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Dispersion-Enabled Symmetry Switching of Photonic 
Angular-Momentum Coupling

Jixiang Cai, Fei Zhang, Mingbo Pu,* Yan Chen, Yinghui Guo, Ting Xie, Xingdong Feng, 
Baoshan Jiang, Xiaoliang Ma, Xiong Li, Honglin Yu, and Xiangang Luo*

Photonic spin-orbit interactions describe the interactions between spin 
angular momentum and orbital angular momentum of photons, which play 
essential roles in subwavelength optics. However, the influence of frequency 
dispersion on photonic angular-momentum coupling is rarely studied. 
Here, by elaborately designing the contribution of the geometric phase and 
waveguide propagation phase, the dispersion-enabled symmetry switching 
of photonic angular-momentum coupling is experimentally demonstrated. 
This notion may induce many exotic phenomena and be found in enormous 
applications, such as the spin-Hall effect, optical calculation, and wavelength 
division multiplexing systems. As a proof-of-concept demonstration, two 
metadevices, a multi-channel vectorial vortex beam generator and a phase-
only hologram, are applied to experimentally display optical double convolu-
tion, which may offer additional degrees of freedom to accelerate computing 
and a miniaturization configuration for optical convolution without collima-
tion operation. These results may provide a new opportunity for complex 
vector optical field manipulation and calculation, optical information coding, 
light-matter interaction manipulation, and optical communication.
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(OAM).[2,3] The SAM possesses two values, 
±ħ per photon, associated with the hand-
edness of the circular polarization, while 
OAM has unlimited values of lħ (l is the 
topological charge) per photon, depending 
on the spatial profile of light intensity 
and phase.[4] To describe the interplay 
and mutual conversion between SAM 
and OAM, the optical spin-orbit interac-
tions (SOIs) were first proposed in 1992 
by Liberman and Zel’dovich.[5,6] Since the 
cycleaveraged linear momentum density 
(p) and angular momentum density (j) can 
be described by j = r × p (× and r indicate 
cross product and radius vector, respec-
tively),[7] it is possible to manipulate SOIs 
through changing the wavelength of inci-
dent light.

Metasurfaces, as the 2D equivalence 
of metamaterials, can flexibly manipu-
late the properties of electromagnetic 
waves through the collective contribu-
tions of subwavelength particle arrays 

with different orientations, dimensions, and materials.[8–10] It 
is worth noting that metasurfaces can provide a natural plat-
form for enhancing SOIs, including symmetric and asym-
metric SOIs.[11,12] For symmetric SOIs, commonly showing 
spin symmetry, could produce the geometric phase (GP) of ±ζα  
(ζ is related to lattice and rotational symmetries of meta-atoms, 
and α is the orientation angle) through the coupling of the 
SAM and coordinate frame rotation.[13,14] The symmetric SOIs 
have yielded various applications, such as broadband spin-Hall 

ReseaRch aRticle
 

1. Introduction

Light carries both linear and angular momenta at the macro-
scopic and single-photon scales. Therefore, the interaction 
between light and matter inevitably involves a momentum 
exchange.[1,2] Specifically, the linear momentum of a photon 
can be expressed as ħ/λ (λ is the wavelength), and the angular 
momentum includes two different components, i.e., spin 
angular momentum (SAM) and orbital angular momentum 
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effect,[15] ultrafast optical pulse shaping,[16] among many 
others.[17–19] Especially, catenary-shaped continuous structures 
developed from catenary optics can broaden the bandwidth and 
angular range of SOIs,[17] resulting in many high-performance 
functional devices like flat wide-angle imaging with ~180° dif-
fraction-limited field of view.[17,20] Recently, asymmetric SOIs 
have shown excellent capabilities in the independent manipula-
tion of left-handed and right-handed circularly polarized (LCP 
and RCP) light by combining the GP and the waveguide propa-
gation phase (WPP). This provides an unprecedented oppor-
tunity for vector optical field manipulation,[21,22] asymmetric 
transmission,[11,23] photonic angular momentum generation and 
detection,[24,25] and holography.[26,27] The switching of photonic 
angular-momentum coupling has attracted significant atten-
tion due to its compactness, flexibility, and versatility, which has 
been implemented by phase-change material for optical infor-
mation storage and encryption.[24] Nevertheless, the influence 
of frequency dispersion on photonic angular-momentum cou-
pling suffers through insufficient investigation in research.

