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Measuring phase and polarization singularities of
light using spin-multiplexing metasurfaces†

Yanan Fu,‡a Changjun Min,‡a Jiahao Yu,a Zhenwei Xie,a Guangyuan Si,b

Xianyou Wang,a Yuquan Zhang, *a Ting Lei,a Jiao Lin,a,b,c Dapeng Wang,a

H. P. Urbachd and Xiaocong Yuan*a

In recent years, light beams containing phase or polarization singularities, such as optical vortices (OVs)

and cylindrical vector beams (CVBs), have contributed to significant applications including optical orbital

angular momentum (OAM) communications, particle trapping and manipulation, and super-resolved

imaging. However, traditional methods for detecting the phase and polarization singularities of light suffer

from drawbacks, such as large device size, complicated optics, and limits in detection function. Here, we

propose an alternative method for detecting simultaneously phase and polarization singularities based on

a spin-multiplexing metasurface. Both numerical and experimental results demonstrate that the metasur-

face device can be used to measure accurately the topological charge of OVs and the polarization order

of CVBs individually or simultaneously, and exhibit beneficial attributes such as a broadband response,

compactness, and system simplification. This method offers great potential in applications such as

singular optical beam shaping and high-capacity OAM/CVB multiplexing communication.

1. Introduction

As a branch of modern optics, singular optics has attracted
broad research interest over the past decades.1,2 Two typical
optical singularities, phase and polarization singularities orig-
inating from the uncertainty in the phase or polarization in
the optical field, have been investigated in depth and widely
applied in various optical fields, including imaging and
metrology,3 atom optics,4 nonlinear optics,5 optical tweezers,6

optical sensing,7 quantum optics and information,8,9 and
optical communications.10,11

The concept of phase singularity was first proposed and
experimentally confirmed by Nye and Berry and colleagues in
the 1970s.12 As a typical beam with phase singularity, the
optical vortex (OV) has been studied widely because of its
special optical properties such as its spiral phase wavefront
exp(ilθ), orbital angular momentum (OAM),13 and zero inten-

sity in the center of the beam. Based on these properties, the
OV has been employed in many interesting applications in
recent years. For instance, because OV beams with different
OAMs are orthogonal and the topological charge l of OAMs
can in theory take arbitrary integer values, OAM-multiplexing
has proved to enhance the information capacity of optical
communication systems in both free space and optical
fibers.10,11,14 The rotational torque generated by OAMs has
been effectively applied in optical tweezers to trap and rotate
micro- and nano-particles.15 The donut-shaped intensity
pattern and tunable spiral phase of the OV has been used in
the excitation of surface plasmon polaritons (SPPs), and in
structured illumination microscopy imaging.16

A representative beam with a polarization singularity is a
cylindrical vector beam (CVB),17 which can be expressed as a
set of characteristic solutions of Maxwell’s equation cast in
cylindrical coordinates. The CVB also has a donut-shaped
intensity pattern because of the singularity in polarization at
the center of the beam and shows locally linear polarization at
each point in the beam’s cross section but with space-depen-
dent orientations. Two famous examples of CVBs are the
radially polarized beam and the azimuthally polarized beam,
for which the polarization orientations at each point in the
beam cross section are all along the radial and azimuthal
directions, respectively.18 Because of the vector nature of the
CVB, especially for focusing conditions with high numerical
aperture (NA), various unique focal field distributions can be
generated by CVBs, such as sub-wavelength focal spots,19
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longitudinal optical needles,20 multiple focal spots,21 and
spin–orbital angular momentum coupling,22 all of which are
contributing to many promising applications. For example,
with the orthogonality of CVBs with different orders,17 it has
been widely used in CVB-multiplexing communications.23

Besides the OV and CVB with only one singularity in the
phase or polarization, a light beam can contain both phase
and polarization singularities, for example, the cylindrical
vortex vector beam (CVVB).18 This beam has both a spiral wave-
front and a vectorial polarization distribution, offering
more degrees of freedom for optical field modulation and
multiplexing.24

