed under an oblique
incidence of light, with the symmetry axes of the array rotated
away from the plane of incidence.
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Here we report on dynamic circular dichroism measured
in a symmetric square array of circular nanoholes and offer
evidence of spin-momentum locking (SML) in its explanation.
The experiments are conducted in the transmission mode,
which also exhibits the extraordinary optical transmission
(EOT) effect as designed. Since the EOT effect is well estab-
lished [14], the focus of this study is placed on the dichroism
that is dynamically induced in the transmission of circularly
polarized light.

The circularly polarized light induces a unidirectional sur-
face plasmon polariton wave when their spin momenta match
(lock) [15-17]. Thus, the vector components of the SPP waves
excited by the left and right circularly polarized lights under
otherwise identical conditions propagate in opposite direc-
tions, a phenomenon referred to as quantum spin Hall effect
of light in Ref. [18]. Experimentally, this was observed via the
emission produced by SPP scattering on defects [16,19-21],
by near-field scanning optical microscopy [6], and by measur-
ing the SPP-induced photocurrent (optical rectification) [22].
Locking of the spin degree of freedom and the propagation
directions of electromagnetic waves (linear momentum) was
also observed in more complex 2D nano structures and meta-
surfaces [23,24] and in optical fibers [25].

In the experiments with symmetric nanohole arrays
[11-13], as well as in the present work, the handedness that is
missing structurally in the sample is thus provided by the spin-
momentum locking of the incident light to the corresponding
SPP mode. As such, the spin-momentum-locking view com-
plements the numerical simulations with the benefits of more
physical and more general insights and guidance for designs
and applications. Although the propagation directions of the
SPP waves excited by left or right circularly polarized light
are different, in the transmission and reflection spectra the
corresponding SPP resonances may appear at the same wave-
length and incidence angle and thus remain indistinguishable
in the intensity spectrum. This degeneracy is lifted when the
incidence plane is tilted relative to the sample plane, or rotated
relative to the symmetry axes of the square array. By rotating
the symmetry axes of the 2D array away from the plane of
incidence and thereby effecting a symmetry-breaking action,

©2023 American Physical Society


https://orcid.org/0000-0003-3376-0367
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevA.107.033504&domain=pdf&date_stamp=2023-03-16
https://doi.org/10.1103/PhysRevA.107.033504

P. MOROSHKIN, M.-J. YU, AND J. XU

PHYSICAL REVIEW A 107, 033504 (2023)

FIG. 1. (a) and (b) Illustrations showing the 2D plasmonic
nanohole array used in the experiment and the incident laser beam
(red arrow). The plane of incidence is shown by dashed lines. The
symmetry is broken (a) by rotation of the incidence plane around
the z axis and (b) by tilt of the incidence plane around the x axis.
(c) Microscope image of the nanohole array.

a dynamic circular dichroism is observed in the experiments
as described below.

II. EXPERIMENT

A. Experimental setup

Our experimental configuration is shown in Fig. 1. Optical
transmission is measured in a 150-nm-thick gold film on a
glass substrate, with a 3-nm-thick Cr adhesion layer. The film
is patterned with a periodic square array of nanoholes perfo-
rating through the metal. The holes have a nominal diameter
of 600 nm and a period D = 1200 nm in both the x and y direc-
tions. A microscope image of the array is shown in Fig. 1(c).
It was fabricated by means of electron-beam lithography and
a wet-etching process.

The nanohole array has an area of 300 x 300 pm and is
placed in the center of a cross-shaped structure with electric
contacts at all four ends. (The contacts are meant for future
uses of a dc electric current associated with photon drag
effect, and were not involved in this study.). The sample is
mounted on a computer-controlled automated xy translation
stage moving with a resolution of 0.1 pm over the distances
of several millimeters.

The sample is illuminated by a cw solid state laser with
the wavelength Ap,; = 1064 nm and a maximum power of
200 mW. The polarization state of the laser is prepared using
the appropriate half-wave and quarter-wave plates. The laser
beam is focused to a spot diameter (FWHM) of 50-100 um
and is incident on the sample at an angle 6. In the present
experiment, the angle of incidence 6 was varied in the range
from —56° to +-56°.