In this work, the concept of dispersion-enabled sym-
metry switching of photonic angular-momentum coupling is 
proposed. To verify this concept, the spin- and wavelength-
dependent double convolution is experimentally demon-
strated with metasurfaces. Such a double convolution method 
can exactly superimpose the vortex beams between different 
channels by controlling the spin states and wavelengths of 
the incident light, and could promote the miniaturization of 
the optical system without additional devices and overcome 
difficulties in collimation. Moreover, another meta-hologram 
device is designed and fabricated to further verify the double 
convolution scheme. We believe that this approach possesses 
great potential for wave processors, wavelength division mul-
tiplexing systems, and vector optical field manipulation and 
calculation.

2. Concept and Metasurface Design

Figure 1 is the conceptual illustration of the dispersion-enabled 
symmetry switching of photonic angular-momentum coupling 
for multi-channel OAM beams. The symmetric and asymmetric 
SOIs are switched by the wavelengths of the incident light, 
which causes different electromagnetic responses for diverse 
spin states of light. For symmetric SOIs, three-channel OAM 
beams with lm (l1 = −2, l2 = 1, l3 = 0) and corresponding phase 
distribution of Φλ1 are obtained for RCP incidence at 10.6 µm 
wavelength, while its centrosymmetric image with -lm emerges 
for LCP incidence. Benefiting from asymmetric SOIs, another 
different three-channel OAM beams with ln (l4 = 0, l5 = 0, l6 = 1)  
and phase distribution of Φλ2 can be observed under LCP inci-
dence at 9.3  µm wavelength. Eventually, nine-channel OAM 
beams are produced for RCP illumination based on a convolu-
tion process i i i[exp( )] [exp( )] [exp( )]1 1 2F F FΦ ⊗ Φ ⊗ Φλ λ λ , where 
F   denotes the Fourier transform and ⊗ indicates the convo-
lution operator. Note that this process (named double convolu-
tion) includes two steps, the first and second convolution, in 
which corresponding convolution kernels are i[exp( )]1F Φλ  and 

i[exp( )]2F Φλ , respectively. Practically, it can be regarded as the 
exact superpositions of topological charge and intensity of each 
OAM beam of convolution kernels, which is controlled by its 
wave vector k along the x- and y-direction. Besides, the channel 
number of OAM beams will expand from 3 to 9, and the infor-
mation is encoded in these channels.

In conventional optical systems, the implementation of 
optical convolution commonly relies on the 4f-system or two 
orthogonal gratings based on the Talbot effect.[28–30] However, 
the substantial limitations of cumbersome volume and dif-
ficulties in collimation for two lenses/gratings hinder its fur-
ther applications in integrated optical or photo-electric systems. 
These restrictions likewise exist in the metasurface-based 
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Figure 1. Schematic illustration of the dispersion-enabled symmetry switching of photonic angular-momentum coupling for double convolution with 
a multi-channel OAM generator. a) Optical performances of the multi-channel OAM generator illuminated by LCP and RCP light at the wavelength of 
9.3 µm (bottom) and 10.6 µm (top), respectively. b) Process of double convolution for the two phase distributions (Φλ1 and Φλ2), in which i[exp( )]1F Φλ  
and i[exp( )]2F Φλ  are the convolution kernels for the first and second convolution, respectively. The LCP-RCP represents that the incident LCP light is 
converted to the reflected RCP light, and the RCP-LCP has a similar definition.
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optical convolution systems.[31–35] Moreover, the spin- and wave-
length-dependent convolution is hard to be implemented due 
to the constraints, such as principle restrictions and intrinsic 
characteristics. Therefore, this double convolution process may 
provide extra degrees of freedom to accelerate computing and 
further stimulate the development and utilization of parallel-
ized wave processors and wavelength division multiplexing 
systems.[36,37]