To explore other applications of singular optical beams,
detection methods for these optical singularities need to be
developed, especially the OAM of OVs and the polarization
order of CVBs. For OAM detection, previous methods are
based on traditional optical diffraction or interference devices,
such as the diffraction grating, spatial light modulator,
and Mach–Zehnder interferometer.25 Conventional methods
for detecting polarization singularities usually involve space-
variant half-wave plates and polarizers26 or diffraction
gratings.27 However, these detection methods have drawbacks
such as requiring multiple devices, large optical systems,
complex detection processes, and low diffraction efficiencies
that strongly limit their applications in some new compact
optical systems with optical fibers or integrated chips.

In recent years, metasurface devices were proposed to sig-
nificantly improve the performance of traditional optical
devices.28,29 Metasurfaces have characteristics such as compact
device size (micron scale), thin thicknesses (nanoscale), broad-
band responses (visible to infrared), high efficiency (more than
80%), and multi-functional characteristics (multi-parameter
control of light). They therefore have become of topical inter-
est30 inspiring other methods of optical singularity detection.
For example, self-interference using a plasmonic metasurface
was designed for OAM detection,31 and combined elements
based on the Pancharatnam–Berry phase were studied for CVB
detection.32 However, most previous metasurface-based detec-
tion methods respond only to either the phase singularity or
the polarization singularity, and some methods require mul-
tiple metasurface devices to work together.32 Thus, it is still a
task of challenge to detect both phase and polarization singu-
larities of light with the same compact device.

In this paper, we propose and experimentally demonstrate
an alternative method for detecting phase and polarization
singularities simultaneously based on a designed single spin-
multiplexing metasurface. The metasurface is composed of a
plasmonic semi-ring aperture array with a detour phase distri-
bution on a metal film. Because the photonic spin–orbit
angular momentum conversion is induced by the plasmonic
semicircular aperture, and the continuous geometric phase
gradient is generated by the semicircular aperture, the meta-
surface therefore works as a spin-multiplexing device. The
spatial distribution of semi-circular apertures is designed
employing the detour-phase principle to generate two 3 × 3 OV
arrays with different OAMs in the far field for the two spin

states (left- or right-circular polarization), respectively. Based
on such metasurface devices, the topological charge of the OV
and the polarization order of the CVB can be measured indivi-
dually or simultaneously by detecting the position of the
restored Gaussian point in the far-field OV arrays. Our experi-
mental results agree well with the theoretical predictions,
proving that the proposed method is efficient in detecting
both the phase and polarization singularities of light.
Moreover, three different wavelengths of 473 nm, 532 nm, and
633 nm are chosen in the experiment to demonstrate its broad-
band response feature.

2. Detecting the principle of phase
and polarization singularities

Here, the detecting principle of both phase and polarization
singularities is based on a spin-multiplexing metasurface,
which may achieve different phase modulations for left- and
right-circular polarized beams. In the working principle of the
metasurface (Fig. 1), when a circularly polarized light is nor-
mally incident on the metasurface, the output beam propa-
gates to the left or right direction depending on its spin state,
just like a spin-dependent beam splitter. In our design, the
right/left circularly polarized (R/LCP) light propagates to the
left/right side (Fig. 1a). Then, the left- or right-side output
beam generates respectively a far-field OV array with different
OAMs due to the phase modulation of the metasurface. If the
incident circularly polarized light has a spiral wave front with
OAM, the specific position of the OV array is restored to a
bright Gaussian point depending on the OAM value of inci-
dent light, but all other positions of the OV array maintain a

Fig. 1 (a) Schematic illustration for detecting both phase and polariz-
ation singularities based on the spin-multiplexing metasurface. The blue
(red) circular arrow indicates a right (left) circularly polarized beam. Inset
at top left—phase and polarization distribution of incident light (the
polarization distribution is described by black arrows); (b) binary phase
distribution of the DOVG for a 3 × 3 OV array; (c) simulated OV array dis-
tribution in the far field; (d) schematic illustration of phase singularity
detection for an incident OV with l = 1.
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donut-shaped pattern with a dark center. Hence, the OAM of
the incident light is detected through the metasurface depend-
ing on the position of the restored Gaussian point.