As shown in Fig. 1, the plane of incidence is defined with
respect to the xz plane of the sample. More precisely, the
circular dichroism effect discussed below is observed when
a small angle is introduced between the xz plane and the
plane of incidence. We study two configurations illustrated in
Figs. 1(a) and 1(b), respectively: a rotation of the incidence
plane by an angle « around the sample normal (z axis) and a
tilt of the incidence plane by an angle 8 around the x axis.
The tilt angle B could be measured with an uncertainty of
about 0.2°. The rotation angle o was measured with a much
higher accuracy—about 0.01°. The latter measurement was
made by translating the sample in the xy plane in 10-pm steps
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FIG. 2. Optical transmittance of the nanohole array. (a) Linearly
polarized light. Curve 1 (blue) is vertical (S) polarization and curve
2 (red) is horizontal (P) polarization. (b) Circularly polarized light.
Curve 1 (blue) is RCP, curve 2 (red) is LCP, and curve 3 (black) is
[T(S,0)+ T(P,0)]/2. Incidence in the xz (horizontal) plane.

and recording a 2D image (shadow) of the horizontal arms of
the cross-shaped sample.

We record the power of the laser beam transmitted through
the sample along the optical axis, i.e., the (0,0) diffraction
order in transmission.

B. Transmission measurements

According to the classical diffraction theory, the transmis-
sion through a subwavelength aperture of a radius a scales
as (a/Are)’. In the present experiments this dimensionless
classical transmission reaches 6.3 x 10~3. However, as dis-
covered in Ref. [26], the excitation of SPP modes in the
material surrounding the nanohole may lead to extraordinary
optical transmission (EOT) [14]. In that case, the transmission
normalized to the aperture area may exceed 100%.

Figure 2 shows the plots of the measured transmission
through the nanonohole array vs the angle of incidence for the
1064 nm laser. The transmission 7 (0) varies between 0.06 and
0.14. In our sample, the total area of the nanoholes §;, covers
19.6% of the sample area Si;. The normalized transmission
T (0)Siot/S) thus reaches 0.71, demonstrating the EOT effect.

We first discuss the transmission of lights of linear polar-
izations P and S, plotted in Fig. 2(a). For the P polarization,
the transmission curve T (P, 0) has three pairs of symmet-
ric (with respect to 8 = 0) absorptive resonances at 6 =
+6°, £19°, and £39°. For the S polarization, we obtain
T (S, 0) curve with a pair of broad dips at & = +27° and a
pair of maxima at § = +37°. Both the peaks and the dips
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FIG. 3. Circular dichroism signals G(¢) = [T (L,0) — T (R, 0)]/
T(P,6 = 0). Dots: Experimental data. Solid red line: Theoretical
model. The incidence plain is rotated and tilted by (a) @ = +0.24°,
B=—-130b)a=4+45,=—-1.3%(C)a = +1.3°, 8 = +0.25°;
and (d) o = —4.44°, B = 4+0.25°.

in T(S, ) are much broader than the resonances seen under
the P polarized illumination. The observed spectral structure
is attributed to the excitation of various SPP modes of the
nanohole array, as discussed below in Sec. IIT A.

Now we turn to circularly polarized incidence and trans-
mission. The measured transmission curves 7(L,6) and
T (R, 6) corresponding to the left and right circularly polarized
laser lights, respectively, are shown in Fig. 2(b). Assuming
a linear light-matter interaction, one can represent both the
right and left circularly polarized (RCP and LCP, respectively)
lights as superpositions of two linearly polarized S and P
components and thus expect for RCP and LCP two identical
transmission profiles:

T(S,0)+T(P,6)

T(R,0)=T(L,0)= 5

6]

The expected transmission profile is obtained with the help of
Eq. (1), using the experimental T'(S, 6) and T (P, €) curves of
Fig. 2(a), and is plotted in Fig. 2(b) as a solid black line.

The expected and measured transmission spectra agree
very well for |6 < 20° and || > 36°. However, a notable
discrepancy is observed in the two symmetric ranges of the
angle of incidence, 20° < |f| < 36°. Note also the difference
between the circularly polarized transmissions of 7' (R, 6) and
T (L, 0) in this range [also Fig. 2(b)].

We obtain a circular dichroism signal G(8) by taking the
difference between the two circularly polarized transmission
curves T'(L, 8) and T (R, 6) and normalizing it to the transmis-
sion at normal incidence T (P, =0) =T(S,0 = 0) = 0.1,

_T(L,O)-T(R,0)
GO = ——FFo )

In Fig. 3 we plot four representative G(6) curves obtained with
the incidence plane slightly tilted and rotated with respect to
the xz plane of the sample, as illustrated in Fig. 1.

