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Superposition of orbital angular momentum (OAM) states has attracted considerable 

attention due to its application in diverse scientific areas, such as high-capacity optical 

communication, kinematic sensing, spin object detection, quantum memory, and 

generation of rotational states in Bose-Einstein condensation. For practical applications 

of OAM states, a simple approach to generate OAM beams and manipulate OAM 

superpositions in multiple channels at will is highly desirable. Here, we propose and 

experimentally demonstrate a facile metasurface approach to realize polarization-

controllable multichannel superpositions of OAM states at will. Multiple OAM beams 

in separate channels are generated by a single metasurface for an incident Gaussian 

beam with circular polarization. By manipulating the polarization state of the incident 
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light, arbitrary control of the superpositions of various OAM states in multiple channels 

is realized. This approach provides a fast and efficient way for the manipulation of 

OAM superposition and significantly simplifies the experiment setup, which is of great 

importance for the current efforts in the fields of quantum entanglement, metrology, 

and optical data storage. 

1. Introduction 

Light can carry spin angular momentum (SAM) and orbital angular momentum 

(OAM), which are manifested as circular polarization and azimuthal phase structure of 

light beam, respectively. Light possessing OAM (namely optical vortex) has a helical 

phase structure described by exp( )i  , where  is the azimuthal angle, is the 

topological charge of optical vortex corresponding to an orbital angular momentum of 

 per photon[1]. Recently, the OAM of light has attracted considerable attention due 

to its promising applications, including high-capacity optical communications[2], 

optical tweezers[3], quantum memories[4], orbital angular momentum microlaser[5], and 

metrology[6]. Specially, a superposition of OAM states is of importance in classical 

physics and quantum sciences[7]. For instance, equal-weighted linear combination of 

OAM modes ( | | 1 ) with opposite signs gives rise to a vector beam that has radially 

distributed polarization in the plane transverse to the beam propagation direction. This 

kind of beam has been applied in improved focusing[8] and high-speed kinematic 

sensing[9]. Superposition of high-order OAM modes can be used for ultra-sensitive 

angular measurement and spin object detection[6]. Multi-OAM-state can also be used to 

generate arbitrary superposition of atomic rotational states in a Bose-Einstein 
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condensate (BEC)[10]. In addition, OAM entangled light beams are prime candidates for 

fundamental characterizations of quantum entanglements[11], especially the spin-orbit 

hybrid entanglement[12].   

Despite the diverse applications of OAM ranging from metrology to quantum 

entanglements, there are fundamental or technical challenges for current techniques to 

efficiently generate and manipulate multi-OAM-state of light. It is possible to generate 

optical OAM beams using cylindrical lenses, spiral phase plates, and holograms. 

However, all these devices are polarization independent, which cannot be adopted in 

the promising quantum photonic applications related to the spin-to-OAM conversion. 

Recently, q-plates, which are made of liquid crystal, have been developed and 

employed in many research fields such as transformation of quantum information[13], 

and polarization-controlled OAM beam generation[7, 14]. Nevertheless, q-plates are not 

only susceptible to chemical degradation and sensitive to temperature, but also suffer 

from poor spatial resolution and complicated operation. To realize various 

superpositions of OAM states, the interferometer[4, 7, 15] consisting of OAM generator, 

beam-splitters and mirrors, are usually employed in quantum experiments. However, 

such an approach significantly increases the complexity and volume of experimental 

systems. In addition, the aberrations introduced by this scheme and the misalignment 

of the optical elements greatly decrease the system performance. Consequently, a 

simple, efficient, and compact approach to achieve multichannel, artificially controlled 

generation and superposition of OAM states at higher resolution is desirable in the 

broad range of applications mentioned above.  
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Metasurfaces, the two-dimensional analog of conventional metamaterials, have 

drawn considerable attention in the scientific community due to their exotic 

electromagnetic properties and potential breakthroughs for light manipulation[16]. 

