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We report an unusual spin-direction-spin coupling phenomenon of light using the leaky quasiguided
modes of a waveguided plasmonic crystal. This is demonstrated as simultaneous input spin-dependent
directional guiding of waves (spin-direction coupling) and wave-vector–dependent spin acquisition
(direction-spin coupling) of the scattered light. These effects, manifested as the forward and the inverse
spin Hall effect of light in the far field, and other accompanying spin-orbit interaction effects are observed
and analyzed using a momentum (k) domain polarization Mueller matrix. Resonance-enabled enhancement
of these effects is also demonstrated by utilizing the spectral Fano resonance of the hybridized modes. The
fundamental origin and the unconventional manifestation of the spin-direction-spin coupling phenomenon
from a relatively simple system, ability to probe and interpret the resulting spin-orbit phenomena in the far
field through momentum-domain polarization analysis, and their regulated control in plasmonic-photonic
crystals open up exciting avenues in spin-orbit-photonic research.
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Coupling andmutual influence of spin angularmomentum
(SAM), orbital angular momentum (OAM), and linear
momentum of light, have led to a number of photonic
spin-orbit interaction (SOI) effects in various light-matter
interactions [1–14]. These have provided new insights on the
universal SOI phenomena, and have opened up a new
paradigm of spin-orbit photonic devices [1,2]. Among these,
photonic spin-directional coupling [1–3,15,16] has attracted
particular attention due to its fundamental nature and
potential device applications. Such coupling is usually
obtained in spatially inhomogeneous anisotropic metasurfa-
ces through tailoring of the geometric phase gradient to break
the spatial inversion symmetry [1–3,9,15]. The photonic
spin-momentum locking has also been demonstrated in
planar interfaces without any structures through the trans-
verse SAM of evanescent or surfacewaves [1,8,16,17]. Here
we report an unconventional spin-direction-spin coupling
phenomenon using the leaky quasiguided modes of a one-
dimensional (1D) waveguided plasmonic crystal (WPC)
system. We have observed simultaneous spin-controlled
directional guiding of waves and its reciprocal effect,
wave-vector–dependent spin acquisition of the scattered
light from the same system. While the former demonstrates
the conventional spin Hall effect (SHE) in the far field, the
latter is interpreted as the inverse SHE of light. The inverse
SHE of light can be seen as an optical analogue of the spin
injection in the solid-state spintronic devices. Here, with
unpolarized light excitation (with no input SAM), the
scattered light acquires specific spin polarization depending
upon the direction of scattering [16,18]. Henceforth, we use
the terminology “spin-direction-spin coupling” to represent

the combined effect of the forward and the inverse SHE.
These effects are mediated by the evolution of space-varying
polarization and space-varying geometric phase due to the
interaction of highly nonparaxial focused light with the
polarization-anisotropic quasiguided modes of the WPC. To
experimentally probe these effects in the far field, we have
employed a dark-field Fourier (momentum k) domain
polarization Mueller matrix imaging setup. All the SOI
effects are separately manifested in different characteristic
k domain Mueller matrix elements, enabling their unique
interpretation and quantification in a single experimental
embodiment [2]. The highly sought after controlled enhance-
ment of the SOI effects is also demonstrated by utilizing the
Fano-type resonances of the hybridized modes of the WPC
system [1,6,10,19].
Our custom-designed dark-field polarization micro-

scopic arrangement is capable of recording the complete
spectral and spatially resolved polarization response of a
sample [20,21] [Fig. 1(a)]. This system employs broadband
white light for excitation, and records polarization-resolved
images of the sample-scattered light at any selected wave-
length between λ ¼ 400–725 nm. The 4 × 4 Mueller
matrix is constructed utilizing thirty-six polarization-
resolved intensity measurements by sequentially generating
and analyzing six different linear and circular polarization
states (see Supplemental Material for details [22,27]). The
spectral and the Fourier domain Mueller matrix images
(distributions of transverse momenta, k⊥: kx, ky) are
recorded at different selected wavelengths to observe and
interpret the different SOI effects.
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The WPC sample comprises of periodic gold (Au)
grating on top of an indium tin oxide (ITO) waveguiding
layer (thickness ≈190 nm), which is deposited on a glass
substrate [Fig. 1(b)]. The WPC has been the subject of
extensive recent research due to its unique ability to couple
and control both the electronic and photonic resonances
[21,28–30]. The highly confined fields of the hybridized
modes in such a system is expected to bring forth
interesting SOI effects [31], which is investigated here.
The geometrical parameters of the WPC are chosen with
the aim to obtain strong spectral overlap between the
narrow waveguide modes and the broad surface plasmon
resonance modes within the desired spectral range
(λ ≈ 460–580 nm) [21]. For this purpose, the WPC is
simulated using the finite element method [32], and the
optimized WPC is fabricated using electron-beam lithog-
raphy (see Supplemental Material for details [22]). The
optimized grating parameters are periodicity ≈550 nm,
width ≈90 nm, and thickness ≈20 nm.
For incident transverse magnetic (TM-y) polarization