To generate the OV array for phase singularity detection, we
need to control the phase distribution of the metasurface
based on the principle of a two-dimensional Dammann optical
vortex grating (DOVG)33 for which the phase distribution of the
binary phase Φ(x, y) satisfies the following expression34

exp½iΦðx; yÞ� ¼Xþ1

N¼�1

Xþ1

M¼�1
aMN exp iM

2πx
dx

þ Δlxθ
� �

þ iN
2πy
dy

þ Δlyθ
� �� �

ð1Þ

where |amn|
2 is the energy of each diffraction order normalized

to the total power, dx and dy are the grating periods in the
x and y directions, respectively, and angle θ is defined using
θ = arctan(y/x). Δlx and Δly are the intervals of the topological
charge in x and y directions, respectively. Another advantage
of the DOVG is that the energy of each OV in the generated OV
array can be modulated to equal the value of |amn|

2. Based on
the phase distribution of the DOVG, a beam without OAM inci-
dent on the DOVG is diffracted into M × N orders, each with
equal energy carrying topological charge l0 = MΔlx + NΔly.
Fig. 1b gives an example of the DOVG phase distribution for
generating a 3 × 3 OV array with Δlx = 1 and Δly = −3. When a
Gaussian light beam without OAM is normally incident on the
metasurface with phase distribution of the DOVG, the desired
3 × 3 OV array with uniform energy and different topological
charges ranging from l0 = −4 to +4 are generated (Fig. 1c).
When a beam with topological charge l is incident on the
DOVG, the beam can be diffracted into M × N orders, which
can be described as:

exp½iΦðx; yÞ′�

¼
Xþ1

N¼�1

Xþ1

M¼�1
aMN exp iM

2πx
dx

þ Δlxθ
� �

þ iN
2πy
dy

þ Δlyθ
� �

þ ilθ
� �

¼
Xþ1

N¼�1

Xþ1

M¼�1
aMN exp iM

2πx
dx

þ iN
2πy
dy

þ iMΔlxθ þ iNΔlyθ þ ilθ
� �

¼
Xþ1

N¼�1

Xþ1

M¼�1
aMN exp iM

2πx
dx

þ iN
2πy
dy

þ iðl0 þ lÞθ
� �

ð2Þ

the topological charges of the generated OV array are modu-
lated to give l′ = l + l0. If the incident light is an OV beam with
topological charge l = +1, then the position in the OV array
with l0 = −1 is restored to a bright Gaussian point (l′ = 0) for
OAM detection (Fig. 1d). The restored Gaussian point appears
on either the left or the right side of the far-field OV array
depending on the spin state of the incident light (Fig. 1),
demonstrating that the metasurface device detects both the
spin angular momentum (SAM) and OAM of the incident light.

Next, we describe how to detect the polarization singularity
of CVBs. The polarization state of the mth-order CVB is defined
by the Jones vector Jm,

32

Jm ¼
 
cosðmφþ ϕ0Þ
sinðmφþ ϕ0Þ

!
¼

1
2

eiðmφþϕ0Þ þ e�iðmφþϕ0Þ
n o

1
2i

eiðmφþϕ0Þ � e�iðmφþϕ0Þ
n o

0
B@

1
CA

¼ 1
2
eiðmφþϕ0Þ 1

�i

� �
þ 1
2
e�iðmφþϕ0Þ 1

i

� � ð3Þ

where m is the polarization order, φ is the azimuthal angle,
and φ0 is the initial phase angle. From eqn (3), the mth-order
CVB decomposes into a pair of conjugated OV beams, includ-
ing a right circularly polarized OV with topological charge l =
m and a left circularly polarized OV with topological charge l =
−m, so the detection of the polarization order of CVBs is con-
verted to the detection of the topological charges of the two
decomposed OV beams. That is, when a mth-order CVB is nor-
mally incident on the metasurface, two output beams of oppo-
site spin states propagate to the left and right side, respect-
ively, and then form two OV arrays with restored Gaussian
points at positions l0 = −m and l0 = m, respectively. Because
the two Gaussian points are restored at the conjugated posi-
tions, then the polarization order m of the CVB can be deter-
mined from the position of either Gaussian point.

