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Light manipulation through spin-orbit coupling opens new perspectives in photonics and particularly
in integrated optics. The reverse spin Hall effect, where the guided wave direction affects the polarization
properties of the light scattered by a nanostructure, is a key effect for the development of new function-
alities at the connection between integrated structures and free space, and could find application in chiral
quantum optics, modulation, and multiplexing. We show that metasurfaces represent a promising platform
for the reverse spin Hall effect. Using a periodic array of �-shaped metallic nanoantenna, we control the
polarization of the extracted light with the guided wave-propagation direction, but also the number of
output directions and the polarization of each one. These results and the versatility of metasurfaces for
the spin Hall effect could be extended to various frequencies and materials, such as silicon photonics at
telecom wavelength.
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I. INTRODUCTION

Spin-orbit coupling of light [1,2] has been widely inves-
tigated as a way to control light propagation, with its spin.
The spin Hall (SH) effect [3–6], which couples the inter-
nal momentum of light to its orbital angular momentum,
can be applied to tune the scattering of a nanoparticle
towards a confined propagating wave [7]. This type of
SH effect has been reported for surface plasmon polari-
tons and guided waves [7–11]. The spin manipulation of
guided modes is of particular interest for integrated optics
[12], quantum optics [13], optoelectronics, biosensors
[14–16]. The reverse SH effect, where the direction of the
guided wave affects the spin of the light scattered by a
nanostructure [17], is also of particular interest for con-
trolling the decoupling of guided modes into free space,
in a polarization-dependent way. The first demonstration
of reverse SH effect was performed in 2014 with a metal-
lic nanoparticle and surface plasmons [7] at the same time
as the demonstration of polarization control by a single
nanoantenna [18,19].

The exploitation of metasurfaces, i.e., periodic arrays
of subwavelength nanoparticles, offers a promising plat-
form for the spin Hall effect in the sense that their
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intrinsic optical properties offer large degrees of freedom,
allowing a wide variety of functionalities. Spin-dependent
dispersion of spontaneous [20] or stimulated [21] emis-
sion has been demonstrated with metasurfaces. In the
case of the reverse SH effect, the metasurface geome-
tries, i.e., organization and shape of the nanoparticles,
could lead to a more accurate control of the scatter-
ing and emission polarization compared with isolated
nanoparticles [22].

In this work, we evidence a reciprocal effect of spin-
orbit coupling with a metasurface on a slab waveguide.
The metasurface constituted by a periodic collection of
�-shaped nanoantennas (NAs) is used for extracting the
guided light out of the waveguide. We observe that the
polarization states of the decoupled light in the free space
strongly depend on the propagation direction in the waveg-
uide, and also on the extraction angle. By selecting an
adequate extraction direction, it is possible to generate
linear, left- or right-handed circular polarized light. An
analytical model taking into account the antenna shape and
periodicity is implemented, and agrees with the experi-
ments. Finally, we theoretically show the versatility of the
metamaterials for the reverse spin Hall effect in giving an
example of an unidirectional circular light extractor for a
waveguide, with a polarization associated to the propagat-
ing direction. Such a device could be applied to integrated
optics such as a demultiplexer, demodulation, quantum
information and processing [23–25].
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II. SAMPLE DESIGN AND EXPERIMENTAL
SETUP

The metasurface used to evidence reciprocal SH cou-
pling is constituted by an array of �-shaped gold antennas,
fabricated on a TiO2 waveguide by electron-beam lithog-
raphy (see the Appendix). The whole metasurface consists
in an array of 4 × 4 antennas with a period p = 650 nm in
both directions. Each �-shaped antenna is formed by two
gold ridges of length L = 200 nm and width w = 50 nm.
The apex angle between both ridges is 90◦, which leads
to a center-to-center distance of D = 160 nm. The layout
of the antenna array and a scanning electron microscope
(SEM) image are shown in Figs. 1(a) and 1(b). The �-
shaped geometry has been designed to induce a phase
difference between both arms of the antenna when illu-
minated by a guided wave propagating in the x direction.
The re-emission of dephased perpendicular dipoles associ-
ated with both antenna arms is the key to the spin selection
of the light scattered in free space. The effect of the indi-
vidual antenna shape combines with the periodicity of the
metasurface to allow an efficient control of the guided
mode decoupling in direction and polarization.