III. THEORETICAL MODEL

A. SPP resonances of a square nanohole array

An SPP wave is excited when the momentum conservation
condition is fulfilled. For the laser beam incident in the xz
plane and a square nanohole array oriented along the x and y
axes, one can write

V(kpassin 6 + nQ)? + (mQ)? = Kspp(wras) (3

Here, kp,s = 27 /AL, 1S the laser wave vector, 6 is the an-
gle of incidence, Q = 2xr /D is the lattice wave vector, and
Kspp(wp ) is the in-plane wave vector of the SPP correspond-
ing to the laser frequency. Assuming the excitation frequency
is far detuned from the plasma frequency of the metal,

WLas €1€gold
KSPP(wLas) = S mm——— kLasnl, (4)
c &+ Egold

where &,14 s the real part of the complex dielectric suscep-
tibility of gold at the laser frequency and n; = ,/¢; is the
refractive index of the medium adjacent to the gold film. n,
= 1 for the SPP waves propagating at the gold-air interface
and n; = ngjass for the SPPs at the interface with the glass
substrate. Here, n and m are integer indices characterizing the
diffraction orders in the xz and yz plane, respectively.

Equations (3) and (4) are fulfilled when the corresponding
diffracted mode propagates parallel to the surface, either at
the air-gold or at the glass-gold interface. This defines a set
of incidence angles 6, , at which various SPP modes are
resonantly excited, leading to the increased absorption and
dips in the transmission profile. The effect is known as Wood-
Raleigh anomaly. We denote the resonances associated with
the diffraction orders (n, m) in reflection and in transmission
as (n,m)X and (n, m)", respectively. Below, in Fig. 4 all the
resonance 6, ,, are marked out within our experimental range.
It allows us to find the corresponding SPP resonances in
the numerically calculated transmission profiles and identify
those resonances observed experimentally.

B. Numeric model of light diffraction by the nanohole array

The transmission spectra and the diffraction of light on
the nanohole array are modeled with the help of the com-
SOL MULTIPHYSICS package. The model is built using a 3D
geometry, including the gold film, on top of the glass substrate
and the adhesion layer, with the space above the film being
air. All material parameters and the geometry of the unit cell
correspond to those of the sample in the experiment. Periodic
boundary conditions are applied in both x and y directions,
thus assuming that the nanohole array is infinite, as well as
the laser beam cross section. The incident laser radiation is
introduced via the periodic port at the upper boundary. The
model provides relative intensities of all diffraction orders
reflected and transmitted through the film.

Figure 4 shows the computed transmission through the
nanohole array at the laser wavelength of 1064 nm, as a
function of the angle of incidence. More precisely, we plot
the intensity of the (0,0) diffraction order, normalized to the
incident laser power. The same quantity is measured in the
experiment.
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FIG. 4. Calculated transmission of the gold film with a nanohole
array vs the angle of incidence. (a) P-polarized light; (b) S-polarized
light. A, = 1064 nm. Dashed black lines: COMSOL model without
the adhesion layer. Solid black lines: COMSOL model with Cr adhe-
sion layer. red (blue) line and dots: Experimental data (same as in
Fig. 2). Vertical arrows indicate SPP resonances according to Eq. (3).

Two curves shown in Fig. 4(a) represent the transmission
for the P-polarized light. The dashed curve is obtained assum-
ing no adhesion layer of Cr between the gold film and the
glass. The solid curve is generated with the model including
the Cr layer, as in the experimental sample. This allows us
to highlight the structures (dips and peaks) resulting from the
coupling of the incident light with the SPP modes localized at
the interface between the metal film and the substrate. In the
presence of a thin Cr layer, these SPP modes become broad-
ened and reduced in amplitude due to a stronger damping of
SPP in Cr compared to Au.

The SPP resonance angles 6, ,,, obtained by solving Egs. (3)
and (4) are marked with vertical arrows. Each resonance
results in a dip in the computed transmission curve. For
comparison, in the same figure we plot the experimentally
measured transmission data of Fig. 2(a). The three pairs of
absorptive peaks in the experimental curve can be identified
with the SPP modes: (£1,0)7 at § = £39°, (1, £1)7 at
6 = £20°,and (£1,0)® at & = +6°. (&1, 0)7 and (1, £1)T
are localized at the back surface and (&1, 0)X at the front
surface. Interestingly, the experimentally observed transmis-
sion significantly exceeds the computed data, including at the
features corresponding to the EOT effect [26]. This could be
attributed to a systemic deviation between the computational

0<0
RCP
(+1-1)%

(b)

0>0
RCP
(1417

FIG. 5. An illustration showing the correspondence between the
directions of Kspp, Sspp, and Sis.

model of the material and structural parameters and the actual
sample.