To reveal the physical mechanism in Figure  1, it is neces-
sary to analyze the optical properties of a single anisotropic ele-
ment. Each anisotropic metal-insulator-metal (MIM) element 
is considered as a local wave plate, which maximally converts 
incident circularly polarized (CP) light into reflected light with 
the opposite helicity. For simplicity, we assume a lossless ani-
sotropic element that introduces phase shifts of β±δ/2, repre-
senting the WPP along its major and minor axes, respectively. 
δ is the WPP difference between the two axes, and it affects 
the polarization conversion efficiency.[11] β represents the WPP 
difference among different elements. The Jones matrix of this 
element can be described as diag[exp(iβ+iδ/2), exp(iβ-iδ/2)]. By 
performing a rotation of the element’s orientation angle α with 
respect to the x-direction, the reflection Jones matrix M in the 
helicity basis has the explicit form:[39]

i
i i

i i
MM exp( )

cos
2

sin
2

exp( 2 )

sin
2

exp( 2 ) cos
2

β

δ δ α

δ α δ=
−



















 (1)

In this case, when the arbitrarily polarized beam Ei normally 
impinges on the metasurface from the +z-direction, the electric 
field of reflected beams Er can be written as:

i i

R i i L L i i R

r i i

i i

MME E cos
2

exp( )E sin
2

E | exp( 2 )| E | exp( 2 )|

δ β δ

α β α β

= = − ×

− + + + 
 (2)

where |L〉 = (0 1)T and |R〉 = (1 0)T represent LCP and RCP com-
ponents, respectively. From the second term of Equation  (2),  
the cross-polarized reflection component carries not only 
the spin-dependent and dispersion-free GP of ±2α, but also 
the spin-independent and dispersion-controlled WPP of β. 
Note that such an additional WPP can provide an opportu-
nity for breaking the SOI symmetry and revealing dispersion-
dependent features. Therefore, when the WPP only responds 
to one wavelength channel but vanishes at another wavelength, 
it is possible to realize dispersion-enabled symmetry switching 
of photonic angular-momentum coupling. Thus, the reflected 
optical fields Er1 and Er2 corresponding to symmetric and asym-
metric SOIs for two different wavelengths can be expressed as:

R i L L i Rr i iE E | exp( 2 )| E | exp( 2 )|1 α α= − +  (3)

R i i L L i i Rr i iE E | exp( 2 )| E | exp( 2 )|2 α β α β= − + + +  (4)

Here, we set Φλ1 = −2α (only related to the GP). By adjusting 
the local orientation of elements, Φλ1 can cover the full 2π 
range and eventually constitute symmetric SOIs. Furthermore, 

by simultaneously changing the dimensions and orientations of  
various elements, asymmetric SOIs can be achieved through the 
collaboration of the GP and WPP, i.e., setting Φλ2 = 2α + β.[18,25]

The optical Fourier transform is adopted to observe the pat-
terns in momentum space.[40,41] Here, the Fourier transform of 
optical fields Er2 of the first term in Equation (4) can be written 
as:

i i i i
i i i

[exp( 2 )] [exp( 2 )]
{ [exp( )] [exp( )] [exp( )]}

1 2

1 1 2

F F
F F F

α β− + = Φ + Φ ≈
Φ ⊗ Φ ⊗ Φ

λ λ

λ λ λ
 (5)

Obviously, the specific convolution in Equation (5), 
named double convolution, involves the first convolution 
of i[exp( )]1F Φλ  and itself, and the second convolution with 

i[exp( )]2F Φλ , in which the convolution kernels of double convo-
lution are i[exp( )]1F Φλ  and i[exp( )]2F Φλ , respectively. Theoret-
ical investigations elucidate that this configuration can achieve 
spin- and wavelength-dependent convolution, assuming that we 
generate arbitrary phase distributions of Φλ1 and Φλ2 at two dif-
ferent wavelengths.

