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Broadband Detection of Multiple Spin and Orbital Angular
Momenta via Dielectric Metasurface
Si Zhang, Pengcheng Huo, Wenqi Zhu, Cheng Zhang, Peng Chen, Mingze Liu, Lu Chen,
Henri J. Lezec, Amit Agrawal, Yanqing Lu,* and Ting Xu*
polarization
division
multiplexing
(PDM) technique used in optical
communications.[2] On the other hand,
a light beam carrying orbital angular
momentum (OAM), also known as a
vortex beam, exhibits a spiral phase front
of exp(il𝜃), where 𝜃 is the azimuthal
angle and l is the topological charge.[3]
The spatial orthogonality between diﬀerent OAM modes guarantees that each
mode can be coded and transferred as
an independent information channel,
and theoretically large value of l can
therefore provide enormous information
capacity.[4] Therefore, OAM has been
considered as promising information
carrier in optical and quantum communication systems.[5–7] Combined
with PDM and wavelength division
multiplexing (WDM) techniques, OAM
communication systems can support
data capacities up to the terabits per
second scale.[8,9]
Generally, OAM multiplexing communication usually involves information generation, transmission, and demultiplexing. OAM generation can be achieved by using spiral phase
plates,[10,11] q-plates,[12,13] forked grating holograms,[14,15] or
other nanophotonic methods.[16,17] The generated vortex beam
can then transmit either in free-space or vortex ﬁber, and ﬁnally
the OAM information is demultiplexed.[18] OAM demultiplexing
is typically realized using plasmonic devices,[19–23] Dammann

Light beams carrying spin angular momentum (SAM) and orbital angular
momentum (OAM) have created novel opportunities in the areas of optical
communications, imaging, micromanipulation, and quantum optics.
However, complex optical setups are required to simultaneously manipulate,
measure, and analyze these states, which signiﬁcantly limit system
integration. Here, a detection approach is introduced for measuring multiple
SAM and OAM modes simultaneously through a planar nanophotonic
demultiplexer based on an all-dielectric metasurface. Coaxial light beams
carrying multiple SAM and OAM states of light upon transmission through
the demultiplexer are spatially separated into a range of vortex beams with
diﬀerent topological charge, each propagating along a speciﬁc wavevector.
The broadband response and momentum conservation further enable the
demultiplexer to achieve wavelength demultiplexing. The ultracompact
multifunctional architecture is envisioned to enable simultaneous
manipulation and measurement of polarization and spin encoded photon
states with applications in integrated quantum optics and optical
communications.

1. Introduction
In the study of optics, a light beam is able to carry both spin and
orbital angular momenta parallel to the wavevector direction.[1]
Spin angular momentum (SAM) is associated with the circular polarization state of light with each photon carrying SAM of
±h∕2𝜋, where h is the Planck’s constant and the sign denotes the
handedness of light. One important application of SAM is the
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Figure 1. Schematic illustration of the experimental setup for optical spin and angular momentum detection. a) The green helicoids and red arrow
indicate phase fronts and polarization state, respectively. Optical elements: linear polarizer (LP), quarter-wave plate (QWP), half-wave plate (HWP),
and metasurface (MS). b) Designed phase distribution for left-hand circular polarization (LCP; left inset) and RCP (right-hand circular polarization;
right inset) light from 0 to 2𝜋 in the central area of the functional metasurface used for demultiplexing. c) Calculated phase (left inset) and normalized
intensity (right inset) distribution of incident vortex beam generated by the q-plate. d) Calculated intensity distribution on screen when incident with a
vortex beam of spin and angular momentum state |𝜎+ ⟩|+1⟩.

vortex gratings,[24–26] or transformation optical systems.[27–30]
Undoubtedly, these methods provide new routes to detect the
input OAM modes, however they introduce other imperfections such as large energy dissipation in plasmonic systems
and the inevitable physical distance between the unwrapper
and the phase corrector in transformation optical systems. In
addition, as the generated OAM can inherit circular polarization state of incident light due to SAM-to-OAM conversion,[31]
physically separating SAM and OAM information is also
critically important during the demultiplexing process. Such
demultiplexer requires independent manipulation in the phase
and polarization distributions of the wavefront for diﬀerent
OAM modes, which is achievable by using multiplexing metasurface conﬁguration with uncoupled spin-dependent phase
functions.[32]
In this paper, based on an all-dielectric metasurface,[33–38] we
propose and demonstrate a single layer demultiplexer for multidimensional light ﬁeld detection that includes simultaneous
identiﬁcation of the eigenstates and superposition states of SAM
and OAM as well as the wavelength information. The metasurface demultiplexer uses two types of phase modulation approaches and exhibits high eﬃciency due to the low-loss characteristic of the constituent dielectric material. When coaxial light
beams with diﬀerent SAM and OAM states transmit through the
demultiplexer, they are diﬀracted into a series of vortex beams
propagating along speciﬁc wavevectors. The intrinsic SAM and
OAM information of the light beam is then translated into a spatial intensity distribution, which can be conveniently collected
and measured using a simple imaging system. Moreover, the
broadband response and conservation of momentum enable the
metasurface device to also demultiplex wavelength information.
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Therefore, the input light ﬁeld consisting of a superposition of
various SAM, OAM, and wavelength states, can be demultiplexed
and processed as individual spatially separated channels. We envision this work to inspire creation of an ultracompact ﬂat-proﬁle
nanophotonic device platform for eﬃcient manipulation and detection of multiple spin and orbital angular momenta states, and
further promote their applications in integrated optical and quantum communication systems.