In Fig. 4(b) we plot the calculated and measured trans-
mission data for the S-polarized laser. Here, the calculations
with and without the Cr layer produce very similar results,
suggesting that the light mostly couples to the front surface.
The overall shape of the experimental curve is reproduced
quite well, although in the experimental data both the peaks
and the dips are significantly broadened. The broad dips at
6 = £27° probably result from closely lying and overlap-
ping two groups of SPP modes: (£1, +1)f at 6 = 424° and
(0, DR at§ = £29°.

C. Unidirectional SPP excitation

An important feature of the coupling between SPP waves
and circularly polarized incident laser light results from the
effect of spin-momentum locking [19,22]. The latter stems
from the fact that a linearly polarized evanescent wave, such
as an SPP, possesses a transversal spin momentum, directed
orthogonally to its propagation direction [15,16].

Sspp = [Re(kspp)lm(kspp)]' 5)

[Re(kspp)]?

Given the evanescent nature of the SPP wave, kgpp is a
complex SPP wave vector. Its real part determining the prop-
agation direction lies in the plane of the metal surface and is
denoted Kgspp above. The imaginary part of kspp is directed
orthogonal to the surface and describes the exponential decay
of the SPP field in the space above.

It was recently demonstrated [19,21,22] that a circularly
polarized laser light with its spin Sy, directed either parallel
or antiparallel to its wave vector predominantly excites the
SPP wave with Sspp pointing in the same direction as Sy, i.€.,
spin-momentum locking. For the geometry of our experiment,
the effect is sketched in Fig. 5. Each of the SPP resonances
(n, m)® or (n, m)T with m # 0 (i.e., diffraction in yz plane)
is doubly degenerate. There are two SPP modes propagat-
ing along the same interface, symmetrically with respect to
the x axis, with the wave vectors Kspp; = (K, mQ, 0) and
Ksppy = (K, —mQ, 0), that can be excited at the same angle
of incidence 6. However, at 6 > 0, the spin-momentum lock-
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ing allows the RCP wave to excite only the SPP propagating
in the positive y direction, along Kspp;, whereas the LCP wave
is able to excite only the SPP along Kspp,. At 6 < 0, the
coupling is switched to the opposite: RCP excites the SPP
modes propagating in the negative y direction (Kspp;) and LCP
excites Kspp] .

The unidirectional SPP excitation by a circularly polarized
laser light is expected to manifest itself in the optical rec-
tification effect by inducing a photocurrent in a transversal
direction with respect to the plane of incidence. The effect
was observed [27] in a 2D nanohole array very similar to that
studied by us and more recently in a one-dimensional (1D)
diffraction grating [22]. However, due to the degeneracy of
the resonant SPP excitation angles, 6, ,, = 6, _,,, one expects
no difference between the transmission profiles obtained with
RCP and LCP light in the present experimental configuration.
Nevertheless, such difference is observed and is attributed
to the deviation of the laser plane of incidence from the xy
plane of the sample. Below, we demonstrate that a nonzero
y component of the incident light wave vector that can be
obtained either by tilt or by rotation of the sample leads to
a pronounced circular dichroism effect in the transmission
angular spectrum.

D. SPP resonances under tilt and rotation

In order to lift the degeneracy of the SPP resonances ex-
cited by RCP and LCP incident light, we consider two types of
transformations: rotating the incidence plane by a small angle
a around the z axis of the sample and tilting the incidence
plane by another small angle 8 about the x axis. The former
leads to a nonzero y component of the incident light (and SPP)
wave vector given by

k. = kpas sin 6 cos o

ky = ki Sin 6 sino. (6)
The latter leads to

k, = ki Sin 6

ky = ki s cOs 0 sin B. @)

The SPP momentum conservation Eq. (3) is then modified:

\/(kx + I’lQ)2 + (ky + mQ)Z = Kspp(@Wras) & krashi.  (8)

We can then solve Eq. (8) to find the resonant incidence angle
60p.m for each SPP resonance in a tilted or rotated sample.

In Fig. 6 we plot the calculated values of 6, ,, as functions
of o and B, respectively. As expected, the degeneracy of each
resonance with m # 0 is lifted. The closely lying (0, +1) and
(&1, £1)R resonances start to overlap and cross each other
already at o ~ 2.8°, or at 8 ~ 1.4°. This results in a complex
transmission profile, as a function of 6.