To satisfy the abovementioned phase design conditions and 
maintain high cross-polarization conversion efficiency, we 
employ six MIM antennas presented in Table S1 (Supporting 
Information) to construct plasmonic reflection-type meta-
surfaces. The schematic illustration of one element is depicted 
in Figure 2a. Simulation results of the optimized six elements 
at 9.3 and 10.6 µm wavelengths are shown in Figure 2b,c. The 
cross-polarized amplitudes in Figure 2b exceed ~0.81 and ~0.85 
on average at 9.3 and 10.6  µm wavelengths, respectively. As 
illustrated in Figure  2c, through dispersion control enabled 
by abundant structural parameters and catenary optical fields 
between two nanofins,[41] the WPP of the designed six elements 
can cover the full 2π range with π/3 phase interval at 9.3  µm 
wavelength. Meanwhile, it is almost unchanged at 10.6  µm 
wavelength. Therefore, the symmetric and asymmetric SOIs 
can be switched at two different wavelengths.[38] Furthermore, 
the GP is always twice the orientation angle of each element, 
which can be used to selectively decode predesigned coded 
information with the assistance of a polarization filter.

3. Characterization of Metadevices

To verify the double convolution in momentum space pre-
sented in Figure 1, the ultrathin multi-channel vortex generator 
is designed. Its complex electric field can be considered as the 
linear superimposition of the individual complex field of the 
OAM beam with different phase shifts, whose phase distribu-
tions can be described as follows:[42]

x y

arg a x y i k x k y l x y
m n

m n m n x m n y m n

,

, exp [ , ]

1; 2

;
( ; ) ( ; ) ( ; ) ( ; )∑ ϕ{ }

( )

( ) ( )

Φ =

− + −








λ λ

 (6)

where m and n can be recognized as theoretically arbitrary 
integers for Φλ1 and Φλ2 to obtain multi-channel OAM beams, 
respectively. Here, we set m = 1, 2, 3 and n = 4, 5, 6. a(m;n)(x, y)  
represents the amplitude component of individual OAM 

Adv. Funct. Mater. 2023, 2212147
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light, which determines its light intensity in the output plane.  
k(m;n)x  = ksin(θ(m;n)x) and k(m;n)y  = ksin(θ(m;n)y) are components 
of wave vector (k = 2π/λ, λ is equal to λ1 and λ2, respectively) 
along the x- and y-directions, respectively, in which θ(m;n)x and 
θ(m;n)y indicate the diffraction angles. ϕ(x, y) = tan−1(y/x) means 
azimuth angle. The additional random phase is utilized to 
decrease the mutual interference between adjacent channels.

A metadevice for generating the multi-channel vectorial 
vortex beam is designed based on the relations of Φ-α, and the 
corresponding scanning electron microscopy (SEM) images 
are sketched in Figure 3a. Figure 3b–e presents the theoretical 
intensity profiles in momentum space under RCP and LCP illu-
mination at the two different wavelengths. The intensity pro-
files of three-channel OAM beams with different topological 
charges of lm (l1 = −2, l2 = 1, l3 = 0) corresponding to the phase 
distribution of Φλ1 are generated under the RCP incidence at 
10.6  µm wavelength as shown in Figure  3b. Due to the sym-
metric SOIs, one centrosymmetric pattern with topological 
charges of −lm for LCP incidence is observed, as shown in 
Figure 3c. For asymmetric SOIs at 9.3 µm wavelength, another 
three-channel OAM beams with topological charges of ln (l4 = 0, 
l5 = 0, l6 = 1) and phase distribution Φλ2 are obtained for LCP 
illumination in Figure 3d. The final information is encoded in 
the nine-channel OAM vector optical beam based on double 
convolution, in which such complex OAM vector optical beams 
with positive and negative topological charges compose “T” and 
tilt “K” in Figure 3e, respectively.