2. Principle of OAM and SAM Detection
Vortex beam carrying OAM is described by Laguerre−Gauss
mode as EOAM = E0 (r)eil𝜑 eik0 ⋅x , where r and 𝜑 are the radial and
azimuthal coordinates, respectively, and exhibit a phase singularity at the center of beam intensity proﬁle. In principle, a series of vortex beams can be generated using phase-only modulation metasurface with transmission function deﬁned as t(r) =
∑
iln 𝜑 ikn ⋅x
e , where An (r) and kn determines the intensity
n An (r)e
and wavevector of the nth beam carrying a topological charge
ln . Conversely, when a vortex beam carrying topological charge
lin is incident on the same metasurface, the output light ﬁeld
at the Fourier plane can be calculated by Fraunhofer diﬀraction
as Eout =  [EOAM ⋅ t(r)]. Considering a normal incidence vortex
beam propagating along the z-axis (Figure 1a), the diﬀracted ﬁeld
is written as:

Eout =
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∑

]
[
 EOAM (r)ei(lin +ln )𝜑 ei(kxn x+kyn y)

(1)

n
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where kxn and kyn determine the propagating direction of the
nth output beam carrying topological charge (lin + ln ). Each vortex beam forms an independent, spatially separated information
channel. At the channel where the modulated topological charge
lin + ln = 0, the transmitted vortex beam degenerates to fundamental Gaussian mode with a vanishing singularity. Therefore,
according to the intensity distribution of diﬀracted channel with
a bright intensity spot at the center, it is possible to identify the
input OAM mode.
To further increase the detection dimension, SAM demultiplexing can also be introduced to the aforementioned OAM detection procedure. To simultaneously transfer SAM and OAM information into the spatial intensity distribution, the transmission
function of the metasurface is modiﬁed to
t𝜎± (r) =

∑
n

An,𝜎± (r)eiln,𝜎 ± 𝜑 e

(
)
i kxn,𝜎 ± x+kyn,𝜎± y

(2)

where spin quantum number 𝜎± = ±1 represent the two orthog1
1
onal spin states |𝜎+ ⟩ = [ ] and |𝜎− ⟩ = [ ], denoting left-hand
i
−i
circular polarization (LCP) and right-hand circular polarization
(RCP), respectively. The device is expected to generate diﬀerent
phase modulation for opposite handedness, and thus the information channel for the two circular polarization states would
propagate along diﬀerent directions. In addition, to increase the
channel quantity from n to 2n, the generated phase modulation
for diﬀerent OAM state is required to be decoupled from the SAM
state. This is a diﬃcult task in traditional device using geometric
phase or resonant phase, but achievable in a spin-multiplexing
metasurface system, as described here.
Figure 1a shows the optical setup incorporating metasurface
demultiplexer to simultaneously detect the OAM and SAM states.
The phase distribution of the multifunctional metasurface is designed to be
(
Φ𝜎± (x, y) = arg eil0 𝜑 e±ikx x +

∑

)
e

iln 𝜑 i(kxn x±kyn y)

e

(3)

n

where ln takes nonzero integer values from −5 to +5. LCP and
RCP channels with ln ≠ 0 are separated in far-ﬁeld along the yaxis direction by controlling the phase distribution to provide
opposite ky values for the two circular polarization states, while
channels with l0 = 0 are separated along the x-axis with opposite kx values. The detailed design parameters for phase function to deﬁne the speciﬁc deﬂection angles for each vortex beam
is shown in Section S1, Figure S1, and Table S1 (Supporting
Information). The calculated phase distributions Φ𝜎+ (x, y) and
Φ𝜎− (x, y) at the central 25 × 25 𝜇m area of the metasurface are
shown in Figure 1b. As an illustration, for an incident vortex
beam |𝜎+ ⟩|+1⟩ generated from a q-plate, Figure 1c plots the corresponding spiral phase front and donut-shape intensity distribution. When the vortex beam is normally incident on the metasurface demultiplexer, it will be modulated and diﬀracted into
diﬀerent channels propagating along speciﬁc beam direction
(kxn , kyn ), as shown in Figure 1d. The diﬀraction pattern consists
of beams with diﬀerent topological
√ charge and the corresponding ring radius r is proportional to |lin + ln |. As the input ﬁeld is
pure LCP light, there are 11 channels existing in they ≥ 0 coordi-
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nate area and the fundamental Gaussian mode proﬁle appearing
at the channel position where ln = −1. Therefore, it is convenient
to analyze the input SAM and OAM state information according
to the position of the diﬀracted spots without a central singularity.
Due to the orthogonality of OAM modes and SAM states, this approach is theoretically able to detect more complex superposition
states of the incident light ﬁeld.

