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The spin angular momentum (SAM) and orbital angular momentum (OAM) are
unique properties of vortex beams and widely used in optical communication and
sensing, wherein unambiguous detection of them is of significance. However, the
existing methodologies mostly require complicated optical setups, bulky devices,
multiple measurements and suffer from limited detection range and ability. Here,
we propose a novel angular momentum (AM) detectionmechanism that based on
optical symmetry transformation for single-shot AMdetectionwithin a largemode
space. We first give a detailed theoretical derivation and then carry numerical
verification. Subsequently, an ultra-compact metasurface is designed so that an
OAM mode high up to 150 orders can be determined with a single-shot
measurement. Finally, a spin-decoupled metasurface combining the
propagation and geometric phase is constructed, which allows simultaneous
discrimination of SAM and OAM. Our proposed method may be promising for
a wide range of applications in AM measurements and polarization singularity
detection.
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1 Introduction

In the field of optics, vortex beam can carry both spin angular momentum (SAM) parallel
to the wave vector direction and orbital angular momentum (OAM) associated with free
space, SAM is related to the circular polarization state of light, and each photon carries a
SAM of ± h/2π, where h is Planck’s constant and ± signs indicate the direction of rotation of
light. The OAM is related to the spiral phase exp (ilφ), where φ is the azimuthal angle, and l is
the topological charge. The spatial orthogonality between different OAMmodes ensures that
each mode can be encoded and transmitted as an independent information channel, and
thus can play an essential role in various fields such as high-capacity optical communication
[1–4] and high-dimensional quantum information systems [5–7]. Therefore, SAM and
OAM detection [8–10] is of great research importance.
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There are many different methods for vortex beam detection
[11–19], but most of them require complex optical setups and
bulky devices, which are contrary to the development trend of
device miniaturization and system integration [20–24]. Most
importantly, multiple repeated projection measurements were
inefficient for the detection of various possible OAM modes,
especially for high-order OAMs [25]. Therefore, SAM and OAM
mode identification still face significant challenges. With the
development of nanofabrication techniques, compact schemes
utilizing on-chip plasmonic nanostructures, metasurfaces, and
liquid crystals [9, 10] have been proposed in sequence to achieve
the identification of both SAM and OAM. Based on plasmonic
devices, alignment-free near-field OAM detection has been
demonstrated, but restricted by complex optical systems for
surface plasmon polariton (SPP) beam observation [17]. Although
recent efforts have been made to achieve far-field detection, there
remain challenges in limited detectable OAM modes and low energy
efficiency [21, 22] Additionally, they suffer from the limitations of
narrow operating bandwidth and strict focusing conditions or
wavevector-matching condition. Metasurface devices, on the other
hand, have emerged as a versatile wavefront shaping platform
[26–36], which is an artificial optical surface composed of a
subwavelength scale two-dimensional array. Metasurface has the
advantages of being ultra-light, ultra-thin, and highly integrated,
which provides novel modulation of amplitude [37, 38], phase [39,
40], polarization [41, 42], and OAM [43] of the optical field.
Therefore, it provides an opportunity to solve the above problems.
However, existing metasurfaces typically detect no more than ten
OAM modes. In addition, optical transformation systems have been
investigated for converting different OAMs to separate different

intensity modes in the horizontal plane. However, optical
transformation usually requires two or more optical elements
separated by a specific distance and precisely aligned. Recently,
excellent progresses have been made in mitigating mode overlap
by helical transformation [44] and in reducing the number of optical
elements used by single-angle lenses [45]. However, the above optical
transformations rely mainly on bulky refractive elements or large
diffractive elements, which cannot distinguish between SAM and
OAM at the same time. Recently, metasurface devices have been
proposed for detecting both SAM and OAM, and the superimposed
OAM modes can be sorted in certain interval steps [46, 47].

In this paper, inspired by the optical symmetry
transformation based wide-angle imaging and OAM sorting
proposed by our group before [42, 46, 48], an optical
symmetry transformation method for OAM mode
recognition is proposed through detailed mathematical
derivation and theoretical analysis. OAM beams with
different modes are converted to focus points with different
horizontal displacements in the focal plane. Different modes of
OAM beams correspond to different horizontal coordinate so
that a single measurement can achieve OAM mode
discrimination. Numerical simulation shows that a single
OAM mode up to ±150 orders can be detected with a single-
shot measurement. In addition, a spin-decoupled metasurface
device combining propagation phase and geometric phase was
designed to achieve simultaneous identification of SAMs and
OAMs by probing the position of the focal point in the focal
plane. The proposed metasurface device has a wide range of
applications in the measurement of full AM as well as phase and
polarization singularity detection.