The experimental transmission resonances observed in the
present work at Ap,s = 1064 nm have a typical angular width
of ~6°. We represent each of the (0, £1)% and (&1, £1)F
resonances with a Gaussian curve with a center correspond-
ing to the resonance angle 6, ,, and a FWHM w, = 6°. We
then obtain the circular dichroism signal G(0) = [T (L, 6) —
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FIG. 6. (a) and (b) Calculated resonance angle 6, ,, vs the rota-
tion angle «. (c and d) 6, , vs tilt angle B. Solid lines: SPP modes at
the metal-air interface. Dashed lines: SPP modes at the metal-glass
interface. Modes coupled to LCP light are shown in black, coupled
to RCP in red.

T (R, 0)]/Ty. The results are plotted in Fig. 3, together with
the experimental data sets processed in the same way.

Introducing a nonzero rotation angle « (assuming 8 = 0)
leads to a pair of bipolar features in the G(6) profile, symmet-
ric with respect to & = 0. On the other hand, a nonzero tilt
angle B (assuming o = 0) produces an antisymmetric profile
consisting of two very similar features with opposite polari-
ties. The change of the sign of either o or 8 leads to flipping
the polarity of the corresponding G(6) curve.

The theoretical model outlined above allows us to repro-
duce all transmission line shapes obtained experimentally
under various combinations of tilt and rotation angles « and
B. Note that in the plots of Fig. 3 the values of the rotation
and tilt angles « and B are set equal to the corresponding ex-
perimental values and the resonance angles 6, ,, are computed
using Eq. (8). The only free parameters are the normalization
constant 7y (adjusted for each plot) and the resonance width
wy that is set equal to 6° for all resonances in all four plots.

As shown in Fig. 6, the SPP resonances (%1, +1)7 lo-
calized at the metal-glass interface are also split by either
tilt or rotation of the incidence plane, with RCP and LCP
light coupling to different modes. However, the splitting is
significantly smaller than that of the modes localized at the
metal-air interface. More importantly, as shown in Fig. 4,
these resonances are much more strongly broadened and have
lower contrast due to the stronger damping of SPP waves in
the Cr adhesion layer. We therefore do not expect these modes
to produce a significant contribution to the CD signal. We
have verified that including these modes in the calculation
of the CD signal does not improve the agreement with the
experimental data, unless their wy and 7; parameters are tuned
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separately. In order to keep the number of free parameters as
low as possible, we exclude the (%1, +1)T modes from our
analysis.

IV. CONCLUSIONS

In conventional analysis [8], chiroptic effects can be ob-
served in a planar structure only when it lacks inversion
symmetry. In that case, the system is characterized by three
vectors: the wave vector of the incident light &y s, the surface
normal 7, and the direction along which the symmetry is
broken. It is then possible to form a chiral arrangement of
these vectors that will result in a circular dichroism and other
chiroptic effects.

Nevertheless, our experimental data and SPP diffrac-
tion resonance modeling confirm the results of Ref. [11,13]
and demonstrate that a symmetric square array of circular
nanoholes could also exhibit chiroptic effects, such as circular
dichroism. The apparent difference is resolved by taking into
account the effect of spin-momentum locking of the propagat-
ing SPP waves [16,22]. Due to their transversal spin, the SPP
waves are intrinsically chiral. A circularly polarized incident
light couples only to the SPP wave of the same handedness.
When the propagation direction (wave vector) of the SPP does
not lie in the incidence plane, a chiral arrangement of kg,
i1, and Kgpp is formed, leading to the circular dichroism, in
agreement with Ref. [8].

Our work has established a connection between the ob-
served circular dichroism effect and the spins of certain
“diagonal” SPP modes of the nanohole array and their

propagation directions. Our model based on the transversal
spin and spin-momentum locking of SPP waves provides a
clear and simple qualitative explanation of the observed phe-
nomena that successfully predicts the complicated angular
dependence of the CD effect, as well as its dependence on
the parameters of the nanohole array. These observations con-
tribute to the existing picture of the EOT effect and the role
played by spin-momentum locking and by the quantum spin
Hall effect of light in EOT.

Plasmonic metasurfaces are known to produce dc pho-
tocurrents due to the photon drag or optical rectification effect,
which is strongly amplified by the excitation of SPP reso-
nances [22,27,28]. Combined with a purely electric readout
based on the amplified optical rectification signal, our find-
ings are suggestive of a mechanism available for orientation
sensing with a smallest form factor in potential applications,
for example, in flat thin-film gyroscopes and chiral molecule
detection.

On the other hand, spin-momentum locking is not unique
for SPP waves and plasmonic metasurfaces, and can be ob-
served in other types of evanescent waves [16—18]. One may
expect that the spin-momentum-locking mechanism and the
induced dichroism reported here could even be better realized
in nonplasmonic systems with the benefits of lower loss.
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