Besides the OV and CVB, the CVVB with both phase and
polarization singularities can also be detected by the metasur-
face. Similarly, the Jones vector of a CVVB with topological
charge l and polarization order m is simply defined by,

Jl;m ¼ eilφ
cosðmφþ ϕ0Þ
sinðmφþ ϕ0Þ

� �

¼ 1
2
eiððlþmÞφþϕ0Þ 1

�i

� �
þ 1
2
e�iððm�lÞφþϕ0Þ 1

i

� � ð4Þ

where φ is the azimuthal angle, and φ0 is the initial phase
angle. Similarly for a CVB, we find that from eqn (4), a CVVB
also decomposes into a pair of OV beams, including a
right (left) circularly polarized OV with topological charge
l + m (l − m), and therefore also generates two OV arrays in the
far field via the metasurface. From the detection principle of
the OV and CVB, the position of l0 = −(l + m) on the left-side OV
array and the position l0 = −(l − m) on the right-side OV array is
restored to the Gaussian points. Therefore, we can determine
the values of l + m and l − m depending on the positions of the
two Gaussian points, and finally calculate the values of l and m
in the detection of both phase and polarization singularities.

3. Design of the spin-multiplexing
metasurface

To achieve the above-mentioned detection functions, we need
a metasurface device that can generate two OV arrays for the
LCP and RCP light, respectively. Note that several previously
reported spin-multiplexing metasurfaces may be chosen to
achieve these goals.35 Based on our fabrication conditions, we
designed a new spin-multiplexing metasurface composed of a
plasmonic semi-ring aperture array with a detour phase distri-
bution (Fig. 2a) and demonstrated that it can serve as an
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efficient spin-multiplexing metasurface. We combined two
kinds of semi-ring apertures to generate two different patterns
at one circular polarized light incidence, and once the spin of
incident light changed, the position of the two patterns in the
far field will be exchanged.

The unit structure of the metasurface (inset of Fig. 2a) com-
prises a plasmonic semi-ring aperture in a metal film. Similar
to some previous reports,36 the photonic spin–orbit inter-
action37 in this aperture induces an opposite phase gradient
for the LCP and RCP light. Therefore, when LCP or RCP light
passes through an array of the proposed semi-ring aperture,
they are deflected into two opposite directions depending on
the spin state, and hence they show the desired spin-multiplex-
ing function, details of the spin response of the unit cell can
be found in ESI Fig. S1.† Note that there are two opposite
types of semi-ring apertures, similar to the upper and lower
halves of a circle (the two insets of Fig. 2a), which induce
opposite phase gradients and used together to generate
different far-field patterns on the left and right sides.
Referring to Fig. 2a, when a LCP light is incident on the meta-
surface, one type of semi-ring aperture in the metasurface
deflects the light to the left side and forms a “happy face”
pattern, whereas the other type deflects the light to the right
side and forms a “sad face” pattern. In Fig. 2b, we show the
corresponding finite-difference time-domain (FDTD) simu-
lation results for the left and right circularly polarized light.
They agree well with expectations (Fig. 2a).