FIGURE 1
Principle of optical symmetry transformation for OAM detection and the phase distribution of the metasurface (A) Translation of the different OAM
modes into transverse displacement of the focal point in the plane of focus (B) Phase distribution of themetasurface (C) Enlarged view of the local area in
(A, B).
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2 Principle of optical symmetry
transformation for OAM detection

As shown in Figure 1A, we assume that there is a wavefront coding
metasurface normally illumined by a vortex beam can produces an
OAM mode dependent transversal shift, so that we can determine the
OAM mode according to the mapping relationship between the
topology charge and transversal shift. In mathematical, the optical
symmetry transformation above can be expressed as follows:

Φ x, y( ) + lφ � Φ x − Δx, y( ) (1)
where φ = arctan (y/x), denotes the azimuthal angle of the
metasurface, l denotes the topological charge of the OAM, Φ(x, y)
denotes the phase of the metasurface, and Δx is the displacement.
After a simple mathematical variation, it is obtained that

Φ x, y( ) −Φ x − Δx, y( )
Δx � −lφ

Δx
(2)

when Δx tends to be infinitely small, we can approximate the
difference operation as a differential operation as follows:

zΦ x, y( )
zx

� −lφ
Δx

(3)

Since the displacement Δx is related to the topological charge of
the OAM, we assume that

b � −l
Δx

(4)

Then Eq. 3 can be expressed as follows:

zΦ x, y( )
zx

� bφ � barctan
y

x
( ) (5)

By integrating Eq. 5, we obtain the phase distribution of the
metasurface as

Φ x, y( ) � b x arctan
y

x
( ) + y

2
ln x2 + y2( )[ ] (6)

where b is the phase coefficient, and for an OAM beam with
topological charge l, the phase accumulated after passing through
the metasurface can be expressed as

Φ x, y( ) + lφ � b x + l

b
( )arctan y

x + l

b

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝ ⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠ + y

2
ln x + l

b
( )2

+ y2[ ]
⎧⎪⎪⎪⎨⎪⎪⎪⎩

⎫⎪⎪⎪⎬⎪⎪⎪⎭
− yl2

2b
� Φ x′, y′( ) − yl2

2b
(7)

FIGURE 2
Schematic diagram of metasurface unit cell and polarization conversion ratio (PCR), as well as numerical simulation results of vortex beams incident
on metasurfaces with different inner and outer radii (A) Schematic diagram of metasurface unit cell (B) Polarization conversion ration of the unit cell
around a wavelength of 550 nm–850 nm (C–I) Focusing results of the vortex beamwith l = 15 after passing through themetasurface with different inner
radii (J) Compared with (F), the focusing result of the vortex light through the metasurface after equal amplification of the inner and outer radii.
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where x denotes the new horizontal coordinate. If we ignore the last
terms on the right-hand side of the equation that are not related to
the horizontal coordinates, we find that the OAM has only mode-
related displacements after passing through the metasurface, where
the displacements are

xl � − l
b

(8)

Consequently, the rotational symmetry of the OAM beam
could be transformed into the translational symmetry of the
focused spots, as shown in Figure 1A. The phase distribution of
the metasurface implementing the optical symmetry change
function is illustrated in Figure 1B, C shows a partial
enlargement of Figure 1A, B. Once the horizontal coordinates
of the focusing pattern have been recorded, the OAM can be
unambiguous measured. According to Eq. 8, the relative vortices
are focused symmetrically about the y-axis. As the topological
charge increases from negative to positive, the focus point shifts
horizontally at intervals of 1/b. Intuitively, if we can record the
horizontal coordinates of the focus pattern through such a phase
distribution, the received OAM mode can be determined as

l � −bxl (9)