3. Design of Metasurface Demultiplexer
The multifunctional metasurface described above requires uncorrelated phase modulation Φ𝜎+ (x, y) and Φ𝜎− (x, y) for the incident LCP and RCP light beams, respectively. The metasurface satisfying such condition can be described by the Jones
Matrix J(x, y), where J(x, y)|𝜎+ ⟩ = eiΦ𝜎+ (x,y) |𝜎− ⟩ and J(x, y)|𝜎− ⟩ =
eiΦ𝜎− (x,y) |𝜎+ ⟩. When incident light with linear polarization interacts with the designed metasurface, the LCP component is modulated with phase factor eiΦ𝜎+ (x,y) and demultiplexed into channels appearing at y ≥ 0 coordinate area, while the RCP component is modulated with phase factor eiΦ𝜎− (x,y) and demultiplexed
into y ≤ 0 channels (Figure 2a). The corresponding Jones Matrix
is expressed as
J (x, y) =

[
]
(x,y)
+ eiΦ𝜎− (x,y) ieiΦ𝜎− (x,y) − ieiΦ𝜎+ (x,y)
1 eiΦ𝜎+
(x,y)
−eiΦ𝜎+ (x,y) − eiΦ𝜎− (x,y)
2 ieiΦ𝜎− (x,y) − ieiΦ𝜎+

(4)

On the basis of the eigenvalues and eigenvectors of J(x, y),
it is found that an anisotropic element with its optical axis rotated by a speciﬁc angle along the x−y plane can satisfy the
above conditions. The calculations show that the orientation angle 𝜃 is deﬁned by function 𝜃(x, y) = 1∕4[Φ𝜎+ (x, y) − Φ𝜎− (x, y)],
and the phase shifts parallel and perpendicular to the optical axis satisfy 𝛿x (x, y) = 1∕2[Φ𝜎+ (x, y) − Φ𝜎− (x, y)] and 𝛿y (x, y) =
1∕2[Φ𝜎+ (x, y) − Φ𝜎− (x, y)] − 𝜋, respectively (detailed derivation
shown in Section S2, Supporting Information). The orientation
angle is commonly known to control the geometric phase from
0 to 2𝜋 in nanopillars, while the phase shifts 𝛿x and 𝛿y are the
waveguide phase accumulated upon propagation through the
nanopillars. Using a set of nanopillars that can provide 𝛿x and
𝛿y covering the 0 to 2𝜋 phase range, it is feasible to design a
functional device with arbitrary phase distribution Φ𝜎+ (x, y) and
Φ𝜎− (x, y).
In our experiment, the metasurface is composed of titanium
dioxide (TiO2 ) nanopillar arrays periodically arranged on a fusedsilica substrate. TiO2 is an outstanding candidate as the constituent material for the metasurface operating at visible frequencies because of its high refractive index and a relatively low
absorption loss. Figure 2b depicts a single nanopillar structure
unit cell, composed of a TiO2 nanopillar (blue square) with a
given height h = 600 nm arranged in a square lattice of pitch Px =
Py = 450 nm. The in-plane lateral dimensions of the nanopillar
perpendicular and parallel to the optical axis are deﬁned as Lx
and Ly respectively, which are optimized to achieve the desired
phase shifts 𝛿x and 𝛿y . The orientation angle 𝜃 distribution can
be independently adjusted according to the calculation result of
1∕4[Φ𝜎+ − Φ𝜎− ] to provide the required geometric phase. Independent control of (Lx , Ly ) and 𝜃 distribution can therefore guarantee the decoupling of waveguide phase and geometric phase.
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Figure 2. Metasurface demultiplexer formed by TiO2 nanopillar array. a) Schematic illustration of the vortex beam arrays with topological charge ln from
−5 to +5 separated by the metasurface demultiplexer. Blue arrow indicates linearly polarized incident plane wave. Magenta (cyan) helicoids and circles
denote the wavefronts and intensity proﬁles of left (right) circularly polarized components. Light carrying diﬀerent spin angular momentum is spatially
separated given opposite ky . b) A typical unit cell of the functional metasurface with period Px , Py , and height h (side view), as well as varying width Lx ,
length Ly , and rotation angle 𝜃 along the x−y plane (top view). c) Required phase shifts 𝛿x and 𝛿y of eight phase levels to cover the phase distribution and
correspond to eight diﬀerent half-wave plate designs. d) Calculated polarization conversion eﬃciency of four selected unit structures and the average
value in the wavelength ranging from 450 to 650 nm. e) Optical image of the metasurface device. f) Scanning electron micrographs (SEMs) of fabricated
structures captured from side view. Measured intensity distributions of the output ﬁeld through metasurface demultiplexer at wavelength of g) 630 nm,
h) 530 nm, and i) 480 nm. j) Measured intensity distribution of the output ﬁeld for three wavelengths illumination.