The happy- and sad-face patterns (Fig. 2b) are generated by
the metasurface with a holographic phase distribution that
depends on the detour-phase principle, which has been
applied in several previous meta-hologram devices.38–40 Here,
we built the desired two-dimensional phase distribution φ(i, j )
of the metasurface by changing all the semi-ring positions in
the unit cell based on the detour-phase principle. In our
design, we define the central position of the unit cell as
φ(i, j ) = 0. We then obtain a φ(i, j ) varying from −π to +π when
the position of the semi-ring aperture moves from the left to
right border of the unit cell, to finally form the desired phase
profile of the hologram. Details of the detour phase principle
can be found in ESI Fig. S2.† Note that the phase changes
induced by plasmonic resonance inside the semi-ring aperture
are not taken into consideration here, as the metal film is thin
(100 nm) and all unit cells are the same. The Gerchberg–
Saxton algorithm is used to optimize the phase profiles of the
happy and sad face patterns.41

To investigate the influence of structural parameters on the
performance of designed metasurfaces (Fig. 2c and d), we
show the FDTD results of the efficiency and polarization
extinction ratio as functions of the gold film thickness and
aperture width. Here, the relative efficiency is defined as the
energy of the desired pattern divided by the total energy
passing through the metasurface, and the polarization extinc-
tion ratio (ER) is defined as,

ER ¼ 10 log
TLCPðrightÞ
TRCPðrightÞ

� �
; ð5Þ

where TLCP(right) and TRCP(right) are the transmittances for LCP
and RCP light at the right side. The details of simulation set-
tings can be found in the ESI.† In Fig. 2c and d, all the results
within the dashed line region can produce a polarization
extinction ratio above 30 dB and a relative efficiency above
50%. Considering the performance and the fabrication con-
dition of the metasurface, the final structural parameters for
the experiment were set to: Px = 0.896 μm, Py = 0.45 μm, r =
0.37 μm, w = 0.07μm, and d = 0.1 μm. In accordance with the
detour phase effect, the output deflection angle of light is set
to 45° in both the left and right sides at the wavelength of
633 nm.

4. Results and discussion

To experimentally verify the effectiveness of our designed
metasurface, we build an experimental system (Fig. 3a). The
incident laser beam is first collimated and expanded using two
lenses (L1 and L2), and then converted to linear polarization
using a polarizer (P1). The devices shown in dashed box 1
(Fig. 3a) are used to generate a circularly polarized OV
beam, where a quarter waveplate is used to obtain circular
polarization, and the 1st-order vortex waveplate (Thorlabs,
WPV10L-633) converts the circularly polarized Gaussian beam
into an OV beam with topological charge l = +1 or −1 through
the normal or reversed direction of the vortex waveplate. The

Fig. 2 (a) Schematic illustration of the principle of the multiplexing
metasurface. The enlarged unit cell shows that it is composed of two
semi-ring apertures with opposite orientations. When a LCP light is inci-
dent on the metasurface, the happy and sad faces are reconstructed on
the left and right region of the far field, respectively; (b) FDTD simulation
results of the spin-multiplexing performance. The first (second) line
shows the result under illumination of the LCP/RCP light. The structural
parameters used in the FDTD simulation are: Px = 0.896 µm, Py =
0.45 µm, r = 0.37 µm, w = 0.07 µm, and d = 0.1 µm; dependence of
(c) polarization extinction ratio and (d) efficiency with thickness d of the
gold film and the width w of the semi-ring aperture at the wavelength of
633 nm; here, the efficiency is defined as the energy of the desired
pattern divided by the total energy passing through the metasurface.
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next half wave plate and the 2nd-order vortex waveplate
(Thorlabs, WPV10-633) in dashed box 1 (Fig. 3a) can extend
the OV topological charge to l = +3 or −3, or using only the
quarter waveplate and the 2nd-order vortex waveplate to
achieve l = +2 or −2. Therefore, a circularly polarized OV beam
with OAM ranging from l = −3 to +3 can be generated. The
devices in dashed box 2 (Fig. 3a) are used to generate a plane-
wave CVB with polarization order m = −3 to m = +3. A CVVB
can be generated using the devices in dashed box 3 (Fig. 3a),
where the quarter waveplate combined with the 1st-order
vortex waveplate are used to generate a circular polarized OV
beam with l = +1 or −1, and the second polarizer (P2) is used
to change the OV beam to a linear polarized light. The linear
polarized OV beam then passes through the 2nd-order vortex
waveplate and becomes a CVVB with both topological charges
ranging from l = −1 to +1 and the polarization order ranging
from m = −2 to m = +2. If more half waveplates and vortex
waveplates are used, the range of the generated CVB and OV
can be further extended.42,43 With this method, we can experi-
mentally generate light beams with a phase or polarization
singularity or even both. The generated singular optical beams
were focused using a 4× objective lens onto the fabricated
metasurface sample. Finally, the far-field OV array patterns in
both left and right sides were received using a 100× objective
lens, and recorded using a CCD for the detection of the phase
and polarization singularities.

