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Abstract: Spin-orbit optical phenomena pertain to the wider class of electromagnetic effects originating from the in-
teraction of the photon spin with the spatial structure and propagation characteristics of an optical wave, mediated by
suitable optical media. There are many emerging photonic applications of spin-orbit interactions (SOI) of light, such
as control of the optical wave propagation via the spin, enhanced optical manipulation, and generation of structured
optical fields. Unfortunately, current applications are based on symmetric SOI, that is, the behaviours of polarized
photons with two opposite spins are opposite, leading to the limit of spin-based multiplexers. The symmetry of SOI
can be broken in our proposed metasurfaces, consisting of spatially varying birefringence, which can arbitrarily and
independently build SOI for two opposite spins without reduction of optical energy usage. We obtain three kinds of
dual-functional metasurfaces at visible and infrared wavelengths with high efficiency. Our concept of generation of
asymmetric SOI for two spins, using anisotropic metasurfaces, will open new degrees of freedoms for building new
types of spin-controlled multifunctional shared-aperture devices for the generation of complex structured optical
fields.
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rotation, underlies the spin-dependent deformations of
optical field.

Metasurfaces *° are composed of a dense arrange-
ment of resonant antennas on a sub-wavelength scale,
which have huge fascinations and prospects to achieve
minijaturization and integration. Recently, metasurfaces
have been utilized to realize flat lenses ), vortex gener-
ators %11 polarization controllers >4, optical holo-
grams 71, virtual shaping ?* and electromagnetic illu-
sion . Most importantly, metasurfaces, consisting of

1

The optical spin-orbit interactions (SOI), describing the
coupling between the spin and orbit degrees of freedom
of photons during the transport of light, was first intro-
duced in 1992 by Liberman and Zel'dovich !l Light can
transport angular momentum through two different
components, namely spin angular momentum (SAM)
and orbital angular momentum (OAM) . SAM can be o

Introduction

= 1 per photon (hereafter we consider dynamical quan-
tities per photon in units of 4 = 1), depending on the
handedness of the circular polarization, while OAM has
an unbounded value of /per photon ©!, where /(an inte-
ger) is known as topological charge of the light. The in-
terplay and mutual conversion between SAM and OAM
represent SOI of light, and geometric phase, originating
from the coupling between SAM and coordinate frame
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properly designed anisotropic sub-wavelength antennas,
allow considerable enhancement of the SOI effects. Such
metasurfaces transform incident circularly polarized (CP)
light into transmitted light with opposite helicity, im-
printed with a geometric phase 206 ?>%*), where 6 is the
orientation of antenna. Thus, varying the orientation of
anisotropic antenna is an efficient approach for achieving
spin-dependent shaping of light. However, it also results
in symmetrical SOI of light for two opposite spins, such
as the anisotropy-induced spin Hall effect **%"). The right
and left circularly polarized (RCP and LCP) beams are
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deflected in opposite directions. Additionally, the optical
vortex beams generated from the conventional
metasurfaces mentioned above are always in pairs with
opposite topological charges 2, and the holographic
images for two opposite spins are central symmetric 1728,
In a word, the symmetry of SOI for two opposite spins
may pose obstacles for multi-function integration. For
example, traditional methods of achieving spin-selective
focusing and imaging, based on anisotropic structured
metasurfaces, are combining the two sets of patterns in a
shared aperture without overlapping each other. Thus,
the transmitted light consists of not only the focused but
also the scattered light because of the inversion sym-
metry of phase gradient, leading to low optical efficiency
and high background noise.

In fact, metasurfaces have high degree of freedom to
control the wavefront of electromagnetic waves. The lo-
cal phase pickup can be manipulated not only through
the geometric phase concept but also by tailoring other
properties, such as material, shape and size. The latter
one can produce an additional spin-independent phase
gradient in the transmitted or reflected light >4, In this
paper, the spin-independent phase gradient as well as the
geometric phase is merged in our proposed all-dielectric
metasurfaces. Therefore, the total phase gradient is also
spin-dependent but independent for two converted spins,
that is, our proposed metasurfaces have the capabilities
of producing arbitrary combination of wavefronts for
these two converted spins, resulting in asymmetric SOI
of light. As a proof-of-concept, we apply our proposed
design principle to theoretically achieve asymmetric
holographic images, spin-selective focusing without the
scattered noise, and generation of vortex beams with
asymmetric topological charges at visible and infrared
wavelengths (1 = 532 nm and 10.6 pm) with high effi-
ciency, showing that our concept may provide new op-
portunities to realize asymmetric SOI for various practi-
cal applications of interest. Our proposed design may
open a new degree of freedom for the photonic applica-
tions of SOI and the design of multifunctional
shared-aperture metasurfaces.

