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Abstract

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 limits system integration. Here, we introduce
a novel detection approach 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, material dispersion and momentum
conservation further enable the demultiplexer to achieve wavelength demultiplexing. We envision
the ultracompact multifunctional architecture to enable simultaneous manipulation and
measurement of polarization and spin encoded photon states with applications in integrated quantum

optics and optical communications.



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/2m, where h is the Planck’s
constant and the sign denotes the handedness of light. One important application of SAM is the
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(il@), where 6 is the azimuthal angle and [ 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 [
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), g-plates (12-14), forked grating holograms (15, 16) or other nanophotonic methods (17, 18).
The generated vortex beam can then transmit either in free-space or vortex fiber, and finally the
OAM information is demultiplexed (19). OAM demultiplexing is typically realized using plasmonic
devices (20-23), Dammann 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 is also critically
important during the demultiplexing process.

In this paper, based on an all-dielectric metasurface (32-38), we propose and demonstrate a
single layer demultiplexer for multi-dimensional 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 utilizes two types of phase modulation
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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 spin and orbital angular momentum 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, material dispersion and
conservation of momentum enables the metasurface device to also demultiplex wavelength
information. 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.

Results

Principle of OAM and SAM Detection

Vortex beam carrying OAM is described by Laguerre-Gauss mode as Egay = Eo(r)ei®etkox,
where r and ¢ are the radial and azimuthal coordinates, respectively, and exhibits 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) =
YA, (r)ein®etknX where A, (r) and k, determines the intensity and wavevector of the nth
beam carrying a topological charge [,,. Conversely, when a vortex beam carrying topological charge
l;, isincident on the same metasurface, the output light field at the Fourier plane can be calculated
by Fraunhofer diffraction as E,,; = F[Egap * t(r)]. Considering a normal incidence vortex beam
propagating along the z-axis (Fig. 1A), the diffracted field is written as:

Equt = Yn[Egam (r)e it @it thyny)) @)
where k,, and k,, determines the propagating direction of the nth output beam carrying
topological charge (!l;, +1,). Each vortex beam forms an independent, spatially separated
information channel. At the channel where the modulated topological charge l;, + 1, = 0, the
transmitted vortex beam degenerates to fundamental Gaussian mode with a vanishing singularity.
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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

tg, (1) = Tn Ang, (r)emos? el lmasthmas) @
where spin quantum number o3 = +1 represent the two orthogonal spin states |o,) = [ﬂ and

lo_) = [_11] denoting left-hand 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

(pai (x‘ y) — arg(eil()(peiikxx + Zneiln‘l’ei(kxnxikan)) (3)
where [, takes nonzero integer values from —5 to +5. LCP and RCP channels with [,, # 0 are
separated in far-field along the y-axis direction by controlling the phase distribution to provide
opposite k, values for the two circular polarization states, while channels with [, =0 are
separated along the x-axis with opposite k, values. The calculated phase distribution @, (x,y)
and @, (x,y) atthecentral 25 um x 25 pm area of the metasurface are shown in Fig. 1B. As
an illustration, for an incident vortex beam |a,)|+1) generated from a g-plate, Fig. 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 (kyp, k), as shown in Fig. 1D. The

diffraction pattern consists of beams with different topological charge and the corresponding ring



radius r is proportional to /[l + L. As the input field is pure LCP light, there are eleven
channels existing in the y > 0 coordinate area and the fundamental Gaussian mode profile
appearing at the channel position where [,, = —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.

Design of Metasurface Demultiplexer

The multifunctional metasurface described above requires uncorrelated phase modulation
D5, (x,y) and @, _(x,y) forthe 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)|o.) =
e®e+ |5} and J(x,y)|o_) = ei®o-*¥)|g, ). When incident light with linear polarization
interacts with the designed metasurface, the LCP component is modulated with phase factor
ei®s+(*¥) and demultiplexed into channels appearing at y > 0 coordinate area, while the RCP
component is modulated with phase factor e!®s-*¥) and demultiplexed into y < 0 channels (Fig.