[shown in Fig. 1(b)], the near-field hybridization takes
place between the TM waveguide modes excited in the
ITO layer and the surface plasmon resonances of the Au
gratings. On the other hand, with transverse electric (TE-x)
polarization excitation, near-field interference occurs
between the TE waveguide modes with the incident photon
continuum. In either case, these couplings are manifested in
the far-field radiation as spectrally asymmetric Fano
resonances [21,28]. Importantly, the different amplitude
and phase distributions of the hybridized modes for TM and

TE polarizations lead to the exhibition of strong amplitude
anisotropy (quantified by linear diattenuation dWPC, differ-
ential attenuation of orthogonal linear polarizations) and
phase anisotropy (linear retardance δWPC, phase difference
between orthogonal linear polarizations) effects in the Fano
resonance spectra [21] (see Supplemental Material for
details [22]). Owing to the presence of the Au grating,
the hybridized waveguide modes become leaky [28] and
the leakage radiation is collected by a microscope objective
to obtain both the polarization resolved Fourier domain
images, and the scattering spectra. These quasiguided
modes get localized as arclike diffraction patterns in the
Fourier plane (see Supplemental Material for details [22]).
The high numerical aperture (NA) dark-field condenser in
our illumination geometry ensures excitation of both the
waveguide and the plasmonic modes of the WPC. The ITO
waveguide, (which is an isotropic homogeneous medium)
taken separately, will lead to circular isocontours in the k
space (k⊥ ¼ kw), as the waveguide modes are excited in all
possible directions due to high NA illumination. Analogous
diffracted circular contours can be observed for the plas-
monic guide with the grating coupler also [33,34].
However, due to the hybridization and the broken sym-
metry of the coupled guided modes in the WPC system, the
Fourier domain intensity patterns may reflect elliptical or a
more complicated shape of the k contours. In Fig. 1(c), we
illustrate how the grating coupling helps in recording the k
space arc segments of the quasiguided modes using our
collection objective (NA shown by dotted line). The
circular shapes of the rings are used for simplified illus-
tration purpose only. We could record arc segments of the
þ1 and −1 orders of the diffraction patterns only, as the
spatial frequency (k) is limited by the NA (NA ≈ 0.8) of
the objective (jkj ≤ k0 × NA) [Fig. 1(c)]. The SOI effects
are manifested in the polarization-resolved intensities of
these k domain arc segments. Note that the high NA
focusing of the dark-field condenser generates space
(azimuthally) varying inhomogeneous polarization at the
sample plane [shown in Fig. 1(d)], which is at the heart of
all the SOI effects, described subsequently.
The spin to orbital AM coupling in symmetric cases for

nonparaxial propagation of polarized light (e.g., in tight
focusing, imaging and scattering [35,36]) can be described
by azimuthal (ϕ) rotational transformation of the three-
dimensional electric fields corresponding to different
wave vectors (k). This yields a 3 × 3 momentum (k)
domain Jones matrix with azimuthal orientation [1] (see
Supplemental Material for details [22]). The SOIs exhibited
in the cylindrically symmetric spatially inhomogeneous
anisotropic medium (having azimuthal orientation of the
anisotropy axis) can also be described using the 2 × 2 block
corresponding to the transverse field components of this
Jones matrix. SOIs in these scenarios are mediated by the
azimuthally varying geometric phase, which evolves either
due to azimuthal trajectory of the polarized field (spin