2 Theoretical analyses

To present the operation of the SOI in anisotropic struc-
tured metasurfaces, we begin with analysis of a single
anisotropic optical scatterer. For simplicity, we assume a
transparent anisotropic scatterer that can introduce
phase shifts ¢+0/2 for two orthogonal polarizations along
the major and minor axes, respectively. Thus, the Jones
matrix can be described as diag[(exp(ig+id/2),
exp(ig-id/2)]. Then, performing a rotation by the angle 6
with respect to x-direction and also working with the
helicity basis, in which |Z)=(0 1)" and |R)=(1 0)" denote
LCP and RCP components, respectively. The transmis-
sion matrix 7" using the Jones calculus has the explicit
form M
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cosé isin g exp(i260)

T = exp(i¢) (1)
isin—exp(—i26) cosé
2 2
Thus, if a beam with arbitrary polarization E is nor-
mally incident on metasurface, the resulting beam E, can
be written as:

E =TE, = cosgexp(i@E‘ —isingx

[(E |R)exp(-i260+ig) | L)+
(E. |Lyexp(i20+ig¢) | R)] . 2)

The first term indicates the scattered beams with the
same spin as the incidence, and the second term repre-
sents the scattered beams with the opposite spin. Here,
the phase factors exp(+i26), originating from geometric
phases, depend on the rotation of the scatterer, appearing
in the transmitted light with opposite helicity. In the past
studies of SOI in anisotropic structured metasurfaces, the
phase factor exp(i¢) is ignored, because it is considered
as constant for one properly designed scatterer even with
a varying orientation. As a result, each anisotropic scat-
terer with a certain rotation angle operates as a local cir-
cular birefringence with opposite phase shifts for two
opposite spins, resulting in inversely symmetric phase
gradient for an array of the scatterers, which is the main
reason of the symmetry of SOI for two opposite spins.
Obviously, the symmetry breaking of SOI can be devel-
oped by the absence of inversion symmetry of phase gra-
dient, which can be achieved by introducing a tunable
spin-independent phase ¢ via tailoring the scatterer’s size
02 M In this case, the total phase gradient for the
cross-polarized elements of transmitted light should be
described as 2 06+ ¢.

Fig. 1(a) shows a schematic diagram of our proposed
all-dielectric metasurface platform. The building blocks
of the metasurface are an array of high-aspect-ratio die-
lectric chamfered nanofins on a substrate, with same
height A and chamfering radius R, but different geome-
tries (width W and length ) and orientations & (Figs.
1(c)~1(e)). The nanofins are placed at the center of hex-
agonal unit cells with a lattice constant 2 (Figs. 1(a) and
1(b)). The total phase gradient is composed of
spin-dependent geometric phase and spin-independent
phase imparted via rotation of nanofin and tailoring of
size, respectively. Meanwhile, in order to maximize
cross-polarized transmissivity, the nanofins should act as
half-waveplates by tailoring the aspect ratio (Z/ W).

We carefully designed eight unit cells at the wave-
lengths of 532 nm and 10.6 um, with an incremental
spin-independent phase of ~m/4 between adjacent
nanofins. Figs. 1(f) and 1(g) show the simulated results at
the wavelengths of 532 nm and 10.6 pm, respectively. The
conversion efficiencies are quite high (average conver-
sion efficiencies are ~94.2% and ~92.7% for A= 532 nm
and A= 10.6 um, respectively), and each unit cell almost
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works as local half-wave plate. It is obvious that both
spin-dependent geometric phase and spin-independent
phase can cover the entire 0~2m range by rotating each
nanofin from -mn/2 to m/2 and proper geometries of unit
cell mentioned above. Furthermore, such nanofins oper-
ate as weakly coupled low-quality-factor Fabry-Pérot
resonators ), so both spin-independent phases and
cross-polarized transmissivities almost do not vary with
rotation angle &, which provides convenience for ob-
tainment of any combination of spin-independent phase
gradientand spin-dependent phase gradient.

Here, considering that all the nanofins simultaneously
contribute to the desired wavefront of the two CP inci-
dences, the selection of nanofin and its orientation at
coordinate (x, y) can be written as

¢ :%[(Wl —2mm)+(y_ —-2n,m)] , (3)

0= %[(z//,1 “2nm=(y, =2mm] . (4)

where wi(x, y) and y.i(x, p) are, respectively, desired
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independent phase distributions for o= £1; 1 and n, are
two integers. The obtained spin-independent phases are
then quantized into eight values, ranging from 0 to 27,
and the eight unit cells mentioned earlier, with proper
orientations @, are used to fill the corresponding posi-
tions, leading to desired SOI of light for two opposite
spins.