3 OAM detection based on geometric
metasurface

Compared with conventional refractive or diffractive optical
devices, metasurfaces can easily achieve the desired phase
distribution with higher spatial sampling resolution. In
general, the phase delay introduced by optical subwavelength
structures can be divided mainly into propagation and geometric
phases (also known as Pancharatnam-Berry phases). The
geometric phase carried by the spin reversal circular
polarization (CP) component depends only on the direction of
the spin and anisotropic unit cell of the incident CP light. It is
therefore inherent dispersionless and can operate in a broadband
range [29]. However, the diffraction efficiency of the geometric
phase is related to the polarization conversion efficiency and
depends on the wavelength, so the unit cell has to be optimized
parametrically. Here, we have designed an all-dielectric
geometric metasurface. We show a schematic diagram of a
metasurface unit cell. The desired phase is obtained by using
Computer Simulation Technology Microwave Studio (CST)
electromagnetic simulation software to optimize the period,
height, length, and width of a rectangular structure, as shown
in Figure 2A. The unit cell is designed with a substrate square

FIGURE 3
Numerical mode fruits of the vortex beam incident on the metasurface when b is 3 and 6, respectively (A) The focusing results of the vortex beams
with different topological charges passing through the metasurface at b = 3 (B) The focusing results of the vortex beams with different topological
charges passing through the metasurface at b = 6 (C) The normalized intensity distribution curves under the transverse white dashed line in (A–D) The
normalized intensity distribution curves under the transverse white dashed line in (B).
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structure of 300 nm period. The phase modulation of our
designed metasurface is achieved by using Si nanopillars
rotated at different azimuthal angles on the sapphire substrate
(Al2O3). To make the unit cell close to the ideal half-wave sheet
near 633 nm, the unit cell parameters were optimized to a
rectangular cell structure with length (L) 160 nm, width (W)
95 nm, and height (H) 400 nm, and the transmission efficiency at
633 nm was 88%, as shown in Figure 2B.

According to the Pancharatnam-Berry (P-B) phase principle,
using an anisotropic rectangular structure, the rotation angle θ of the
nanopillar has a minimal effect on the propagation efficiency, and
for the incident circularly polarized light, the phase response has a 2-
fold relationship with the azimuthal angle of rotation, i.e., Φ(x, y) =
2θ. Therefore, the rotation angle θ of the nanopillar is

θ � Φ x, y( )
2

� b

2
x arctan

y

x
( ) + y

2
ln x2 + y2( )[ ] (10)

Usually, in order not to waste computational resources and to
improve the computational speed, the electric field distribution in
the target plane is not directly calculated by the simulation software
in practical simulations. In this paper, the vector angular spectrum
(VAS) theory is used to calculate the light intensity distribution of
light diffracted into the target plane after passing through the

metasurface. We design a simulation area of 800 × 800 μm2 for
the whole mode of the metasurface, and the number of grids in the
horizontal plane is set to 2048 × 2048. For any point (x, y) in the
Cartesian coordinate system, its corresponding polar coordinates
can be expressed as:

r � x2 + y2( ) 1
2

φ � arctan
y

x
( ) (11)

An metasurface based amplitude and phase mask is utilized

E r,φ( ) � g r( ) exp b x arctan
y

x
( ) + y

2
ln x2 + y2( )[ ]{ } (12)

where,

g r( ) � 1, ri ≤ r≤ ro
g r( ) � 0, otherwise

{ (13)

When the vortex light carrying OAM mode passes normally
through the metasurface, the output electric field can be expressed as:

Eout r,φ( ) � g r( ) exp b x arctan
y

x
( ) + y

2
ln x2 + y2( )[ ] + lφ{ } (14)

FIGURE 4
LCP OAM sorting at a wavelength of 633 nm (A) Simulated focusing patterns for different OAMmodes with the topological charge increasing from
15 to 150 with a step of 15 (B) Theoretical and simulated radial coordinates of the focus peak versus the topological charge (C) OAM prediction results
based on the simulated radial coordinates in (B).
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Then, the electric field at any transverse plane behind the
metasurface is calculated by VAS:

E r⊥, z( ) � ∫ d2k⊥e
ik⊥ ·r⊥+ikzz A⊥ k⊥( ) − k⊥ · A⊥ k⊥( )

k⊥
[ ]ez{ } (15)

where:

r⊥ � xex + yey
k⊥ � kxex + kyey
A⊥ k⊥( ) � Ax k⊥( )ex + Ay k⊥( )ey
A⊥ k⊥( ) � ∫ d2r⊥e

−ik⊥ ·r⊥Eout r,φ( )[ ]/ 2π( )2

kz �
����������
k20 − k2x − k2y

√

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩
(16)

In order to obtain a better focus in the focal plane, we optimize
the radius of the metasurface. Taking the LCPOAMwith topological
charge of l = 15 as an example, numerical simulations are performed
using VAS, and the simulations are uniformly set with the same
coefficient b = 3. We can see that when the inner radius is 0 μm
(i.e., the ordinary circular phase distribution), many streaks appear
at the two arms of the focusing pattern, as shown in Figure 2C. In

Figure 2D–F, we increase the inner radius to 60 μm in turn, and we
can find that the streaks near the two arms gradually become less.
Although the streaks near the two arms gradually become less as the
inner radius is further increased, the energy gradually expands
toward the two arms of the focusing pattern and is no longer
concentrated at the position where the two arms intersect, as
shown in Figure 2G–I.