In order to couple the incident light into the guided
mode, metallic gratings are deposited on the surface of the

waveguide, 10 μm away from both sides of the metasur-
face. The modulation period has been chosen as a = λ/neff.
A period of a = 360 nm allows an efficient coupling at 633
nm. An optical image of the sample illuminated in white
light is presented in Fig. 1(d) with the NA array at the
center and the couplers on both sides.

To measure the scattering of the NA array, we use a
microscopy setup with an immersion microscope objec-
tive (Numerical aperture (N.A.) 1.49), presented in Fig.
1(f). The sample is excited on the coupler through the
glass substrate with a laser light at 633 nm with a beam-
waist diameter of 1 μm, and the propagation is detected
in backscattering. Fourier space imaging providing the
angular dispersion of the radiated emission [26] can be
performed, as well as direct imaging of the surface. Beam
blocks in the intermediate plane of the direct or Fourier
space are also used to select the emission from specific
angle or position. The different images are recorded in
linear or circular polarized light.

In order to have a complete description of the polar-
ization state of the light, the Stokes parameters have also
been determined. For this purpose, a rotating quarter-wave
plate (QWP) followed by a fixed linear polarizer is intro-
duced into the pathway of the light. The polarization state
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FIG. 1. (a) Layout of the �-
shaped antenna array. (b),(c) SEM
images of the �-shaped antenna
array and the coupler with 500-
nm scale bars, respectively. (d)
Optical image in reflection of the
sample with a 5-μm scale bar.
The NA array is the square at the
center of the image. (e) Image of
the light scattered by the sample
with a 5-μm scale bar. The laser
(λ = 633 nm) is injected in the
waveguide through the left cou-
pler, corresponding to the bright
spot on the image. The red box
shows the region of the antenna
array. (f) Experimental setup for
a direct imaging of the sample.
F2 is a beam block used for the
direct imaging of the scattered
light. When the lens FL is added,
an image of the Fourier plane (FP)
is obtained on the detector and the
corresponding rays are shown as
dashed lines.
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of each pixel of the image is deduced from the measure-
ment of intensity images for different QWP angles (see
the Appendix). From the Stokes parameters, we deduce the
overall intensity, the polarization ratio, and the polarization
ellipticity.

III. RECIPROCAL EFFECT OF SPIN-ORBIT
COUPLING

A guided wave is generated by focusing a laser spot on
the left metallic grating. The resulting image is shown in
Fig. 1(e). Three spots can be seen on the image associ-
ated with the propagation in the waveguide; the brighter
one corresponds to the laser excitation, the weak spot in
the center to the nanoantenna array, and the spot on the
right is associated with the second metallic coupler. As
the guided mode is not coupled to free-space radiation,
no light is observed on the unstructured waveguide region.
The light extracted from the NA array does not present a
well-defined polarization, i.e., no intensity variation can
be seen by selecting linear or circular polarization in the
image.

To more thoroughly understand the light scattered by the
NA, the diffusion of the NA array as a function of the scat-
tering direction is studied by imaging the Fourier plane,
with an excitation coming from the left coupler. In order
to select a k space image only related to the light coming
from the NA array, and exclude the coupler scattering, a
diaphragm is inserted into a direct intermediate plane (the
red square in Fig. 1(e) represents the selected region). The
light polarization at the position of the NA array as a func-
tion of the scattering direction is shown in Fig. 2. The color
in the image corresponds to the intensity of polarized light
(which is nearly equal to the total intensity) and the polar-
ization is represented by ellipses. Nine bright spots can
be seen in this image, corresponding to the array diffrac-
tion orders. The striking point in this k space image lies
in the polarization associated with the different diffraction
directions: on the left and on the right of the image, a polar-
ization with a strong ellipticity and with opposite rotation
signs can be observed. These different polarization con-
tributions of the scattering explain clearly why a defined
polarization cannot be measured without angle selection in
direct images as in Fig. 1(e). Polarization fluctuations are
presented within the different spots in Fig. 2. These varia-
tions could be attributed to the laser light scattered by the
coupler, which partially remains after the spatial filtering.
This nonuniform stray intensity is more sensitive on the
side of the spot where the signal intensity is lower.