To cover phase shifts 𝛿x and 𝛿y from 0 to 2𝜋 at a central wavelength of 530 nm, the continuous phases are approximated into
eight discrete phase levels (Figure 2c). Eight phase levels correspond to four basic units with structural parameters (Lx , Ly ) and
their mirror structures of dimensions (Ly , Lx ). As the polarization
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conversion eﬃciencies (detailed discussion shown in Section S3,
Supporting Information) of nanostructures dominate the modulation eﬃciency of the metasurface device, a set of four structural parameters (Lx , Ly ) are optimized such that the polarization
conversion eﬃciencies of nanopillars are relatively high across
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the entire visible range (Figure 2d), which is also a prerequisite
for eﬃcient broadband operation of the metasurface device. The
polarization conversion eﬃciencies are obtained by calculating
the transmission coeﬃcients and phase shifts for diﬀerent structure parameters (Figure S2, Supporting Information). An optical
image of the fabricated metasurface device and a scanning electron micrograph (SEM) of the fabricated TiO2 nanopillar array
are shown in Figure 2e,f, respectively. The numerical simulation
process and fabrication details are provided in the Experimental
Section.
To demonstrate that the metasurface is capable of demultiplexing OAM modes across the entire visible range, a supercontinuum laser source attached to an acoustic optical tuning
ﬁlter is used to generate light beams at three diﬀerent wavelengths: 𝜆0 = 630, 530, and 480 nm. The corresponding captured
output diﬀraction patterns are shown in Figure 2g–i. There are
22 channels designed for the OAM topological charges ranging from −5 to +5 with linear polarization state. At the position
where coordinate y = 0, two channels are designed with an additional topological charge l0 = 0 for the basic Gaussian mode,
appearing at the left and right part of the screen for LCP and
RCP incident light, respectively. At the upper half of the screen,
10 output channels are generated for LCP components, including ﬁve channels with smaller deﬂection angles carrying additional topological charge ln = −1, −2 ⋯ − 5 from the left to right,
and other ﬁve channels with larger deﬂection angles carrying
ln = +5, +4 ⋯ + 1. Each channel forms a donut-shape intensity
proﬁle on the screen
√ with diﬀerent ring radius each proportional
to the value of |ln |. At the bottom half of the screen, the output channels for RCP components are symmetric to those of the
LCP components, since the modulated deﬂecting phase satisﬁes
𝜑ln ,𝜎+ = ei(kxn x+kyn y) and 𝜑ln ,𝜎− = ei(kxn x−kyn y) . It is noted that the experimentally generated OAM channels with positive topological
charge seems darker than the negative ones. This is resulted from
the angular dependence of eﬃciency for deﬂecting component
based on nanostructure arrays.[39] The deﬂecting beam will introduce unexpected aperiodicity of metasurface, leading to the
change in the coupling between meta-atoms comparing with normal transmitting light. As a result, the transmission coeﬃcient
decreases with the increase of deﬂection angle. The measured energy distributions for 22 channels at three diﬀerent wavelengths:
𝜆0 = 480, 530, and 630 nm are shown Figure S3 (Supporting
Information).
In addition, chromatism is observed in the experiments, where
output beams propagate along with diﬀerent diﬀraction angles
for diﬀerent wavelengths. The measured output ﬁeld intensity
under simultaneous incidence of three wavelengths is shown in
Figure 2j, and the corresponding calculated result is shown in
Figure S4 (Supporting Information). This originates from the
conservation of optical momentum and thus the deﬂection angle is positively correlated to the input wavelength. According to
the generalized Snell’s law, the deﬂection angle in free space for a
dispersionless phase-only device should satisfy sin 𝜃x = sin 𝜃i +
𝜆 d𝜙
, where 𝜃x and 𝜃i are the deﬂection and incident angle, re2𝜋 dx
spectively. For the designed spin-multiplexing metasurface, the
dispersion in propagation phase generates global phase shifts
while the geometric phase is insensitive to wavelength. Therefore, the phase gradients are almost independent on the wavelength and the deﬂection angle of mth output vortex beam for nor-
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𝜆 d𝜙
, which is posimal incident light should satisfy 𝜃x = sin−1 2𝜋
dx
tively correlated to incident wavelength. As a result, the device
is capable of integrating OAM and SAM detection functionality
together with the WDM capability.