Furthermore, in Figure 2F–J, we simulated the results for b = 3 for
inner radii ri of 60 μm and 90 μm, and outer radii ro of 200 μm and
300 μm, respectively. When both the inner and outer radii are enlarged,
it is found that the focusing pattern is only scaled proportionally.
Moreover, it was found that when the inner and outer radii were scaled
equally, the focusing pattern showedmany streaks, which required finer
sampling points. Therefore, the inner radius was chosen to be 60 μm
when the outer radius was 200 μm in order to obtain a better focusing
pattern and to improve the intensity utilization.

To make the focus pattern as good as possible, we choose the
inner radius ri and outer radius ro of the metasurface to be 60 μm
and 200 μm, respectively. When the wavelength is 633 nm and b is
3 and 6, after numerical simulation, it is found that good focusing

FIGURE 5
Spin-decoupled metasurface based PMTs for simultaneous SAM and OAM sorting (A) Working principle of a spin-decoupled metasurface (B) The
phase distribution of unit cells with different L and W was obtained by scanning at 633 nm band and eight unit-cells were selected (green solid dots) (C)
Polarization Conversion Ratio (PCR) of unit cells with different L andWwas obtained by scanning at 633 nm band and eight groups were selected (green
solid dots).
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effect can be seen when the focal lengths of the metasurface are
430.12 μm and 215.06 μm, respectively. We give the focusing effects
of the OAM topological charges on the focusing surface for −6, −3, 0,
3, and 6 in Figure 3A and Figure 3B, respectively, where Figure 3A, B
correspond to 430.12 μm and 215.06 μm focal planes, respectively.
The results of the numerical simulation show that the OAMs of
different modes are focused in one plane without any relationship
with the topological charge values, and the displacement
corresponding to each OAM topological charge is fixed. The
focal point is moved from right to left when the topological
charge is shifted from negative to positive. The focal points
produced by the negative-valued topological charge OAM and
the positive-valued topological charge OAM passing through the
metasurface are symmetrically distributed about the y-axis. When b
is set to 3 and 6, respectively, and the OAM topological charges are
the same, the displacement is clearly seen to be related to b by the
intensity distribution curve under the horizontal white dashed line.

When the value of b is doubled, the displacement of the adjacent
mode OAM is halved and the focusing focal length is also halved, as
shown in Figure 3C, D. The results show that the numerical
simulations are consistent with our theoretical analyses. And the
topological charge can be predicted explicitly as

lpredict � −bxl[ ] (17)
where [.] is defined to take the closest integer value. For b of 3, when
the topological charge of the OAM pattern increases from 0 to 150,
the shape change of the focusing pattern is negligible, and only the
lateral translation along the white dashed line is observed, as shown
in Figure 4A. The simulation results shown in Figure 4B agree well
with the theoretical results, both of which show that the
displacement of the focal point increases linearly with the
increase of the topological charge. We show the predicted results
of the topological charges in Figure 4C based on the lateral
coordinates obtained in the simulation results in Figure 4B, and

FIGURE 6
SAM andOAM sorting at a wavelength of 633 nm (A) Simulated focusing patterns for different SAMs andOAMswith the topological charge changing
from −150 to +150 (B) Radial coordinates of the theoretical and simulated focal peaks under LCP incidence versus topological charge (C) Radial
coordinates of the theoretical and simulated focal peaks under RCP incidence versus topological charge.
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it is found to match well with the topological charge of the vortex
received at the focal plane.