Metasurface has been widely adopted in many applications such as lensing[17], spin-hall 

effect[18], hologram[16], and invisibility[19]. Although metasurface based OAM 

generators[16, 20] have been experimentally demonstrated, continuously polarization-

controlled OAM superpositions in multiple channels with a single metasurface have not 

been explored so far.  In this paper, we propose and experimentally demonstrate an 

efficient approach to generate multiple OAM states and arbitrarily control their 

superpositions. OAM states with different topological charges are realized in four 

separate channels using a single plasmonic metasurface consisting of space-variant 

arrays of gold nanoantennas without any additional optical elements. By simply 

controlling the polarization state of the incident light, this approach is capable of 

artificially and continuously manipulating various OAM superpositions in multiple 

channels. The combination of multichannel OAM generation, polarization-controlled 

OAM superposition, subwavelength resolution, broad spectral band, and compactness 

renders this technology very attractive for diverse applications in both classical physics 

and quantum sciences.  

2. Method for multichannel polarization-controlled superpositions of OAM 

modes 

Figure 1a presents a schematic illustration of a single pixel of a plasmonic reflective-

type metasurface[17, 21]. The plasmonic metasurface is composed of three layers, i.e., a 
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gold ground layer, a silicon dioxide (SiO2) spacer layer, and a top layer of gold nanorods. 

All the nanorods have same geometry but different orientation angles . When a right-

handed circularly polarized (RCP) light beam shines on this metasurface, part of the 

reflected light maintains the same circular polarization and acquires an abrupt phase 

change 2  (known as Pancharatnam-Berry phase). Thus, metasurfaces provide an 

efficient way to modify the phase of light in a space-variant manner. For the case of 

left-handed circularly polarized (LCP) incident light, the sign of the abrupt phase 

change is reversed ( 2 ) [16, 21]. To generate off-axis multiple OAM states, the phase 

distribution is described as[22] 

 , ,

1

( , ) arg( exp( ( )))
N

j j j x j y

j

x y E i   


      (1) 

where N is the total number of OAM states, jE is the amplitude component of OAM 

state j ,   is the azimuthal angle. ,j x and ,j y are respectively phase differences 

between neighboring pixels to generate phase gradients along x and y directions, which 

introduce the off-axis deflection for the OAM mode of interest[16, 23]. It is noted that the 

phase profile ( , )x y is not dependent on the wavelength, indicating that it can operate 

in the broadband.  

The fabricated metasurfaces are subsequently employed for off-axis multi-OAM 

generation upon the illumination of the RCP incident light. One of the designed 

metasurfaces is schematically shown in Figure 1b, where four OAM beams with 

different topological charges ranging from 1 to 4  are generated when a RCP 

Gaussian beam impinges on it. To realize polarization-controlled superposition of 



 Submitted to  

6 

 

OAM states, one can design a phase profile that, upon the illumination of RCP light, 

can simultaneously generate a pair of off-axis OAM beams of basis 1 and 2

centrosymmetric with respect to the normal axis, as illustrated by Figure 1c. By 

switching the helicity of incident light from RCP to LCP, the propagating directions of 

two generated OAM beams are swapped with respect to the axis of incident light. 

Meanwhile, the signs of two topological charges are flipped, since the sign of the abrupt 

phase change introduced by the metasurface is dependent on the helicity of circular 

polarization[16] (see Figure 1c (ii)). An arbitrary polarized light beam can be 

decomposed into the superposition of two circularly polarized beams with opposite 

helicity (see Figure 1c (iii)), which can be described as 

 
i iA e R B e L        (2) 

where A and B denote the amplitude coefficients of RCP and LCP light, represents 

the relative phase difference between the two orthogonal polarization states. Two kinds 

of superpositions of two OAM eigenstates with different circular polarizations are 

realized in two channels, which are  2 1( , , )i iA e R B e L     and 

1 2( , , )i iA e R B e L      (see Figure 1c (iii) and (iv)). From the description 

of resultant beam, one can see that the superpositions of eigenstates in two channels are 

exactly dependent on the polarization state of incident light. Consequently, 

multichannel, arbitrary superposition of OAM states can be realized using a single 

reflective-type metasurface with the predesigned phase distribution.  
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To elucidate the mechanism of OAM superposition, the concept of Higher-order 

Poincaré sphere is introduced[24]. In analogy to the well-known Poincaré sphere for 

polarization state description, the Higher-order Poincaré sphere provides a framework 

for describing the total optical angular momentum including both the spin and orbital 

angular momentum. The two poles of the sphere represent the two eigenstates with 

different spin and angular momentum 1,R and 2,L corresponding to two 

Laguerre-Gauss (LG) transverse modes with opposite circular polarization states, 

respectively. It should be mentioned that both the values and signs of OAM eigenstates