Fig. 3b gives a scanning electron microscopy (SEM) image
of the metasurface fabricated by the focused ion beam (FIB)
method. The total area of the metasurface is 100 × 100 μm2 on
a gold film; the structural parameters are the same as intro-
duced in the section above. To demonstrate the broadband fea-
tures of the metasurface sample, in the experimental system,
three different incident wavelengths of 473 nm, 532 nm, and

633 nm were chosen. In Fig. 3c–e, we show the experimental
results of the generated far-field OV array on the right side
under the illumination of a LCP Gaussian beam (l = 0) for the
three stipulated wavelengths. The diffraction angles of these
three wavelengths are 32°, 36°, and 45°, which are decided
using the equation θ = arcsin(λ/P) according to detour phase
theory. Benefitting from this, this metasurface is able to detect
the wavelength and OAM simultaneous,44 when the sizes of OV
arrays are carefully designed to avoid overlapping between
adjacent wavelengths. Moreover, the generated OV arrays are
always clear and give the desired OAMs (Fig. 2b), demonstrat-
ing the effectiveness and broadband performance of the
metasurface.

Fig. 4 shows both FDTD simulated and experimental results
of the phase singularity detection for different OV beams. The
method of generating OAM, CVB and CVVB in simulation can
be found in the ESI.† First, a LCP OV beam with l = 1 is inci-
dent on the metasurface; its spiral phase profile and donut-
shaped intensity distribution are shown in Fig. 4a and b,
respectively. From the spin-multiplexing and hologram func-
tions of the designed metasurface, the transmitted beam pro-
pagates to the right side in the far field and forms an OV array
with a restored Gaussian point at the position of l0 = −1.
Fig. 4c and d show the corresponding simulated and experi-
mental results, respectively, both presenting a Gaussian point

Fig. 3 (a) Illustration of the experimental setup. The dotted boxes
labelled 1, 2, and 3 combined with the rest of the optical elements are
used to generate the OV, CVB, and CVVB, respectively. (b) SEM image of
the part of the metasurface fabricated by the FIB method. (c)–(e) are
experimental results of the generated OV array for incident wavelengths
of 473 nm, 532 nm, and 633 nm, respectively. The incident light is a left
circularly polarized Gaussian beam, and the OV array is generated on the
right side of the far field.