4 Simultaneous detection of SAM and
OAM based on spin-decoupled
metasurface

Light waves carry not only OAMs but also SAMs at the same
time. Due to the inherent orthogonality of light waves, SAMs and
OAMs have been used to extend the dimensionality of quantum
information, optical communication, and signal processing,
where explicit identification of SAMs and OAMs is one of the
essential research elements. Since the geometric phase is only
associated with a single spin, the focused state of the far-field
diffraction of the phase distribution of the original geometric
metasurface becomes divergent when the spin direction is
reversed, so that the geometric phase-based metasurface can
work under only one spin direction. Here, we designed a spin-
decoupled metasurface combining the propagation and
geometric phase, so that we can identify both SAM and OAM.
Vortex beams with different spin states are converted into
focused patterns in the horizontal and vertical axes. The SAM
of the vortex beam is determined by the axis where the focused
pattern is located, and the OAM is discriminated by the
displacement of the focused pattern.

The metasurface devices are composed of Si rectangular
nanopillars with different orientations and geometries. On the
one hand, the propagation phase along the central axis of the cell
structure can be adjusted by changing the length L and width W of
the unit cell. On the other hand, arbitrary angular geometrical
phases can be achieved by controlling the local orientation of the
unit cell’s fast axis by rotating it between 0 and π. The polarization-
independent propagation phase is introduced to break the conjugate
limitation of the spin-orbit interaction, so that the polarization
multiplexing metasurface can be realized. Unlike the
multifunctional metasurface constructed by the aperture division
multiplexing method, each spin can share the entire aperture in the
spin-decoupled metasurface.

Figure 5A is a schematic diagram of the spin-decoupled
metasurface implementation for simultaneous SAM and OAM
detection, where the phase distribution of the spin-decoupled
metasurface is divided into the following two parts:

ΦLCP x, y( ) � b x arctan
y

x
( ) + y

2
ln x2 + y2( )[ ]

ΦRCP x, y( ) � b y arctan
x

y
( ) + x

2
ln y2 + x2( )[ ] (18)

After passing through the spin-decoupled metasurface, the
vortices of different spins are focused on the horizontal and
vertical axes, so the SAM can be easily classified by detecting the
axes where the focal point is located. The OAM can be identified by
determining the horizontal and vertical coordinates of the focal
point, similar to the demonstration of a geometric metasurface.

To construct the spin-decoupled metasurface, the anisotropic
phase shifts (δx and δy) and the orientation θ of the nanopillar
should have to satisfy:

δx � 1
2

ΦLCP + ΦRCP( )

δy � 1
2

ΦLCP +ΦRCP( ) + π

θ � 1
4

ΦLCP −ΦRCP( )

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
(19)

By scanning the parameters L andW of the unit cell, we selected
eight groups of unit cells with the same height H = 400 nm and
period p = 300 nm, including four basic nanopillars with different
lengths and widths and their orthogonal systems, to provide eight
phases in steps of π/4, as shown in Figure 5B. Since the latter four
unitary systems are obtained by rotating the first four by π/2, the
rotation does not affect the polarization conversion efficiency, which
reaches more than 84% at the 633 nm wavelength, as shown in
Figure 5C.

We have simulated in Figure 6A the focusing focus on the
focal plane for incident light with LCP and RCP ± 150th order
OAM modes spaced by 30 orders at b of 3. The results show that
all methods of OAM focus on the x-axis or y-axis, in agreement
with our theoretical derivation. The focusing results of LCP are
on the x-axis of the focusing plane, and the focusing results of
RCP are on the y-axis. The theoretical results calculated
according to Eq. 9 are in good agreement with the results of
the simulation, proving the effectiveness of the proposed method,
as shown in Figure 6B, C.

5 Conclusion

In summary, a general theory of optical symmetry
transformation AM detection is proposed for single-shot AM
detection within a large mode space. Both detailed theoretical
derivation and solid numerical verifications have been presented
to illustrate and verify our proposal. An ultra-compact metasurface
was designed so that an OAM mode high up to 150 orders can be
determined with a single-shot measurement. The angular
momentum can be detected as long as the vortex beam is
superimposed with the ring-shaped metasurface. For a vortex
beam that not matches the ring area, the beam expansion/
reduction can be implemented by using the lens build 4f system,
which allows it to match the ring detection area. Therefore, it can
also be applied to the detection of special OAM modes including
Laguerre–Gaussian modes. Furthermore, a spin-decoupled
metasurface allows simultaneous discrimination of SAM and
OAM has been constructed. With the merits of ultracompact
device size, simple optical configuration, and prominent vortex
recognition ability, our proposed method may be promising for a
wide range of applications in AM measurements and polarization
singularity detection.
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