2A). The corresponding Jones Matrix is expressed as

elPoy(0Y) 4 olPe_(xy)  ai®s_(£Y) _ jai®Pey (XY)
ei%_(X.y) — iei¢a+(x:J’) _ei¢a+(xvy) — eid’a_(x.y)

J@y =3, @)
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 6 is defined by function 6(x,y) =1/
4[®,, (x,y) — D5_(x,y)], and the phase shift parallel and perpendicular to the optical axis satisfy
6:(,y) =1/2[®5, (x,y) = P5_(x,y)]  and  6,(x,y) = 1/2[P5, (x,y) = P_(x, )] -,
respectively (detailed derivation shown in Supporting Information Section S1). The orientation
angle is commonly known to control the geometric phase from 0 to 2m in nanopillars, while the
phase shifts &, and &, are the waveguide phase accumulated upon propagation through the
nanopillars. Using a set of nanopillars that can provide &, and &, covering the 0 to 27 phase
range, it is feasible to design a functional device with arbitrary phase distribution &, (x,y) and

D5 (x,¥).

In our experiment, the metasurface is composed of titanium dioxide (TiO2) nanopillar arrays



periodically arranged on a fused-silica substrate. TiO> 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 P, = P, = 450 nm. The in-plane lateral dimensions of the nanopillar perpendicular and
parallel to the optical axis are defined as L, and L, respectively, which are optimized to achieve
the desired phase shifts &, and &,. The orientation angle 6 distribution can be independently
adjusted according to the calculation result of 1/4[®;, — @, _] to provide the required geometric
phase. Independent control of (L,,L,) and @ distribution can therefore guarantee the decoupling
of waveguide phase and geometric phase. To cover phase shifts 6, and &, from 0 to 2w ata
central wavelength of 530 nm, the continuous phase is approximated into eight discrete phase
levels (Fig. 2C). Eight phase levels correspond to four basic units with structural parameters
(Ly,Ly) and their mirror structures of dimension (L,,L,). As the polarization conversion
efficiencies (detailed discussion shown in Supporting Information Section S2) of nanostructures
dominate the modulation efficiency of the metasurface device, a set of four structural parameters
(Ly, Ly) are optimized such that the nanopillars’ polarization conversion efficiencies are relatively
high across the entire visible range (Fig. 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
(Supplementary Fig. S1). An optical image of the fabricated metasurface device and a scanning
electron micrograph (SEM) of the fabricated TiO. nanopillar array are shown in Fig. 2E and 2F
respectively. The numerical simulation process and fabrication details are provided in the Methods
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 (AOTF) is
used to generate light beams at three different wavelengths: 1, = 630 nm, 530 nmand 480 nm.
The corresponding captured output diffraction patterns are shown in Fig. 2G — 2I. 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 [, = 0 for the basic Gaussian mode, appearing at the left and right

6



part of the screen for LCP and RCP incident light, respectively. At the upper half of the screen, ten
output channels are generated for LCP components, including five channels with smaller deflection
angles carrying additional topological charge [, = —1,—2...— 5 from the left to right, and other
five channels with larger deflection angles carrying [, = +5,+4 ...+ 1. Each channel forms a
donut-shape intensity profile on the screen with different ring radius each proportional to the value
of m 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 ¢, ,, =
eitkanxtkyny) and @) = eilkenx—kyny),

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 Fig. 2J, and the corresponding calculated
result is shown in supplementary Fig. S2. This originates from the conservation of optical
momentum and thus the deflection angle is positively correlated to the input wavelength. As a result,
the device is capable of integrating OAM and SAM detection functionality together with the WDM

capability.

Detection of spin and orbital angular momenta via metasurface demultiplexer

Experimental verification of simultaneous SAM and OAM detection by the metasurface device is
shown in Fig. 3. A circularly polarized laser beam at a wavelength A, = 530 nm, the same as the
designed central wavelength, is incident on a liquid crystal g-plate to generate vortex beam with
SAM and OAM states as |o,)|+1) (Fig. 3A). The measured intensity profile and the
corresponding calculated phase distribution are shown in Fig. 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 a Mach-Zehnder configuration are shown
in Fig. 3A (iii), which is consistent with the theoretical predictions shown in Fig. 3A (iv). After
calibration, the intensity distribution of the output field from the metasurface illuminated by the
light beam carrying SAM and OAM information |0, )|+1) is recorded on the screen (Fig. 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 e!(ken*+kynd) for |g,) state. As shown in Fig. 3B, for the channel with
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additional topological charge [,, = —1 marked by the white dashed circle, the diffraction pattern
is restored into the basic Gaussian mode with a bright center (Fig. 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 |o,.)|+1).