FIG. 1. (a) Schematic of the dark-field Fourier domain Mueller
matrix microscopy system. PSG and PSA: polarization state
generator and analyzer units, DFC: dark-field condenser, MO:
microscope objective. (b) Typical SEM images of the WPC.
(c) Formation of ringlike intensity distribution corresponding to
the quasiguided modes in the k domain, and detection of arc
segments of the k contours are illustrated. Radii of the
diffraction rings are decided by the wave vector of the
quasiguided modes jkwj. The Grating vector is defined as
G ¼ 2π=d. (d) Theoretically simulated azimuthally varying
polarization distribution of the focused light at the sample site
for incident unpolarized, right (RCP), and left (LCP) circular
polarized light. Marked annular region corresponds to the NA of
the dark-field condenser (0.8 − 0.92).
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redirection Berry phase) or due to azimuthal anisotropy
axis orientation (Pancharatnam phase). The experimentally
measurable k domain 4 × 4 Mueller matrix corresponding
to the 2 × 2 Jones matrix, contains all the necessary
information. This exhibits the characteristic form of a
linear diattenuating (partially polarizing) retarder (wave
plate) with azimuthal orientation [36] (see Supplemental
Material for details [22]). Here, however, there is a
composite effect, which can be modeled by the sequential
product of two Mueller matrices of two successive polari-
zation transforming events: (i) generation of spatially
varying polarization due to tight focusing, which is a
geometric effect described by the Mueller matrix of a
linear diattenuating retarder with azimuthal (ϕ) orientation
Mfðdf; δf;ϕÞ having linear diattenuation (df) and linear
retardance (δf); (ii) followed by its interaction with the
anisotropic WPC system, described by the Mueller matrix
of a linear diattenuating retarder with fixed orientation
axis as determined by the axis of the Au grating
MWPC ðdWPC; δWPC;ϕ ¼ 0Þ.
We experimentally recorded both the 1 × 4 Stokes

vectors (S) of the leakage radiation from the quasiguided
modes for selected input polarization states, and the full
4 × 4 Mueller matrix of the WPC in the k domain. The
“four-lobe” azimuthal intensity patterns ð∝ cos 2ϕ; sin 2ϕÞ
in the k space arc segments of the second (S1) and the third
(S2) Stokes vector elements with input circularly polarized
light [Fig. 2(a)] demonstrates well-known signatures of
SAM to intrinsic-OAM conversion through the evolution of
azimuthal geometric phase [37,38] (see Supplemental
Material for details [22]). Similar signatures are also
evident in the fourth Stokes vector element (S3) with input
horizontal and vertical polarizations [Fig. 2(b)]. These
results are shown for the wavelength λ ¼ 440 nm
(Δλ ≈ 40 nm), which is purposely selected away from
the central wavelength region of the Fano resonance
(shown subsequently). The k domain Mueller matrix
[Fig. 2(c)] partly resembles SOI features of a linear
diattenuating retarder having azimuthal orientation of
anisotropy axis [36] (see Supplemental Material for
details). While the azimuthal intensity lobes of the
M24=42, M34=43 elements carry the signature of SAM to
intrinsic OAM conversion due to an azimuthal (vortex)
linear retarder, M12=21 and M13=31 represent similar SOI
effects due to a vortex linear diattenuator [38]. The
azimuthal intensity patterns in the M23=32 elements provide
evidence of the evolution of azimuthal geometric phase, as
these elements record signatures correspond to the rotation
of linear polarization. The ð∝ cos 2ϕ; sin 2ϕÞ intensity
lobes imply an accumulation of the 4π phase for a full
2π azimuthal rotation in the k space corresponding to the
emergence of phase singularity with a topological charge of
�2 for opposite circular polarizations. Surprisingly, the k
domain Mueller matrix additionally exhibits nonzero mag-
nitudes of the circular anisotropy descriptor M14 and M41

elements, which cannot be explained using the conven-
tional polarization matrix of SOI [1,36]. We identify these
as exclusive signatures of forward and inverse SHE of light
in the far field. These experimentally observed SOI effects
were further confirmed by theoretically generating Mueller
matrices analogous to the experimental ones (see
Supplemental Material for details [22]).
The forward SHE is usually manifested as incident spin