In fact, the double convolution process can be considered as 
the topological charge and intensity superposition controlled 
by wave vector (Figure S1, Supporting Information), i.e., com-
plex vector optical field manipulation and calculation. Thus, 
optical convolution can be realized via predesigning the wave 
vector along the x- and/or y-direction of each OAM beam. In 
addition, all the topological charges can be directly identified 

through dislocated interference fringes (Figure S2, Supporting 
Information), which demonstrates the correctness of topo-
logical charges superposition by double convolution. Note that 
the interference fringes with the same axial scales (from −2 
to +2  mm) are generated by the interference of a titled plane 
wave and each OAM beam, respectively, in which these pat-
terns seem in different axial scales due to the influence of the 
included angle between two beams (see Section S2, Supporting 
Information, for more details).[44] The measured intensity pro-
files in momentum space are illustrated in Figure 3f–i, which 
reveals good agreement with theoretical results in Figure 3b–e. 
The slight difference between simulation and measurement 
results can be observed in Figure  3h,i, which originates from 
the cross-polarized interference at 10.6 µm wavelength caused 
by the imperfection of fabrication and measurement errors. 
Such crosstalk may be suppressed by designing more elements 
instead of six elements in Figure 2 and increasing the size of 
the metadevice. Evidently, symmetric and asymmetric SOIs 
can be simultaneously implemented with one metasurface for 
the spin- and wavelength-dependent convolution. In principle, 
it can be employed to realize the optical convolution between 
arbitrary two multi-channel OAM beams after obtaining their 
phase distributions.

It is worth noting that the proposed scenario could also be 
utilized for phase-only holography. To demonstrate its versa-
tility and high performance, a phase-only metahologram device 
is fabricated, and its SEM images are depicted in Figure  4a. 
As two arbitrary and independent information channels, 
phase profiles Φλ1 and Φλ2 corresponding to diamond-like (in 
Figure 4b) and three points (in Figure 4d) holographic images 
are obtained by the Gerchberg–Saxton algorithm, respectively. 
Similar to conventional holograms based on symmetric SOIs 
that utilize circular polarization multiplexing to generate 
two central symmetric images in transmission or reflection 

Adv. Funct. Mater. 2023, 2212147

Figure 2. Design of the elements. a) Schematic illustration of the MIM element and its geometrical parameters are t = 0.2 µm, h = 1.1 µm, P = 5 µm. 
Simulation results of amplitudes b) and phase shifts c) of the selected six elements.
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fields,[45] two diamond-like patterns are observed under the illu-
mination of LCP and RCP at the wavelength of 10.6 µm as dis-
played in Figure 4b,c. Affected by asymmetric SOIs at 9.3 µm 
wavelength, different diffraction patterns for LCP and RCP illu-
mination are generated as shown in Figure 4d,e. Three bright 

dots in Figure  4d can be recognized as a convolution kernel 
for double convolution that exactly fixes the center locations of 
each convolution image. As a result, an image including three 
diamonds is encoded in Figure 4e by the proposed double con-
volution method.

Adv. Funct. Mater. 2023, 2212147

Figure 3. Demonstrations of multi-channel OAM beams double convolution. a) SEM images of the fabricated multi-channel OAM generator. The 
theoretical b–e) and measured f–i) intensity profiles under LCP and RCP incidence at the wavelengths of 9.3 and 10.6 µm. The constant background 
noise produced by thermal radiation has been removed.