4. Detection of SAM and OAM via Metasurface
Demultiplexer
Experimental veriﬁcation of simultaneous SAM and OAM detection by the metasurface device is shown in Figure 3. A circularly polarized laser beam at a wavelength 𝜆0 = 530 nm, the
same as the designed central wavelength, is incident on a liquid crystal q-plate to generate vortex beam with SAM and OAM
states as |𝜎+ ⟩|+1⟩ (Figure 3a). The measured intensity proﬁle
and the corresponding calculated phase distribution are shown
in Figure 3a(i) and (ii), respectively. To calibrate the generated
vortex beam, the measured intensity distribution of the interference ﬁeld between the incident and the coaxial Gaussian beam
via Mach−Zehnder conﬁguration are shown in Figure 3a(iii),
which is consistent with the theoretical predictions shown in Figure 3a(iv). After calibration, the intensity distribution of the output ﬁeld from the metasurface illuminated by the light beam carrying SAM and OAM information |𝜎+ ⟩|+1⟩ is recorded on the
screen (Figure 3b). Consistent with the designed spin-dependent
transmission function, the output channels for incident LCP
light appear at the upper half (y ≥ 0) area of screen, where the
modulated deﬂecting phase items are given as ei(kxn x+kyn y) for |𝜎+ ⟩
state. As shown in Figure 3b, for the channel with additional
topological charge ln = −1 marked by the white dashed circle, the
diﬀraction pattern is restored into the basic Gaussian mode with
a bright center (Figure 3c), while other channels still maintain
the donut-shape intensity proﬁle. Therefore, based on the position of the restored channel, the input SAM and OAM state can
be inferred to be |𝜎+ ⟩|+1⟩.
Similarly, the detection is also performed for input ﬁeld
|𝜎− ⟩|−4⟩, as shown in Figure 3d−f. It can be seen that the measured beam proﬁle in Figure 3d(i) has the same donut-shape
topology√
to that in Figure 3a(i) but a diﬀerent ring radius rin due
to rin ∝ |lin |. The calculated centrosymmetric phase distribution is shown in Figure 3d(ii). Moreover, in Figure 3d(iii) and
(iv), the topological charge can be obtained from the number of
petals, and as expected the rotation direction is opposite to that
in Figure 3a(iii) and (iv) because of opposite sign of the topological charge. After demultiplexing, Figure 3e presents the output
ﬁeld intensity distribution for |𝜎− ⟩|−4⟩. As the modulated phase
is given as ei(kxn x−kyn y) for |𝜎− ⟩ state, the output channels appear
at the lower half (y ≤ 0) of the screen. The magniﬁed image of
the channel with an additional topological charge ln = +4 and a
bright center spot is shown in Figure 3f, which indicates that the
input light information is |𝜎− ⟩|−4⟩. In addition, the calculated
and measured detection results for a total of 10 × 2 combinations
of SAM and OAM states are shown in Figures S5 and S6 (Supporting Information), respectively.
Besides the simultaneous detection of SAM and OAM information in scalar vortex beam with phase singularity, the metasurface is also capable of detecting cylindrical vector beams (CVBs),
which is one typical type of vector vortex beam with polarization
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Figure 3. Spin angular momentum (SAM) and orbital angular momentum (OAM) detection by metasurface demultiplexer. a) Incident vortex beam with
topological charge lin = +1. Inset: i) Measured input intensity distribution. ii) Calculated input phase distribution. Measured (iii) and calculated (iv)
interference intensity distribution. b) Measured output intensity distribution for the channel representing |𝜎+ ⟩|+1⟩. c) Magniﬁcation of corresponding
channel with bright center. d) Incident vortex beam with topological charge lin = −4. Inset: i) Measured input intensity distribution. (ii) Calculated
input phase distribution. Measured (iii) and calculated (iv) interference intensity distribution. e) Measured output intensity distribution for the channel
representing |𝜎− ⟩|−4⟩. f) Magniﬁcation of corresponding channel with bright center. g) Incident vortex beam with polarization topological charge min =
−3. Inset: i) Measured input intensity distribution. (ii) Calculated input polarization distribution. Measured (iii) and calculated (iv) intensity distribution
after linear polarizer. h) Measured output intensity distribution for channels representing |𝜎+ ⟩|+3⟩ and |𝜎− ⟩|−3⟩. i) Magniﬁcation of corresponding
channel with bright center.

singularity and can be decomposed into two vortex beams with
orthogonal spin states.[40,41] CVB mode can be described by Jones
Matrix JCVBm = √1 e−i(m𝜃+𝜑0 ) |𝜎+ ⟩ + √1 ei(m𝜃+𝜑0 ) |𝜎− ⟩, where m is
2

2

the polarization topological charge and 𝜑0 is the initial polarization angle. Therefore, in this conﬁguration, CVB mode can
be demultiplexed into two information channels |𝜎+ ⟩|−m⟩ and
|𝜎− ⟩|+m⟩. The experimental demonstration is performed with
incident CVBs carrying polarization topological charge min = −3,
generated from a q-plate illuminated by a linearly polarized light.
Laser Photonics Rev. 2020, 2000062

The measured and calculated donut-shaped intensity proﬁles of
the input light are shown in Figure 3g(i) and (ii), respectively, and
the red arrows in (ii) represent the calculated polarization distribution exhibiting a polarization singularity at the center. Using
a linear polarizer, the measured and calculated polarized intensity distributions are shown in Figure 3g(iii) and (iv), which has
a ﬂower-shaped proﬁle with |2m| petals. The corresponding detection result by the metasurface is given in Figure 3h, where
the measured output beams are restored into basic Gaussian
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modes only at the position of channels |𝜎+ ⟩|+3⟩ and |𝜎− ⟩|−3⟩,
indicating min = −3. The magniﬁed images of the restored channels are shown in Figure 3i. Therefore, the metasurface device
can be easily used to detect the polarization topological charge
of CVB modes directly without any complex optical setup. The
calculated and measured output ﬁeld intensity distributions for
vector beams carrying polarization topological charge m from −5
to +5 are shown in Figures S7 and S8 (Supporting Information),
respectively. The key point is to detect the basic OAM modes
with diﬀerent spin states. Therefore, this technique can be further promoted to more general form of vector vortex beam as
iΦ