3 Results and discussion

The freedom provided by the proposed platform for in-
dependent manipulation of spin-dependent and
spin-independent phases allows a wide variety of asym-
metric SOI for two opposite spins. To demonstrate the
versatility and high performance of this platform, we
numerically achieve three kinds of spin-controlled dual-
functional devices for visible and infrared wavelengths,
which can lead to asymmetric holographic images,
spin-selective focusing without the scattered noise, and
generation of vortex beams with asymmetric topological
charges, respectively. All the calculations are based on
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Fig. 1 Unit cell design. (a) Top view of the proposed metasurface consisting of chamfered nanofins on a substrate, with the same

height and chamfering radius, but different sizes and orientations. (b) The nanofin is placed at the center of hexagonal unit cell.
(c)~(e) Side and top views of hexagonal unit cell showing height H, width W, length L, chamfering radius R and rotation angle 6 of the
nanofin, with the lattice constant P. (f) The simulated spin-independent phases and cross-polarized and co-polarized transmissivities
of eight unit cells at the wavelength of 532 nm. The materials of nanofins and substrate are titanium dioxide (TiO;) and quartz (SiO,),
respectively. Constant parameters: H =600 nm, P =370 nm and R = 30 nm. The nanofins sizes (L and W) of unit cells from 1 to 4 are
L =300, 290, 235 and 240 nm, and W = 120, 105, 100 and 80 nm. (g) The simulated results of eight unit cells at the wavelength of
10.6 um. The materials of nanofins and substrate are silicon (Si) and barium fluoride (BaF.), respectively. Constant parameters: H =
7 um, P=4.8 uym, and R = 0.4 ym. The nanofins sizes (L and W) of unit cells from 1 to 4 are L = 3.8, 3.45, 3.15and 3.6 ym, and W =
1.75, 1.6, 1.43 and 1 pm. The unit cells from 5 to 8 are acquired by rotating the posts from 1 to 4 by an angle of 90° clockwise in (f)
and (g). Simulations use the finite element method (FEM) in CST microwave studio. The refractive indices are given as 2.43 (TiO,),
1.46 (SiO,), 3.42 (Si) and 1.40 (BaF,), respectively.
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vectorial angular spectrum theory 2! with the pixel of
(\/gP/ 2)x («/gP/ 2) (obtained by equivalent period of
hexagonal arrangement in the free space), and the corre-
sponding information for polarizations and phase shifts
of unit cells are taken into account.

Chiral holograms based on geometric phase modula-
tion have been reported in our previous works !, The
different images for two opposite spins are obtained by
special sections of the far field ). The holographic im-
ages generated by two circular polarizations are also cen-
tral symmetric in fact, and each holographic image con-
tains two desired images, leading to a decreased optical
usage of incidence. Truly asymmetric holographic images
for two opposite spins are shown in Fig. 2. Under the
illumination of LCP incidence, the metasurfaces generate
images of the badge of the Institute of Optics and Elec-
tronics, CAS at the far field, as shown in Figs. 2(a) and
2(c). In contrast, completely different images of the
badge of the Chongqing University are obtained for an-
other chirality, as illustrated in Figs. 2(b) and 2(d). The
phase-only holograms of these two badges are acquired
by the iterative Fourier-transform algorithm (IFTA) 1%,

Multifocal lens has been widely used in imaging sys-
tems, detectors, and optical communications 139,

LCP incidence

523 nm

10.6 um
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However, most of inhomogeneous and anisotropic
metasurfaces ), applied in focusing and imaging sys-
tems, are only suitable for one particular spin. For anoth-
er, the transmitted light is scattered because of inverse
symmetry phase gradients for two opposite spins created
by traditional anisotropic structured metasurface. The
dual-focal lens can be obtained by combining the two
sets of patterns without overlapping with each other 3],
with each corresponding to one focal point. However, it
has a fatal flaw. The lens in a given region only contrib-
utes to corresponding focal point but adds background
noise to another, resulting in a decreased optical usage of
incidence. One dual-focal metalens that separates and
focuses LCP and RCP portions at different points along
transverse direction is presented in Fig. 3. Each nanofin
can simultaneously contribute to two foci, leading to high
efficiency and low noise. Furthermore, an array of foci
can be obtained by using simulated annealing (SA) algo-
rithm ¢, Yang-Gu algorithm ©7, or holography "¢, in
order to meet different needs for practical applications.
The relationship between the phase distribution ¥, and
coordinate xand yare written as

v, =/ DY(x—od) +(y—cd)* + > - f1,

(5)

RCP incidence

Fig. 2 Simulated results of holograms in the far field for circular polarizations at A = 532 nm (2(a) and 2(b))
and A = 10.6 pm (2(c) and 2(d)). The corresponding simulated sizes are 1 mm x 1 mm and 2 cm x 2 cm
respectively for two working wavelengths (532 nm and 10.6 um).
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where fis focal length and d is lateral displacement of
focal point.