1 and 2 can be different[25]. The superposition of LG modes with orthogonal circular 

polarization states can produce Poincaré beams, which have a spatial mode that 

correlates transverse spatial coordinates with states of polarization[26]. The detailed 

information is provided in the Supplementary section 1. Figure 1c (iv) shows the 

transformation between the easily manipulated polarization states represented on the 

fundamental Poincaré sphere and the higher-order states including both spin and 

angular momentum as depicted by Higher-order Poincaré sphere with circularly 

polarized OAM eigenstates 1 and 2 , by means of a metasurface. The generation of 

required OAM eigenstates and their superposition process occur on the same 

metasurface by controlling the polarization state of the incident light.   

3. Experimental results 

To verify our proposed approach, we design and fabricate two samples for generating 

multiple OAM states and manipulating the superpositions of different OAM states in 

multiple channels. The fabrication process and experiment setup are given in Methods. 
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Figure 2 shows the first metasurface (META1) that generates the superposition of 

OAM states with topological charges of same absolute values but opposite signs in four 

output channels. Under the illumination of RCP light, two pairs of off-axis OAM beams 

are generated, i.e., , iR  (denoted by black dots along the horizontal direction) and 

, jR  (yellow dots along the vertical direction), respectively (see Figure 2a (i)). 

Here ,i j are the topological charges. By changing the helicity of the incident light 

from RCP to LCP, the signs of all the topological charges of output OAM states are 

flipped (see Figure 2a (ii)), and the positions of the beams are changed to the 

corresponding centrosymmetric positions with respect to the center, accordingly. A 

linearly polarized (LP) incident light can be decomposed into two equal-weighted RCP 

and LCP components with a phase difference, the states of the output beams generated 

by the metasurface are , ,i i

i ie R e L    and , ,i i

j je R e L   , 

respectively. Specifically, two superpositions, i.e., OAM states with 1 and 1  , 

and OAM states with 3 and 3  , are generated. The scanning electron microscope 

(SEM) image of META1 is shown in Figure 2b. META1 is first characterized using 

LP light, whose polarization angles are set as 0 and / 4 (denoted by the red arrows), 

respectively. We measure the diffracted beams by recording the intensity profiles at the 

wavelength of 650 nm. For the case of LP incident light, a superposition of OAM modes 

with equal weight and opposite topological charges is easily realized. Moreover, the 

two OAM modes have opposite circular polarization. The superimposed mode can be 

diagnosed by passing through a linear polarizer forming an angle  with respect to the 

horizontal axis (x axis) and the Jones matrix of the polarizer has the form 
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The transmitted intensity profile can be expressed by 

  21 co
1

s
2

           (4) 

The transmitted intensity finds its minima at the azimuth angle
 2 1

2
n

n  






  

and has 2  lobes, where 1,2,...2n  . A good agreement between the simulated and 

measured results is achieved (Figure 2b). It should be noted that the combination of 

, 1R  and , 1L   with equal power can generate a radially polarized vector 

beam, which has been found in many applications due to its unique properties[7, 8, 27]. 

Since each OAM beam has a space-dependent profile of phase and amplitude in the 

plane perpendicular to its propagation direction, a coaxial superposition of two vortex 

beams with certain topological charges and orthogonal circular polarizations can 

generate a beam with a space-dependent polarization profile. The linear polarizer 

placed in a specific channel allows the two beams to interfere, producing an 

interferogram that determines the number of the lobes. Detailed explanation is given in 

the supplementary Section 5.  

To characterize the functionality of polarization-controlled OAM superposition, the 

intensity profiles of output beams from META1 are measured at different polarization 

states of the incident light. A setup consisting of a Glan polarizer (GP), a half-wave 

plate (HP), and a quarter-wave plate (QP) is used to generate the required polarization 

states. Initially, five polarization states of the incident light, including right-handed 
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circular polarization, right-handed elliptical polarization, horizontal linear polarization, 

left-handed elliptical polarization, and left-handed circular polarization are chosen. The 

polarization states are geometrically represented by the points located along a meridian 

trajectory on the Poincaré sphere shown in Figure 3a. Figure 3a also shows the 

simulated and measured intensity profiles of diffracted beams at the wavelength of 650 

nm with horizontal linear polarizer in front of the CCD camera. To further characterize 

the capability of arbitrary controlled superposition, another five polarization states 

located along the second meridian trajectory on the Poincaré sphere shown in Figure 

3b are chosen, where the two circular eigenstates have a phase difference of / 2  . 