Similarly, the detection is also performed for input field |o_)|—4), as shown in Fig. 3D to 3F.
It can be seen that the measured beam profile in Fig. 3D (i) has the same donut-shape topology to
that in Fig. 3A (i) but a different ring radius 7, due to 1, « \/m . The calculated
centrosymmetric phase distribution is shown in Fig. 3D (ii). Moreover, in Fig. 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 Fig. 3A (iii) and (iv) because of opposite sign of the topological charge. After
demultiplexing, Fig. 3E presents the output field intensity distribution for |o_)|—4). As the
modulated phase is given as e!(kxn*~kyn¥) for |g_) 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
[, = +4 and abright center spot is shown in Fig. 3F, which indicates that the input light information
is |o_)|—4). In addition, the calculated and measured detection results for a total of 10 x 2
combinations of SAM and OAM states are shown in supplementary Fig. S3 and S4, respectively.

Besides the simultaneous detection of arbitrary combination of SAM and OAM information
using phase singularity, the metasurface is also capable of detecting cylindrical vector beams
(CVBs), which is one typical form of the superposition states of SAM and OAM and can be deposed

into two vortex beams with opposite spin states (39). CVB mode can be described by Jones Matrix
Jeve,, = %e‘i(m"*‘/’o)lmr) +%ei(m9+‘/’°)|a_), where m is the polarization topological charge

and ¢, is the initial polarization angle. Therefore, in this configuration, CVB mode can be
demultiplexed into two information channels |o,)|—m) and |o_)|+m). The experimental
demonstration is performed with incident CVBs carrying polarization topological charge m;,, =
—3, generated from a g-plate illuminated by a linearly polarized light. The measured and calculated
donut-shaped intensity profiles of the input light are shown in Fig. 3G (i) and (ii), respectively, and
the red arrows in (ii) represent the calculated polarization distribution exhibiting a polarization
singularity at the center. Utilizing a linear polarizer, the measured and calculated polarized intensity

distributions are shown in Fig. 3G (iii) and (iv), which has a flower-shaped profile with |2m| petals.



The corresponding detection result by the metasurface is given in Fig. 3H, where the measured
output beams are restored into basic Gaussian modes only at the position of channels |0, )|+3) and
|o_)|—3), indicating m;,, = —3. The magnified images of the restored channels are shown in Fig.
3. Therefore, the metasurface device can be easily used to detect 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 supplementary
Fig. S5 and S6, respectively.

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
supplementary Fig. S7, the simultaneous detection of SAM, OAM and wavelength information for
a complex input light field is presented in Fig. 4. Two light beams with wavelengths A; = 630 nm
and A, = 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 A; = 630
nm described by Jones Matrix |A;) = % lo ) +3) + % |a_}]0), in 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° (Fig 4A (iii)) to 90° (Fig. 4A (iv)) along the x-axis. The second
complex input field at wavelength of A, = 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 Fig. 4B (i) and (ii), respectively. According to the Malus Law, the
measured intensity of |A,) reaches maximum and minimum with the polarization angle of polarizer
at 0° (Fig. 4B (iii)) and 90° (Fig. 4B (iv)), respectively. The measured and calculated intensity
distributions of output fields upon simultaneous illumination of the metasurface with superposition
fields |1,) + |1,) are shown in Fig. 4C and 4D, 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, Gz and G4), which respectively correspond to |, )|+3), |0_)|0), |o)|+2),
o )—2), lo_)+2) and |o_)|—2) states. The magnified images of these six channels in the
experiment and calculations are shown in Fig. 4E and 4F, 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 supplementary Fig. S8. It should be emphasized that the difference of wavelengths
should be large enough to prevent spatial crosstalk. 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.

Discussion

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.

Materials and Methods

Numerical simulations

Metasurface demultiplexer was realized by deposing TiO2 nanopillars on fused-silica substrate. The
generated modulating phase is 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 TiO 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
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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 Fig. S1.

Metasurface fabrication

First, fused silica substrates with thickness of 500 um 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 (40). 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 e-beam 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 TiO» using atomic layer deposition
(ALD). The ALD was done at a low temperature of 90 °C to avoid deformation of the resist pattern.
After the ALD, the overcoated TiO» layer was etched by inductively coupled plasma reactive ion
etching (ICP-RIE), with a gas mixture of Cl, and BCls. The etching was stopped when the
overcoated TiO, 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 TiO, nanopillars with predesigned geometries.
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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: LP (linear polarizer), QWP (quarter-wave plate), HWP (half-
wave plate) and MS (metasurface). (B) Designed phase distribution for LCP (left inset) and RCP
(right inset) light from 0 to 2m 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 g-plate. (D) Calculated intensity distribution on screen