To obtain a polarization handedness of the extracted
light, which changes with the direction of the guided
wave, it is thus necessary to select given regions of the
Fourier plane, i.e., scattering angles. We have measured
direct images similar to the images in Fig. 1(e), but
with restrained diffraction directions. For this purpose, a

diaphragm is now inserted into an intermediate Fourier
plane, and the direct image of the sample surface is imaged
on the camera. The resulting direct images, with the right
part of the Fourier plane selected, and recorded with a
circular polarization are presented in Fig. 3. When the
excitation is on the left coupler, corresponding to a wave
arriving from the left on the NA array, the diffusion can
only be seen in left handed polarization (LHP); no light
can be seen when the detection is right handed polarization
(RHP). When the excitation is on the right, the diffused
light is RHP. These measurements in direct space agree
with the polarization of the k space images. It is thus pos-
sible to control the polarization of the decoupling of a
guided wave, and a quasi-perfect reciprocal SH effect can
be achieved for �-shaped nanoantennas by selecting given
scattering directions. To give a quantitative estimation of
the polarization control, we introduce a factor character-
izing the direction selectivity as a function of the circular
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FIG. 2. (a) Polarization analysis of the FP image for an exci-
tation coming from the left of the metasurface. The nine spots
correspond to different diffraction orders. The color of the ellipses
(green and white) represents the left- or right-hand type of ellip-
tical polarization. (b)–(d) Enlarged images of the polarization
states in the red box, indicating that the polarization states on the
left and right sides have opposite handedness and the polarization
in the middle is linear.
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FIG. 3. Reciprocal effect on the
direct images. Diffraction order is
selected by choosing the right part
of the Fourier plane. (a),(b) The
laser is focused on the left coupler
with LHP (a) and RHP (b) detec-
tion. (d),(e) Direct images with
an excitation on the right coupler
with LHP (d) and RHP (e) detec-
tion. (c),(f) illustrate the output
polarization with different direc-
tion of guided waves: RHP when
the guided wave comes from the
right and LHP from the left.

polarization detected:

CLHP = (I right
LHP − I left

LHP)/(I
right
LHP + I left

LHP),

CRHP = (I right
RHP − I left

RHP)/(I
right
RHP + I left

RHP),
(1)

where I right
LHP (I left

LHP) is the intensity detected in LHP coming
from the right (left) coupler. These factors are equal to ±1
for perfect direction selectivity for a given polarization. By
integrating the scattering on the metasurface for the four
different cases, we find CLHP = −0.87 and CRHP = 0.86,
confirming the good direction selectivity observed on the
images of Fig. 3.

Concerning the intensity measurement in Fig. 3(e), the
fraction of light intensity detected on the NA array and
on the decoupler are 2.1% and 7.5% with respect to
the intensity detected on the excited coupler. The light
intensity propagating in the waveguide can be deduced
from the decoupler measurement. From our simulation of
finite-difference time domain for the decoupler grating,
the coupling efficiency to the waveguide is determined
as 25%. Thus, we can deduce the extraction efficiency of
the antenna array as 7%. This ratio could be improved by
increasing the number of antennas in the array.

IV. ANALYTICAL MODEL FOR RECIPROCAL
SPIN-ORBIT COUPLING

To extract the physical parameters which influence the
reverse SH effect, a simple analytical model will be pre-
sented first. We will first only consider the Fourier plane
direction corresponding to the diffraction of the guided
mode by an infinite array of antennas. In this case, accord-
ing to the conservation of momentum, the wave vector of
diffraction by the array should respect