(circular polarization)-dependent shifting of the trajectory
of light [1,3,39]. This can be probed by measuring the
difference in the distributions of the total scattered inten-
sities for input RCP and LCP light (RItotal − LItotal), which
determines the circular diattenuation-descriptor M14

Mueller matrix element. Here, this is manifested as input
circular polarization-dependent “lighting-up” of azimuthal
(ϕ) intensity lobes along orthogonal radial directions in the
k space arc segments [Fig. 3(a)]. With input unpolarized
light (U), azimuthal intensity lobes along orthogonal radial
directions are observed while postselecting the RCP and
LCP components of the scattered light [Fig. 3(b)]. This is

FIG. 2. Experimental Stokes vector elements of the leakage
light from the quasiguided modes corresponding to the k-domain
arc segments, (a) S1 and S2 elements with input LCP and RCP,
(b) S3 with input horizontally and vertically polarized light.
(c) The k domain 4 × 4 Mueller matrix of the WPC. Signature of
the vortex linear diattenuator (elements marked by orange boxes),
vortex linear retarder (blue boxes), and the elementsM14 andM41

describing the SHE (red boxes) are highlighted. In this figure (a)
and in subsequent figures, the following parameters are dis-
played: boundaries of the Brillouin zoneð2π=dÞ (brown dotted
line); wave vector of the quasiguided modes (kw) (black solid
line); light line (2π=λ) (yellow dotted circle); and scale bar in the
k space (white solid lines).
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interpreted as the inverse SHE of light, which is encoded in
the M41 element that describes the circular polarizance
effect (see Supplemental Material for details [22]).
Using sequential products of two Mueller matrices,

expressions for the forwardðM14Þ and inverseðM41Þ
SHE-descriptor Mueller matrix elements can be obtained
as (see Supplemental Material for details [22]).

M14 ¼ −dWPC

ffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − d2f

q

sinðδfÞ sinð2ϕÞ

M41 ¼ df

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − d2WPC

q

sinðδWPCÞ sinð2ϕÞ: ð1Þ
Clearly, nonzero magnitudes of both these elements arise
when all the linear anisotropy parameters are nonzero
(df; dWPC ≠ 0 and δf; δWPC ≠ 0). While df ≠ 0 due to
focusing is a geometric effect [36], the WPC exhibits
intrinsic dWPC and δWPC effects due to the amplitude and
phase differences between the leakage radiation from the
quasiguided modes excited by orthogonal (y-x) linear
polarizations [21]. As discussed before, with input unpo-
larized light, the high NA focusing generates an azimu-
thally varying linear polarization at the WPC [Fig. 1(d)].
This consequently imparts opposite circular (elliptical)
polarizations to the leakage radiation at opposite azimu-
thal angles (�ϕ) with respect to the axis of the grating
[Fig. 3(d), results shown in Fig. 3(b)]. This inverse SHE can
be interpreted as a k domain geometric circular or elliptical
polarizer comprising of an azimuthal linear polarizer (due

to the focusing transformation) followed by a wave plate
(linear retardance of the WPC). The forward SHE can be
interpreted as a k domain “geometric circular or elliptical
analyzer” that allows selective leakage of radiation from the
quasiguided modes along orthogonal radial directions for
input RCP and LCP states. This can be understood from the
opposite azimuthal gradient of geometric phase (�ϕ)
obtained for input RCP and LCP states [Fig. 3(c)]. Since
the direction of the leakage radiation is determined by the
wave vector (kw) of the quasiguided modes, [34] and the k
domain intensity patterns carry exclusive information on
this, the observed effects are clearly far-field manifestations
of the spin-coupled excitation of the quasiguided modes
along orthogonal radial directions (see Supplemental
Material for details [22]). The origin and manifestations
of these are thus distinctly different from the usual spin-
momentum locking phenomena [1,2,8,16].
As evident from Eq. (1), the amplitude anisotropy (dWPC)

and the phase anisotropy (δWPC) parameters of the WPC
determines the strength of the forward and the inverse
SHEs. As discussed previously, the different near-field
spatial distributions and strength of the hybridized modes
of the WPC for orthogonal TM and TE linear polarizations
lead to strongly anisotropic Fano resonances in the far field
(see Supplemental Material for details [22]), manifesting as
strongly enhanced dWPC and δWPC anisotropy parameters.
This can thus be exploited for controlled enhancement of
the SHEs and the other SOI effects, as demonstrated in
Fig. 4. Prominent spectrally asymmetric Fano resonances
(λ ≈ 460–580 nm, with a Fano dip around λ ¼
490–500 nm) for both the TM and TE polarizations
[Fig. 4(a)], provide evidence of the mode hybridization
in the WPC. The inherent dissipation losses associated with