when incident with a vortex beam of spin and angular momentum state |o,)|+1).
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Figure 2. Metasurface demultiplexer formed by TiO, nanopillar array (A) Schematic
illustration of the vortex beam arrays with topological charge [, from —5 to +5 separated by
the metasurface demultiplexer. Blue arrow indicates linearly polarized incident plane wave.
Magenta (cyan) helicoids and circles denotes the wavefronts and intensity profiles of left (right)
circularly polarized components. Light carrying different spin angular momentum is spatially
separated given opposite k,. (B) A typical unit cell of the functional metasurface with period Py,
P, and height h (side view), as well as varying width L,, length L, and rotation angle 6 along
the x-y plane (top view). (C) Required phase shifts &, and &, 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 in the wavelength range from 450
nm 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, (I) 480
nm. (J) Measured intensity distribution of the output field for three wavelengths illumination.
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Figure 3. SAM and OAM detection by metasurface demultiplexer (A) Incident vortex beam
with topological charge [;;, = +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 |a, )|+1). (C) Magnification of
corresponding channel with bright center. (D) Incident vortex beam with topological charge [;, =
—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 |o_)|—4). (F) Magnification of corresponding channel
with bright center. (G) Incident vortex beam with polarization topological charge m;, = —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 |0, )|+3) and |o_)|—3). (I) Magnification of corresponding

channel with bright center.
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Figure 4. Metasurface demultiplexing complex light fields. Incident optical fields as
superposition of (A) vector vortex beam |1;) = 1/v/2|0,)|+3) + 1/v/2|0_)|0) and (B) vortex
beam |1,) = 1/v2|+2) + 1/v/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: |a)|+3), (ii) R2: |o_)|0), (iii) G1: |a)|+2), (iv) Ga2:
o )—2), (V) Gs: |o_)|+2) and (vi) Ga: |o_)|—2). Magnification of the corresponding channels
with bright center for (E) experiment and (F) calculation results.
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Section S1. Derivation of the Jones matrix J and its eigenvalues and eigenvectors
Assuming two input polarization states {|a*), |a~)}, for which the metasurface is to impart

two independent phase profiles ¢, (x,y) and ¢,(x,y), the input state can then be determined

+ -
by orthogonal polarization basis |a*) = [Zi] and |a7) = [zl_]. It is possible to find a
2 2

linearly birefringent metasurface where the output polarization states become
{|(ay)™), |(a-)*)}, denoting complex conjugate of input polarization states. This means that
they have the same states as the input states with flipped handedness. Such device can be

described by Jones matrix J(x,y) that simultaneously satisfies

g(x, ylaty = D)) D
(o y)la) = e D) @)

In spin and orbital angular momentum detection, the input polarization are orthogonal circular
o 1 1 . . .
polarizations states |o,) = [l] and |o_) = [—i]' Therefore, the interaction with metasurface

device can be expressed as

J(x, ) [ﬂ — oi®o, (xY) [ 1.]

—l
. S2)
112 givs_ e [1 (
e[ 1] = o]
Matrix inversion of equation S2 results in
[ oY) piws W1 1772
J(xy) = [_ieiwa+<x.y) ieio-(xy) [i —i (S3)
It is further shown that the required Jones matrix is
_ ei(p0'+(xly) + ei(po'_(xly) iei(po'_(xry) J— iel(Pcn.(x’Y)]
J(xy) = [iei%_u,y) iei9e (0Y)  _pite, (6Y) _ 4ia_(xY) (54)

where ¢, (x,y) and @g(x,y) are the phase profiles of the demultiplexer for left-handed
circular polarization (LCP) and right-handed circular polarization (RCP) incident light. With

Jones matrix J(x,y), the corresponding eigenvalues are calculated to be
£, = ela(¢or @GN 00| ¢ _ pili{00) ) 400 ()] (S5)
and the eigenvectors to be

cos%(qomr x,y) — @s_(x, y)) ) = —sin%((pmr (x,y) = 9o_(x, )’)) (S6)

Ir) =
: cos; (00, (6,) = 00 (x,))

, 1 ’
sm;(%+ (x,y) = 95_(x, y))
Therefore, the Jones matrix J(x,y) can be decomposed into canonical form J = PAP™1,

where A is a diagonal matrix and P is an invertible matrix. This can be further written as



] _ PAP—l _ _COS%((pJJr (x' y) — QPg_ (X, }I)) —Sl'Tl%((pmr (x, y) — Qs (x’ y))

_sin1 (00, 69) — 956, )) cos (00, 69) — 956, ))

4 4
[ i3(00s G400 w2))] .
0 ei[%(<pa+(x,y)+<pa_(x,y))_n]

cos % (<Pa+ (%, y) = @s_(x, J’)) sin% (<,00+ () = 95 (x, Y)) (S7)

—sin2 (05, (69) ~ 95 (63)) 052 (95, (67) ~ 05 (07))

It is in the same form of linear polarization basis where P has the function of rotation matrix

for A. And the phase shifts should be §,(x,y) = %((pm e, y) + s (x, y)) and 6,(x,y) =
%((pm o, y) + s (x, y)) —m , where the rotation angle is 6(x,y) = %(<p0+ (x,y) —

0o (x,7)).