Kn = Kg + 2π

p
n, (2)

where Kg represents the wave vector of the guide mode
given by Kg = (2π/λ0)neff. The effective refractive index
of waveguide neff = 1.75 in transverse magnetic (TM)
polarization. The integer number n represents the order
of diffraction and p is the period of the array of �-
shaped antennas. We limit our analysis to the diffraction
orders, which can be detected by the microscope objec-
tive (N.A. = 1.49). For a grating period p fixed at 650 nm,
only the orders n = −1, −2, −3 can be observed, located,
respectively, on the right side, the nearly center, and the
left side of the Fourier image. It has to be noted that this
approach would give the same results for a scattering in
free vacuum space; surrounding the guided mode, the only
modification accepted would be a maximum N.A. of 1. We
then consider the scattering of a single �-shaped antenna
in the diffraction direction defined above. The scattering
of both arms of the �-shaped antenna is modeled by two
re-emitting dipoles, oriented along the length of the two
ridges [̂n1 and n̂2 indicated in Fig. 4(a)], excited by the
propagating guided wave. The total electric field radiated
by one antenna is given by

−→
E (K) ∝ [(̂n1 · −→

Eg )̂n1e−i
−→
Kn·−→x1 + (̂n2 · −→

Eg )̂n2e−i
−→
Kn·−→x2 ], (3)

where −→x1 and −→x2 represent the position of the two dipoles,
fixed at the center of the ridges, and

−→
Eg denotes the electric

field of the guided wave. Its amplitude has been consid-
ered constant because the size of the metasurface is small
compared to the guided mode propagation length and the
losses due to the scattering are negligible. With the origin
set in the middle of the �-shaped ridges, and a propagation
along x̂, the total electric field is written as

−→
E (K) ∝ (̂x − ŷ)ei(Kg−Kn)(D/2)

+ (̂x + ŷ)e−i(Kg−Kn)(D/2), (4)

∝ (̂x − ŷ)ei(nD/p)π + (̂x + ŷ)e−i(nD/p)π .
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The polarization of the scattered light results from the
phase difference of the re-emission of the orthogonally
polarized dipoles (if equal to π /2, a circular polarization
is scattered). In our practical case, D/p = 1

4 , therefore, the
total electric fields of three orders of diffraction are given
by

−→
E (Kn=−1) ∝ x̂ + îy,
−→
E (Kn=−2) ∝ îy,
−→
E (Kn=−3) ∝ x̂ − îy.

(5)

These three orders of diffraction correspond to the left
(n = −1), central (n = −2), and right part (n = −3) of the
Fourier plane. The obtained results agree with the opposite
circular polarization handedness measured experimentally
for left and right parts of the Fourier image (Fig. 2) and the
quasi linearly polarized central area in the measured image.
Basically, the scattering directions are governed by the
array symmetry and size, and the polarization repartition
in these main directions by the nanoantenna geometry.

While the previous analytical approach emphasizes the
main physics of the system, for quantitative comparison we
develop a systematic numerical model taking into account
the limited size of the array, which is then used to simulate
the scattering of the nanoantennas in the Fourier plane of
a high-NA microscope objective. This approach rigorously

involves the nonparaxial light propagation and geometrical
aberration in the microscope, which have to be consid-
ered for an accurate description of the imaging process
[27,28]. To simulate the reversible SH effect for a metasur-
face formed by an array of 4 × 4 nanoantennas, we thus
consider 16 pairs of orthogonal in-plane dipoles (oriented
perpendicularly to each arm of the �-shaped antennas)
and coherently sum their electric fields as a function of
the imaging direction [10,20,29]. The interactions between
each dipole are fairly neglected as assumed in [29]. The
intensity and polarization associated with the total electric
field is presented in Fig. 4. Bright spots corresponding to
the main diffraction directions can be observed. The polar-
ization in each spot is quasi uniform with a strong elliptic-
ity and opposite handedness. The position of the intensity
spot, as well as the polarization within each spot, is in qual-
itative agreement with the experimental image of Fig. 2.