Figure 4. Demonstrations of double convolution holography. a) SEM images of the metahologram sample. b–e) Measured diffraction patterns gener-
ated by the designed metahologram under LCP and RCP illumination at the wavelengths of 9.3 and 10.6 µm. The constant background noise produced 
by thermal radiation has been removed.
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Furthermore, a holographic metadevice based on the point 
source algorithm is also experimentally demonstrated (Figure S3,  
Supporting Information). Different from the Gerchberg–Saxton 
algorithm, the point source algorithm can generate two non-
centrosymmetric patterns under LCP and RCP incidence, even 
if the pure GP is adopted at the wavelength of 10.6  µm. The 
key is to synthesize a focused pattern and a conjugate diver-
gent pattern (see Supporting Information, Section S3, for more 
details). Moreover, in order to quantify efficiency, a deflector is 
designed to diffract the incident LCP/RCP light to the +1st/−1st 
(+1st/+3rd) order with the diffraction efficiency of ~75%/~75% 
(~53.6%/63.7%) at 10.6 (9.3) µm wavelength, showing the high 
performance of double convolution as presented in Figure S4 
(Supporting Information).

4. Conclusion

In summary, we present the concept of dispersion-enabled 
symmetry switching of photonic angular-momentum coupling. 
The phenomenon of double convolution, realizing spin- and 
wavelength-dependent optical convolution, is found between 
symmetric and asymmetric photonic spin-orbit interactions. 
Two double convolution metadevices are designed, fabricated, 
and demonstrated experimentally, which validate that different 
holographic images can be switched by changing the spin 
states and wavelengths of the incident light. It has been veri-
fied that such a scheme can transfer a simple light field into a 
complex vector light field via the vectorial optical calculation of 
periodic coherent superposition, resulting in the enhancement 
of information complexity and security. We believe that it may 
find extensive applications in wavelength division multiplexing 
systems, vector optical field manipulation and calculation, 
information coding, and so forth.

5. Experimental Section
Simulation: Numerical simulations were employed by the finite 

element method (FEM) in a commercial software package CST 
Microwave Studio to calculate cross-polarized reflectance and 
phase. The unit-cell boundary conditions were used along the x- and 
y-directions. For the z-direction, the open boundary conditions were 
employed. The material parameters of Au and a-Si were obtained from 
Palik’s Handbook.[46]

Fabrication: The schematic diagram of the fabrication process 
is illustrated in Figure S5 (Supporting Information). First, a 5  nm 
thick Chromium (Cr) layer, a 300  nm thick gold (Au), a 1.1  µm thick 
amorphous Silicon(a-Si), and a 200  nm thick Au were sequentially 
deposited on the clean silicon (Si) wafer through magnetron sputtering. 
Then, a 500 nm thick positive photoresist (Pr) AZ1500 was spin-coated 
(2200  rpm) onto the film and baked at 100  °C for 10  min. Next, the 
elements were patterned by direct writing lithography to create an 
appropriate photoresist mask, and then it was transferred to the top Au 
layer by the ion beam etching (IBE). Finally, inductively coupled plasma 
(ICP) etching was utilized to etch the a-Si layer and remove the extra 
Pr. The metadevices for double convolution holography were generated, 
and their morphologic analysis was described by SEM.

Measurement: Figure S6 (Supporting Information) displays the 
schematic diagram of the measurement setup. The CO2 laser was utilized 
as the light source. After passing through an adjustable attenuator, the 
optical beam was successively sent through a beam expander, a linear 

polarizer, and a quarter waveplate, followed by an adjustable aperture, 
and then illuminated on the sample from the top of the metadevices. 
In addition, the beam splitter was used in front of samples to guide 
the diffraction patterns to the infrared detector (CUBE817, Guide-
Infrared Inc., 800 × 600 pixels), whose pixel size is 17 µm × 17 µm. The 
Fourier lens was inserted into the setup to realize Fourier transform for 
measuring holographic images in momentum space.

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