Section S2. Calculation of polarization conversion efficiency

The structure parameters are optimized according to polarization conversion efficiency. We
utilized finite-difference time-domain (FDTD) method to increase the optimization efficiency.
A linearly polarized plane wave |E;;,) is normally incident onto a single unit cell of the

periodic structures from the substrate side. The output field can be calculated by

|Eout) = \nE|Ein) + nre?*@P|R) + [ e~ 20N)|L) (S8)
The spectra of transmission coefficients ¢, and t, were obtained from the simulation and
shown in Figure S1 (a) and S1 (b), respectively. The phase difference between the transmission
coefficients t, and ¢, is denoted by P, and P, and shown in Figures S1 (c) and S1 (d),
respectively. The polarization conversion efficiency n, (from LCP to RCP) and n, (from

RCP to LCP) can be calculated by the following equations [1]:

1 ; 2 1 . 2

e =[5 (t = tye @Yol End|  my = |5 (6 — £y )(o_| )| (S9)

Here, (o.|E;;,) denotes an inner-product of left-circularly polarized unit vectors and incident
plane wave. Similarly, (o_|E;,) denotes an inner-product of right-circularly polarized unit

vectors and incident plane wave.

Reference:

1. Lin, D., Fan, P., Hasman, E. & Brongersma, M. L. Science 2014, 345, 298-302.
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Figure S1. Calculated transmission coefficients |t,|? (A) and |ty|2 (B), as well as the phase
shifts 6, (C) and &, (D) of transmission coefficients as a function of in-plane nanopillar
dimensions (L, L, ) at the wavelength of 530 nm. The solid white dots indicate four
fundamental nanopillar structures #1 ~ #4 and their corresponding symmetric structures #5 ~

#8. The in-plane dimensions for the eight nanopillars are shown in (E).



Figure S2. Calculated intensity distribution of generated vortex beam arrays through the
metasurface demultiplexer upon illumination with a linearly polarized Gaussian beam. Three
wavelengths: 1, = 480 nm, 530 nm and 630 nm are utilized simultaneously and different

deflection angles are obtained due to chromatism.
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Figure S3. Calculated intensity distributions of the output fields with incident vortex beam
carrying topological charges varying from —5 to +5 with left-handed (a) and right-handed
(b) circular polarization. The white dashed circles are drawn at the position of channels with

OAM information, and the corresponding magnified images are shown as insets.
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Figure S4. Measured intensity distributions of output fields with incident vortex beam carrying

topological charges varying from —5 to +5 with left-handed (a) and right-handed (b)
circular polarization. The white dashed circles are drawn at the position of channels with OAM

information, and the corresponding magnified images are shown as insets.



Figure S5. Calculated intensity distributions of output fields with incident vector beam carrying
polarization topological charges varying from —5 to +5. The white dashed circles are drawn
at the position of channels with OAM information as decomposition of input vector fields, and

the corresponding magnified images are shown as insets.
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Figure S6. Measured intensity distributions of output fields with incident vector beam carrying
polarization topological charges varying from —5 to +5. The white dashed circles are drawn
at the position of channels with OAM information as decomposition of input vector fields, and

the corresponding magnified images are shown as insets.
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Figure S7. Schematic illustration of the measurement setup used for characterization of

A=530nm

metasurface devices for detecting SAM, OAM and wavelength simultaneously. Two
metasurfaces are utilized to generate hybrid Poincare beam and superposition vortex fields at

wavelength of 630 nm and 530 nm, respectively.
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Figure S8. Calculated (a) and measured (b) intensity distribution of the output fields through
metasurface demultiplexer with incident vector beam carrying polarization topological charge
varying from m = +1 to m = +5. Three wavelengths: 1, = 630 nm, 530 nm and 480
nm are utilized simultaneously and disperse at different deflection angles due to chromatism.
The white dashed circles are drawn at the position of channels with OAM information as

decomposition of input vector fields, and the corresponding magnified images are shown in the

insets.



	manuscript
	supplementary