Two parameters can be tuned quasi independently to
adjust the scattering properties of the metasurfaces, from
one side the period of the array and on the other side the
pattern, here the �-shaped antennas. The periodic struc-
ture of the array and its extension affects the position and
the width of the scattering spots in the Fourier plane. In
order to obtain a single spot in the Fourier plane, the period
of the array is reduced to bring the order −1 in the cen-
ter. The scattering is thus perpendicular to the surface,
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FIG. 4. (a) Sketch of the scat-
tering by �-shaped nanoantennas
with an apex angle of 90◦. The
guided light propagates from the
left to right. Three main orders
of diffraction light (n = −1, −2,
and −3) along the Ox axis show
the different LHP, linear, and RHP
polarization states, respectively.
(b) Simulation of the polarization
analysis on the FP. The guided
light comes from the left side
of the �-shaped antenna array
with the same parameters as the
experimental sample. Two differ-
ent directions of elliptical polar-
ization are indicated by red and
white. The two insets in the black
boxes show the enlarged images
of the two main diffraction orders.
(c) Simulation of the polariza-
tion on the FP for a modified �-
shaped antenna array. The array
period and the size of antennas are
reduced by a factor 2. The guided
light comes from the left side of
the �-shaped antenna array. Only
one diffraction pattern appears on
the FP with circular polarization
indicated as red circles.

014014-5



Q. JIANG et al. PHYS. REV. APPLIED 10, 014014 (2018)

which is optimal for collection. The width of the spot can
be controlled by the number of repetition on the array;
here we keep our 4 × 4 nanoantennas. An increase of the
number of antennas would induce a reduction of the scat-
tering spot, and thus to a better directivity. The polarization
of the scattered light within the diffraction spot can be
chosen with the antenna geometry. In order to obtain a
circular polarization in the scattered light perpendicular
to the surface (order −1), the size of each ridge and the
distance between two ridges of each �-shaped antenna,
approximately divided by two compared with the sample
described in Sec. II, are optimal. Fig. 4(c) shows the scat-
tering of a 4 × 4 array of nanoantennas whose array period
and antenna size are reduced by a factor 2 compared to
the previously described design. Only one diffraction order
appears in the Fourier plane, and the light is circularly
polarized. The handedness changes when excited on the
other side of the metasurface.

V. CONCLUSION

In conclusion we have demonstrated experimentally that
the reverse SH effect can be used to convert a guided wave
into the free-space mode with a polarization depending on
the direction of the guided wave and the direction of the
free-space mode. For a given guided mode path, the decou-
pled light can be RHP or LHP depending on the direction
selected. By playing on the geometrical parameter of the
metasurface, we show that it is also possible to generate
a single polarized decoupling of the waveguide, keeping
the reversible SH effect. The metasurface-based extraction,
controllable with direction and polarization, could be a
new building block for multiplexing, chiral sensing, direc-
tional light coupling to polarization-controlled switching
and manipulation of polarization-encoded photons in pho-
tonic integrated circuits aimed at quantum-computing pur-
poses [18]. This general approach can be extended to
various frequencies, and could be applied to materials like
silicon waveguides or photonic platform [30].
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APPENDIX: EXPERIMENTAL METHODS

The waveguide used in the experiments is formed by
a TiO2 layer of optical index 1.96, deposited on a glass

substrate. The TiO2 film has been fabricated with a sol-
gel method [31] using a dip-coating deposition followed
by a 350 ◦C thermal annealing. The effective index of the
waveguide has been characterized by M -line spectroscopy.
The measured thickness of the film is 240 nm and the effec-
tive index is 1.83 for the transverse electric (TE) mode and
1.75 for the TM mode.

The �-shaped antennas as well as the coupling grat-
ings have been fabricated by electron-beam lithography
followed by a 50-nm thick gold-film deposition and a lift
off. The gold is deposited by thermal evaporation under
vacuum.

To measure the polarization states on each point of the
Fourier plane, the transmitted intensity through the polar-
izing components is measured on every pixel of the image
and for different QWP angles. The Stokes parameters
Si=0..3 for each pixel are deduced from the dependence of
the intensity on the angle of the fast axis of the QWP [32].
The overall intensity is the S0 parameter, the polarized light

intensity is
√

S2
1 + S2

2 + S2
3, and the polarization ellipse

is defined with the ellipticity and azimuth angles, ε =
1
2 arcsin(S3) and θ = 1

2 arctan(S2/S1), respectively. From
the Stokes parameters, we deduce the overall intensity,
the polarization ratio and the polarization ellipticity as
described for example in [33].
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