iΦ

|𝜓⟩ = cos( Θ2 ) e− 2 eil𝜑 |𝜎+ ⟩ + sin( Θ2 )e 2 eim𝜑 |𝜎− ⟩, which can be decomposed into two OAM modes with orthogonal spin states and
topological charge l ≠ −m. Here, the parameter Θ and Φ deﬁnes
the relative amplitudes and phase retardation of the two OAM
modes, respectively. However, the phase retardation Φ is unmeasurable in this detecting method, and obtaining the concrete polarization mode may need extra polarization analysis process.
Beyond the SAM and OAM responses, incorporation with the
WDM technique can further increase the dimension of the detected information. Based on the experimental setup shown in
Figure S9 (Supporting Information), the simultaneous detection
of SAM, OAM, and wavelength information for a complex input light ﬁeld is presented in Figure 4. Two light beams with
wavelengths 𝜆1 = 630 nm and 𝜆2 = 530 nm are given arbitrary
SAM and OAM information and coaxially incident on the metasurface through a beam splitter. Figure 4a(i) and (ii), respectively,
show the measured and calculated intensity proﬁles of the ﬁrst
complex incident light ﬁeld at the wavelength of 𝜆1 = 630 nm
described by Jones Matrix |𝜆1 ⟩ = √1 |𝜎+ ⟩|+3⟩ + √1 |𝜎− ⟩|0⟩, in
2

2

which the white ellipses denote the calculated polarization distribution. It is observed that the incident pattern rotates with
the angle of the polarizer changing from 0◦ (Figure 4a(iii)) to
90◦ (Figure 4a(iv)) along the x-axis. The second complex input
ﬁeld at wavelength of 𝜆2 = 530 nm is the superposition of vortex
beams carrying OAM |+2⟩ and |−2⟩ with linear polarization, and
the measured and calculated intensity distributions are shown in
Figure 4b(i) and (ii), respectively. According to the Malus Law,
the measured intensity of |𝜆2 ⟩ reaches maximum and minimum
with the polarization angle of polarizer at 0◦ (Figure 4b(iii)) and
90◦ (Figure 4b(iv)), respectively. The measured and calculated intensity distributions of output ﬁelds upon simultaneous illumination of the metasurface with superposition ﬁelds |𝜆1 ⟩ + |𝜆2 ⟩
are shown in Figure 4c,d, respectively. As expected, it turns out
that the complex input ﬁelds can be demultiplexed into six spatially separable channels with bright center spots (R1 , R2 , G1 , G2 ,
G3 , and G4 ), which, respectively, correspond to |𝜎+ ⟩|+3⟩, |𝜎− ⟩|0⟩,
|𝜎+ ⟩|+2⟩, |𝜎+ ⟩|−2⟩, |𝜎− ⟩|+2⟩, and |𝜎− ⟩|−2⟩ states. The magniﬁed
images of these six channels in the experiment and calculations
are shown in Figure 4e,f, respectively. These results demonstrate
that SAM, OAM, and wavelength demultiplexing and detection

can be integrated into a single layer metasurface without the need
for complex optical setups. Additional calculations and measurements of the detection for incident light beams with same SAM
and OAM states but diﬀerent wavelengths are given in Figure
S10 (Supporting Information). It should be emphasized that the
diﬀerence of wavelengths should be large enough to prevent spatial cross-talk. Moreover, to provide enough separation distance
of the same channel for diﬀerent wavelengths, the deﬂection angle can be further increased by design but must be within the
acceptance numerical aperture of the imaging system.
In summary, we theoretically and experimentally demonstrate
a phase-only modulation device that can achieve simultaneous
detection of SAM, OAM, and wavelength information based on a
single-layer all-dielectric metasurface. Each fundamental optical
mode, as a combination of speciﬁc SAM, OAM, and wavelength
information, is processed as an independent channel and demultiplexed into diﬀracted beams with diﬀerent deﬂection angle. The
device builds a unique connection between the intrinsic spin and
orbital angular momenta, the wavelength of light and the spatial
intensity distribution, which could be used to further increase the
information channel capacity. Combined with advantages of planar architecture and ultrathin thickness, we envision to device
to enable novel applications in integrated optical and quantum
communication systems.

5. Experimental Section
Numerical Simulations: Metasurface demultiplexer was realized by depositing TiO2 nanopillars on fused-silica substrate. The generated modulating phase was correlated with the structural parameters of nanopillar.
To investigate the optimum parameters for providing phase modulation as
designed, periodical nanopillar arrays with speciﬁc geometric parameters
combination were simulated using ﬁnite-diﬀerence time-domain (FDTD)
method. Nanopillars were arranged in square lattice with a lattice constant
of 450 nm and ﬁxed height of 600 nm. The used refractive indices of TiO2
in the visible wavelength range were obtained from ellipsometry measurements of TiO2 thin ﬁlm. The boundary conditions were set as periodical
conditions at the directions in-plane to simulate the periodical nanopillar arrays. And in the situation of transmitting, the boundary conditions
were set as perfect match layers in the direction of light incidence. Planer
monochromatic light source with wavelength of 530 nm was used to extract the transmission coeﬃcients and phase shifts along x- and y-axis with
the lateral and vertical lengths of nanopillars as shown in Figure S2 (Supporting Information).
Metasurface Fabrication: First, fused silica substrates with thickness
of 500 𝜇m thick were prime vapor coated with a monolayer of hexamethyl
disilazane (HMDS) and then spin-coated with a layer of 600 nm thick,
ZEP520A positive-tone electron beam (e-beam) resist. Next, the samples
were coated with a layer of 10 nm thick aluminum (Al) via thermal evaporation, which suppressed any charging eﬀects during the subsequent ebeam lithography step. The e-beam lithography was performed at an accelerating voltage of 100 kV and a beam current of 2 nA. The samples were
developed in hexyl-acetate for 120 s. Next, the patterned samples were
coated with TiO2 using atomic layer deposition (ALD). The ALD was done