Optical vortex has important applications in quantum
optics, detection of rotating objects ' and optical
communication ). Our proposed method enables a new
and distinctive feature, the generation of vortex beams
carrying different and arbitrary OAMs for two opposite
spins, which cannot be demonstrated by g¢-plates and
traditional anisotropic structured metasurface. Fig. 4
shows that the proposed metasurfaces generate vortex
beams with asymmetric topological charges for two op-
posite spins (/4 = 6 for o= -1 and /= —4 for o=1). In
order to straightforwardly characterize the vortex beams,
on-axis focusing phase gradient is superposed into total
phase distribution and only the center zone (with the
radius of just 0.5 times the radius of the device) carries
OAM. In a word, the relationship between the phase
distribution y;, and coordinate xand yare given by

2 2 2 2 -
w(,:f(\/x +y =)+
HO5R—x*+y)Lo , (6)

LCP incidence

50

25

523 nm
y /lum
o

-50 -25 0 25 50
X lum

10.6 um
y /mm

-1.0 -05 0 05 1.0
X /mm

OEE | Advances

where R is the radius of metasurface, / is the step func-
tion; and ¢ is the azimuthal angle. On the basis of the
interference effect, the topological charge of the OAM
can be directly identified, without the use of additional
interference beam !, The intensity patterns for different
input beams were recorded at the focal plane nearby and
in good agreement with the theoretical predictions. The
intensity patterns are manifested by rotating petals encir-
cling the beam centers, where the modulus and sign of /
are determined by the number and twisting direction of
these petals, respectively.

The dual-functional and/or multifunctional devices
have huge fascinations and prospects to conveniently
integrate and miniaturize complex systems with low costs.
The asymmetric SOI allows not only dual-functional
devices mentioned above but also other dual-functional
or multifunctional shared-aperture devices without re-
duction of optical energy usage. For example, in our pre-
vious work 2, similar structures were used to achieve
efficient generation and tight focusing of radially (or az-
imuthally) polarized beam from x- (or y-) polarized
beam.

RCP incidence
1.0

-50 -25 0 25 50
X lum

1.0

-1.0 -05 0 05 1.0
X /mm

Fig. 3 Simulated intensity distributions in corresponding focal plane of dual-focal meta-lenses for
circular polarizations at A=532 nm (3(a) and 3(b)), and A=10.6 ym (3(c) and 3(d)). The focal lengths
of two meta-lenses are 5 mm and 10 cm, respectively. The simulated regions are circles whose
diameters are 1 mm and 2 cm respectively for two working wavelengths (532 nm and 10.6 pm).



OEE | Advances

LCP incidence

40

523 nm
y lum

0
X /um

-40 20 40

0.8

0.4

10.6 um

X /mm

©) ()] '
~ | &
\v ‘J
08 -04 0 04 08 -08 -04 0 04 08 °

2017, Vol 44, Issue 3
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Fig. 4 Simulated results of optical vortex generation with asymmetric topological charges for circular
polarizations at A= 532 nm (4(a) and 4(b)), and A= 10.6 um (4(c) and 4(d)). The focal lengths of two
meta-lenses are 5 mm and 10 cm, respectively. The simulated regions are circles whose diameters are 1 mm
and 2 cm respectively for two working wavelengths (532 nm and 10.6 ym).

4 Conclusions

In summary, we present an all-dielectric metasurface
platform, composed of an array of nanofins with spatially
varying sizes and orientations, which can provide
spin-independent phase gradient and spin-dependent
geometric phase gradient, respectively. Owing to two
phase gradients being independent, the final phase gra-
dients for two opposite spins no longer have inverse
symmetry and can be independently manipulated, re-
sulting in asymmetric SOI of light for two opposite spins.
Based on this specific design, we achieve three kinds of
dual-functional devices with high efficiency at visible and
infrared wavelengths: asymmetric holographic images,
spin-selective focusing without the scattered noise, and
generation of vortex beams with asymmetric topological
charges. We believe that our design will find a large
amount of applications in novel spin-controlled multi-
functional shared-aperture devices, as well as open a new
degree of freedom for the photonic applications of SOI.
We noted that asymmetric holographic images using
similar structures were reported during the revision pro-
cess of our manuscript 1,
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