FIG. 3. (a) Input circular polarization-dependent azimuthal (ϕ)
intensity lobes along orthogonal radial directions are observed in
the total detected intensities in the k space with input RCP and
LCP states: forward SHE. (b) Inverse SHE is demonstrated as the
formation of flipped azimuthal lobes while postselecting the RCP
and LCP components of the scattered light for unpolarized (U)
excitation (U-RCP and U-LCP). (c) Forward SHE: azimuthal
splitting of intensity lobes for LCP and RCP inputs due to
opposite azimuthal gradients of geometric phase. (d) Inverse
SHE: for unpolarized input, the generated azimuthally varying
polarization at the WPC plane imparts opposite elliptical polar-
izations at different azimuthal angles (�ϕ).

FIG. 4. (a) Scattering spectra from the leaky quasiguided modes
of the WPC for TM (red dotted line) and TE (solid blue line)
polarization excitation. (b) Spectral variation of the linear
retardance (solid blue line) and linear diattenuation (brown
dashed line) demonstrates enhancement of these anisotropy
parameters around the Fano resonance wavelengths. (c) Stokes
vector element S3 of the k space arc segments with input
unpolarized (U), LCP and RCP light at λ ¼ 530 nm.
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the Au grating, is however, evident from the relatively
broader line shape of Fano resonances (see Supplemental
Material for details [22–26]). Importantly, sharp increase of
the Mueller matrix-derived dWPC and δWPC parameters
around the Fano spectral asymmetry region [Fig. 4(b)]
provides clear evidence for the polarization-anisotropic
nature of the hybridization of the quasiguided modes
and resulting enhancement of the anisotropy parameters
[10,21]. Consequently, Fano resonance-enabled enhance-
ment of the inverse SHE and spin to orbital AM conversion
[Fig. 4(c)] are accordingly observed in the azimuthal lobes
in the Stokes vector S3 corresponding to the k space arc
segments for λ ¼ 530 nm, which falls within the central
Fano asymmetry region. The enhancement can be clearly
seen in the magnitude of S3 for input unpolarized, LCP and
RCP states at λ ¼ 530 nm as compared to λ ¼ 440 nm (see
Supplemental Material for details [22]), which is spectrally
away from the Fano resonance.
In conclusion, we have observed an unconventional

“spin-direction-spin coupling phenomenon” in a simple
system of a waveguided plasmonic crystal having no
structural anisotropy gradient, which manifested as simul-
taneous forward and inverse SHE of light in the far field. A
momentum domain polarization Mueller matrix setup is
utilized to decouple, probe, and quantify these effects and a
plethora of other accompanying SOI effects. These unusual
SOI phenomena draw their origin from spatially varying
polarization of highly nonparaxial tightly focused light, and
its interaction with the polarization-anisotropic quasiguided
modes. This opens up interesting avenues by exploiting
spatially tailored polarization inhomogeneity in relatively
simple metasurfaces and this also paves the way for the use
of unpolarized light in spin-orbit photonic research. The
demonstrated enhancement and tunability of multiple SOI
effects in the same nanophotonic system using the hybrid-
ized plasmonic and photonic resonances, bodes well for
future multifunctional spin-photonic nanodevice applica-
tions. For example, forward and inverse SHE in the WPC
can be used for input spin(polarization)-controlled direc-
tional guiding or switching of light, and for the processing
of polarization-encoded information, polarization sorting
etc. at nanometer length scale. The momentum domain
Mueller matrix microscopy using leakage radiation intro-
duced in this study also holds considerable promise as a
unique experimental tool for studying a broad variety of
spin-polarization optical phenomena in diverse nano-
optical systems, which may also be explored for sensing
applications [33].
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