√
Figure 4. Metasurface demultiplexing complex light ﬁelds. Incident optical ﬁelds as superposition of a) vector vortex beam |𝜆1 ⟩ = 1∕ 2|𝜎+ ⟩|+3⟩ +
√
√
√
1∕ 2|𝜎− ⟩|0⟩ and b) vortex beam |𝜆2 ⟩ = 1∕ 2|+2⟩ + 1∕ 2|−2⟩. Inset: i) measured intensity proﬁle, ii) calculated intensity proﬁle and polarization
distribution, and measured intensity proﬁle after linear polarizer aligned at angle 0◦ (iii) and 90◦ (iv). c) Measured and d) calculated output intensity
distributions after demultiplexing into six channels i) R1 : |𝜎+ ⟩|+3⟩, ii) R2 : |𝜎− ⟩|0⟩, iii) G1 : |𝜎+ ⟩|+2⟩, iv) G2 : |𝜎+ ⟩|−2⟩, v) G3 : |𝜎− ⟩|+2⟩, and (vi) G4 :
|𝜎− ⟩|−2⟩. Magniﬁcation of the corresponding channels with bright center for e) experiment and f) calculation results.
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at a low temperature of 90 °C to avoid deformation of the resist pattern.
After the ALD, the overcoated TiO2 layer was etched by inductively coupled plasma reactive ion etching (ICP-RIE), with a gas mixture of Cl2 and
BCl3 . The etching was stopped when the overcoated TiO2 had been fully
removed and the e-beam resist was exposed. Finally, the samples were
exposed to UV irradiation, followed by soaking in n-methyl-2-pyrrolidone,
which removed the resist and produced the array of TiO2 nanopillars with
predesigned geometries.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements
S.Z., P.H., W.Z., and C.Z. contributed equally to this work. The work was
supported by the National Key R&D Program of China (2017YFA0303700)
and National Natural Science Foundation of China (11774163). W.Z., L.C.,
and A.A. acknowledge support under the Cooperative Research Agreement
between the University of Maryland and the National Institute of Standards and Technology, Award#70-NANB14H209, through the University
of Maryland. Certain commercial equipment, instruments, or materials are
identiﬁed in this paper to foster understanding. Such identiﬁcation does
not imply recommendation or endorsement by the National Institute of
Standards and Technology, nor does it imply that the materials or equipment identiﬁed are necessarily the best available for the purpose.

Conﬂict of Interest
The authors declare no conﬂict of interest.

Keywords
demultiplexers, metasurfaces, orbital angular momenta, spin angular
momenta
Received: February 24, 2020
Revised: June 3, 2020
Published online:

[1] L. Allen, M. W. Beijersbergen, R. Spreeuw, J. Woerdman, Phys. Rev. A
1992, 45, 8185.
[2] J. Wang, S. He, D. Dai, Laser Photonics Rev. 2014, 8, L18.
[3] M. Padgett, J. Courtial, L. Allen, Phys. Today 2004, 57, 35.
[4] A. M. Yao, M. J. Padgett, Adv. Opt. Photonics 2011, 3, 161.
[5] G. Gibson, J. Courtial, M. J. Padgett, M. Vasnetsov, V. Pas’ko, S. M.
Barnett, S. Franke-Arnold, Opt. Express 2004, 12, 5448.
[6] J. Wang, J. - Y. Yang, I. M. Fazal, N. Ahmed, Y. Yan, H. Huang, Y. Ren,
Y. Yue, S. Dolinar, M. Tur, Nat. Photonics 2012, 6, 488.
[7] Y. Yan, G. Xie, M. P. J. Lavery, H. Huang, N. Ahmed, C. Bao, Y. Ren, Y.
Cao, L. Li, Z. Zhao, A. F. Molisch, M. Tur, M. J. Padgett, A. E. Willner,
Nat. Commun. 2014, 5, 4876.
[8] N. Bozinovic, Y. Yue, Y. Ren, M. Tur, P. Kristensen, H. Huang, A. E.
Willner, S. Ramachandran, Science 2013, 340, 1545.
[9] H. Huang, G. Xie, Y. Yan, N. Ahmed, Y. Ren, Y. Yue, D. Rogawski, M.
J. Willner, B. I. Erkmen, K. M. Birnbaum, S. J. Dolinar, M. P. J. Lavery,
M. J. Padgett, M. Tur, A. E. Willner, Opt. Lett. 2014, 39, 197.