Fig. 4 FDTD simulated and experimental results in detecting the phase
singularity of OV beams at 633 nm: (a)–(d) the incident phase distri-
bution, the incident intensity distribution, the FDTD simulation result,
and the experimental result at the right side of the far field, under the
incidence of a left circularly polarized OV beam with l = 1. The Gaussian
point (indicated by the white dashed circle) appears at the position of
l0 = −1 on the right-side OV array both in simulation and experiment.
(e)–(h) are similar instances of (a)–(d) but under the incident right circu-
larly polarized OV beam and show the OV array at the left side of the far
field. (i)–(l) are similar instances of (a)–(d) but with topological charge l = 2.
(m)–(p) are similar instances of (a)–(d) but with topological charge l = 3.
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at the position of l0 = −1. Fig. 4e–h show similar instances to
those of Fig. 4a–d but with a RCP OV beam. Hence, the trans-
mitted beam propagates to the left side, and the Gaussian
point also appears at the position of l0 = −1 in both simulated
and experimental results. Comparing the two instances, the
proposed metasurface simultaneously detects the OAM and
SAM of the incident light depending on the position of the
Gaussian point in the OV array and on the left/right side of the
far field. The third row of the results in Fig. 4 shows instances
of left circularly polarized OV beam with l = 2, the spiral phase
profile of which exhibits a 4π phase change along the azi-
muthal direction in Fig. 4i. Its donut-shaped intensity distri-
bution is given in Fig. 4j; the radius is also larger than that in
Fig. 4b. A restored Gaussian point in the position l0 = −2 of the
original OV array is clearly seen on the right side of the far
field in both simulated and experimental results (Fig. 4k and
l). The fourth row of the results in Fig. 4 shows instances of
the LCP OV beam with l = 3, with the phase profile appearing
with a 6π phase change along the azimuthal direction
(Fig. 4m). Its donut-shaped intensity distribution in Fig. 4n
gives a larger radius than for l = 2 (Fig. 4j). The corresponding
Gaussian point appears at position l0 = −3 of the original OV
array in both the simulated and experimental results (Fig. 4o
and p), respectively. The results of Fig. 4 demonstrate that the
proposed metasurface can be used to detect the phase singu-
larity of OV beams efficiently.

Although in Fig. 4 we only demonstrate the detection of OV
beams with l = 1 to 3, this metasurface device can detect OV
beams ranging from l = −4 to +4 based on the 3 × 3 OV array,
and more topological charges of OV can be detected by larger
OV arrays through the design of the DOVG. For example, 25
different OAMs were detected through a 7 × 7 OV array in pre-
vious work.45 Furthermore, it is demonstrated that our meta-
surface has potential applications in detecting fractional
OAMs. Since the OV with fractional OAMs can be approxi-
mated as a linear combination of the two adjacent integer
topological charges,46 here we find that the fractional OAM
could also be detected in our system by extracting the intensity
value of the quasi-Gaussian points corresponding to adjacent
integer topological charges, similar to our previous work.47

The simulation results of the LCP OV beam with l = 1.5 and
2.5 can be found in ESI Fig. S3.†

Fig. 5 shows the results of polarization singularity detection
for different CVBs. First, a CVB with polarization order m = 1 is
the incident light on the metasurface and can be decomposed
into a right circularly polarized OV with l = 1 and a left circu-
larly polarized OV with l = −1, in accordance with eqn (2).
Here, we choose φ0 = 0, so its polarization state is actually a
pure radial polarization (Fig. 5a). Based on the above-men-
tioned detection principle for the polarization singularity of a
CVB, the transmitted beam through the metasurface propa-
gates to both sides of the far field, where the restored
Gaussian point appears at the position of l0 = −1 on the left-
side of the OV array and the position of l0 = 1 on the right-side
of the OV array. Fig. 5b and c show the simulated results, and
Fig. 5d and e are the corresponding experimental results,

which agree well with the simulated results. Another instance
of CVBs with m = −1 is presented in Fig. 5f–j, which show the
opposite situation to the first instance with m = 1. Its polariz-
ation state contains both radial and azimuthal polarization
components (Fig. 5f). Fig. 5g–j give both the simulated and
experimental results, demonstrating the Gaussian point at the
position of l0 = 1 on the left side and l0 = −1 on the right side,
with good agreement between the simulated and experimental
results. The results in Fig. 5 verify that the proposed metasur-
face can serve as an efficient polarization singularity detector.
The detecting range of the polarization order m for CVBs can
also be extended by generating a larger OV array with more
topological charges.

Finally, the detection of the CVVB with both
polarization and phase singularities are studied in Fig. 6.
The incident light is a CVVB with l = 1, m = 2, and
φ0 = 0, for which the Jones vector can be expressed

as J1;2 ¼ 1
2
eið3φþϕ0Þ 1

�i

� �
þ 1
2
e�iðφþϕ0Þ 1

i

� �
in accordance with

Fig. 5 Simulated and experimental results of detecting polarization
singularity of CVBs at 633 nm. (a)–(e) are respectively the incident polar-
ization distribution with the background of intensity distribution, the
FDTD simulated results of the left- and right-side far field, the experi-
mental results of the left- and right-side far field, under the incidence of
a CVB with m = 1 and ϕ0 = 0. The Gaussian point (indicated by a white
dashed circle) appears at the position of l0 = −1 on the left-side OV array
and at the position of l0 = 1 on the right-side OV array in both simulation
and experiment. (f )–( j) are similar instances of (a)–(e) but under the
incidence of a CVB with m = −1.

Fig. 6 Simulated and experimental results from the detection of both
phase and polarization singularities of a CVVB at 633 nm. (a)–(e) are
respectively the phase distribution and polarization distribution indicated
by black arrows, the FDTD simulated results from the left- and right-side
far field, and the experimental results of left- and right-side far fields,
under the incidence of a CVVB with l = 1, m = 2. The Gaussian point
(indicated by the white dashed circle) appears at the position of l0 = −3
on the left-side of the OV array and at the position of l0 = 1 on the right-
side of the OV array in simulation and experiment.
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eqn (3). Therefore, the CVVB can be decomposed into a RCP
OV with topological charge l = 3 and a LCP OV with l = −1. The
polarization state and helix phase distribution of the incident
CVVB are shown in Fig. 6a. From the introduced detection
principle of the CVVB, the Gaussian point appears at the posi-
tion of l0 = −3 on the left side of the OV array and l0 = 1 on the
right side of the OV array, respectively. Fig. 6b–e present both
the simulated and the experimental results, respectively. It
shows that Gaussian points appearing in the position of l0 =
−3 on the left side and l0 = 1 on the right side, both in experi-
ment and theoretical expectation. The results demonstrate that
the proposed method can detect both phase and polarization
singularities simultaneously.

As a matter of fact, the exact transmittance of our trans-
mission-type plasmonic metasurface is not high (∼4%), and
the diffraction efficiency (defined as the ratio of desired
pattern energy to total incident energy) is 2.1% under these
experimental parameters (Px = 0.896 μm, Py = 0.45 μm, r =
0.37 μm, w = 0.07 μm, and d = 0.1 μm). Nevertheless, the
transmittance, as well as the diffraction efficiency and energy
utilization rate, can be improved using the Huygens metasur-
face48 or using low-loss dielectric materials as references.49–51

Meanwhile, the diffraction efficiency can be further improved
by the optimization algorithm.52 In the visible band, when
the metal thickness reaches a certain level, the metasurface
structure has a high reflectivity. Therefore, the sandwich
structure of three layers, namely the metal plate at the
bottom, the medium layer in the middle and the pattern at
the top, can be designed to achieve the function of the meta-
surface and achieve a high energy utilization rate at the same
time.53 It is possible to make this metasurface tunable if
phase change materials are employed,54 and the method we
demonstrated can also be applied in fiber communications
when the structure is designed on the fiber end face, to
realize an integrated detection device on the optical
fiber.55,56

5. Conclusions

In conclusion, we propose and demonstrate a new method for
detecting phase and polarization singularities simultaneously
both in theories and experiments, based on a single spin-mul-
tiplexing metasurface. We designed, fabricated, and character-
ized a metasurface composed of a plasmonic semi-circular
aperture array with a detour phase distribution on a metal
film. Our experimental results agree well with the theoretical
predictions, proving that the proposed method is successful in
the detection of both the phase and polarization singularities.
Moreover, three different wavelengths (473 nm, 532 nm, and
633 nm) were chosen in the experiment to demonstrate its
broadband response feature. We believe that the proposed
method for detecting phase and polarization singularities has
great expectations in a variety of application fields, such as
chip-level beam detection and high-capacity singularity-beam-
multiplexing communications.
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