Laser Photonics Rev. 2020, 2000062

[10] G. Turnbull, D. Robertson, G. Smith, L. Allen, M. Padgett, Opt. Commun. 1996, 127, 183.
[11] G. Ruﬀato, M. Massari, F. Romanato, Opt. Lett. 2014, 39, 5094.
[12] S. Slussarenko, A. Murauski, T. Du, V. Chigrinov, L. Marrucci, E. Santamato, Opt. Express 2011, 19, 4085.
[13] G. Milione, M. P. Lavery, H. Huang, Y. Ren, G. Xie, T. A. Nguyen, E.
Karimi, L. Marrucci, D. A. Nolan, R. R. Alfano, Opt. Lett. 2015, 40,
1980.
[14] M. Granata, C. Buy, R. Ward, M. Barsuglia, Phys. Rev. Lett. 2010, 105,
231102.
[15] C. Shumei, C. Yuan, L. Guixin, Z. Shuang, C. K. Wai, Laser Photonics
Rev. 2016, 10, 322.
[16] X. Cai, J. Wang, M. J. Strain, B. Johnson-Morris, J. Zhu, M. Sorel, J. L.
O’Brien, M. G. Thompson, S. Yu, Science 2012, 338, 363.
[17] P. Miao, Z. Zhang, J. Sun, W. Walasik, S. Longhi, N. M. Litchinitser,
L. Feng, Science 2016, 353, 464.
[18] C. Brunet, P. Vaity, Y. Messaddeq, S. LaRochelle, L. A. Rusch, Opt.
Express 2014, 22, 26117.
[19] H. Ren, X. Li, Q. Zhang, M. Gu, Science 2016, 352, 805.
[20] Y. Li, X. Li, L. Chen, M. Pu, J. Jin, M. Hong, X. Luo, Adv. Opt. Mater.
2017, 5, 1600502.
[21] F. Yue, D. Wen, C. Zhang, B. D. Gerardot, W. Wang, S. Zhang, X. Chen,
Adv. Mater. 2017, 29, 1603838.
[22] J. A. Hachtel, S.-Y. Cho, R. B. Davidson, M. A. Feldman, M. F.
Chisholm, R. F. Haglund, J. C. Idrobo, S. T. Pantelides, B. J. Lawrie,
Light: Sci. Appl. 2019, 8, 33.
[23] Y. Fu, C. Min, J. Yu, Z. Xie, G. Si, X. Wang, Y. Zhang, T. Lei, J. Lin, D.
Wang, H. P. Urbach, X. Yuan, Nanoscale 2019, 11, 18303.
[24] T. Lei, M. Zhang, Y. Li, P. Jia, G. N. Liu, X. Xu, Z. Li, C. Min, J. Lin, C.
Yu, H. Niu, X. Yuan, Light: Sci. Appl. 2015, 4, e257.
[25] C. Min, J. Liu, T. Lei, G. Si, Z. Xie, J. Lin, L. Du, X. Yuan, Laser Photonics
Rev. 2016, 10, 978.
[26] P. Chen, L. L. Ma, W. Duan, J. Chen, S. J. Ge, Z. H. Zhu, M. J. Tang, R.
Xu, W. Gao, T. Li, Adv. Mater. 2018, 30, 1705865.
[27] G. C. G. Berkhout, M. P. J. Lavery, J. Courtial, M. W. Beijersbergen, M.
J. Padgett, Phys. Rev. Lett. 2010, 105, 153601.
[28] M. Mirhosseini, M. Malik, Z. Shi, R. W. Boyd, Nat. Commun. 2013, 4,
2781.
[29] M. Malik, M. Mirhosseini, M. P. J. Lavery, J. Leach, M. J. Padgett, R.
W. Boyd, Nat. Commun. 2014, 5, 3115.
[30] Y. Wen, I. Chremmos, Y. Chen, J. Zhu, Y. Zhang, S. Yu, Phys. Rev. Lett.
2018, 120, 193904.
[31] R. C. Devlin, A. Ambrosio, N. A. Rubin, J. P. B. Mueller, F. Capasso,
Science 2017, 358, 896.
[32] E. Maguid, I. Yulevich, D. Veksler, V. Kleiner, M. L. Brongersma, E.
Hasman, Science 2016, 352, 1202.
[33] D. Lin, P. Fan, E. Hasman, M. L. Brongersma, Science 2014, 345,
298.
[34] A. Arbabi, Y. Horie, M. Bagheri, A. Faraon, Nat. Nanotechnol. 2015,
10, 937.
[35] M. Khorasaninejad, W. T. Chen, R. C. Devlin, J. Oh, A. Y. Zhu, F. Capasso, Science 2016, 352, 1190.
[36] S. Kruk, Y. Kivshar, ACS Photonics 2017, 4, 2638.
[37] A. Tittl, A. Leitis, M. Liu, F. Yesilkoy, D.-Y. Choi, D. N. Neshev, Y. S.
Kivshar, H. Altug, Science 2018, 360, 1105.
[38] R. J. Lin, V.-C. Su, S. Wang, M. K. Chen, T. L. Chung, Y. H. Chen, H.
Y. Kuo, J.-W. Chen, J. Chen, Y.-T. Huang, J.-H. Wang, C. H. Chu, P. C.
Wu, T. Li, Z. Wang, S. Zhu, D. P. Tsai, Nat. Nanotechnol. 2019, 14,
227.
[39] A. Arbabi, E. Arbabi, M. Mansouree, S. Han, S. M. Kamali, Y. Horie,
A. Faraon, Sci. Rep. 2020, 10, 7124.
[40] Q. Zhan, Adv. Opt. Photonics 2009, 1, 1.
[41] Y. Bao, J. Ni, C.-W. Qiu, Adv. Mater. 2020, 32, 1905659.

2000062 (9 of 9)

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