Unsurprisingly, the introduced phase difference of / 2 between the eigenstates on the 

corresponding Higher-order Poincaré spheres results in the rotation of the intensity 

profiles, which is theoretically predicted and experimentally verified (see Figure 3b).  

To evaluate the performance of this approach, we measure the power of each channel 

and calculate the conversion efficiency. The designed metasurface is characterized at a 

wavelength range of 640 – 940 nm. The relative powers in all the channels are nearly 

the same over a broad wavelength range (640 nm-880 nm), agreeing well with the 

theoretical design. The total conversion efficiency is defined by the total power of the 

output light from the four channels divided by the power of incident light. The 

conversion efficiency of META1 at wavelength of 650 nm is 12%. The maximum 

conversion efficiency is 50% at the wavelength of 820 nm. The experimental results 

are given in the Supplementary section 2. 
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To demonstrate the versatility and high performance of this platform, a second 

metasurface (META2) that can realize different hybrid superpositions of OAM states 

in four separate channels (Figure 4) is also developed. Four OAM beams with different 

topological charges ranging from 1  to 4  in separate channels are observed for 

an incident Gaussian beam with right-handed circular polarization (see Figure 4a (ii) 

and (iii)). An OAM beam with a topological charge of  has a ‘doughnut’ intensity 

profile with a dark area in the beam centre. The radius of ‘doughnut’ , defined by the 

distance from the centre to the maximum intensity points is expressed by / 2r w  , 

where w is the beam radius[28]. By controlling the polarization of the incident beam, four 

cases of superpositions of OAM states in four separate output channels are realized. 

The four superpositions include (cos , 1 sin , 3 )i ie R e L         ,

(cos , 2 sin , 4 )i ie R e L         , (cos , 3 sin , 1 )i ie R e L         , 

and (cos , 4 sin , 2 )i ie R e L         , where  determines the ratio of the 

amplitudes of the two component OAM beams. Each OAM superposition can be 

represented by a point on a Hybrid-order Poincaré sphere[25]. A similar method as above 

is used to characterize this metasurface. Although there are four different superpositions 

in all the channels, only the simulated and measured results of OAM superpositions 

(cos , 1 sin , 3 )i ie R e L         are given (see Figure 4b) here. By 

continuously changing the polarization state of incident light from RCP to LCP, the 

diameter of dark hole in the center of the generated intensity profile increases (see 

Figure 4b top), indicating the superposition of two OAM states evolves from the OAM 

state with 1 1  to that with 3 3  . For elliptically polarized incident light, the 
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resultant beam is the superposition of two OAM states with different components, 

which is further verified by the transmitted intensity profiles through a horizontal linear 

polarizer (see Figure 4b bottom). Actually, the output beam becomes composite-vortex 

beam which contains a vortex of charge 1 1  in the centre of the beam surrounded by

1 3| | 4   singly charged peripheral vortices with the same sign of 3 located at the 

same radial distance (see Supplementary section 1). The experimental results on the 

superposition of ( , 2 , 4 )i ie R e L      are available in the Supplementary 

Figure S2. It should be mentioned that the rotation of intensity profile G  due to the 

-dependent Gouy phase is theoretically predicted[28] and experimentally observed (see 

Figure 4). Therefore, this approach provides a simple way to measure the Gouy phase. 

The detailed explanation about Gouy rotation and the polarization profile of the 

resultant beams with hybrid superposition are given in the Supplementary section 4 and 

section 5, respectively.  

4. Conclusion 

The metasurfaces presented in our work feature the combination of a number of 

important functionalities and advantages such as multichannel OAM generation, 

polarization-controlled OAM superposition, subwavelength resolution, broadband, and 

compactness, which have a broad impact in the areas of photonics, quantum sciences, 

and fundamental physics. Superposition of optical beams with opposite circular 

polarizations and orbital angular momenta can be used to create a light beam with non-

trivial polarization and phase properties. A linear combination of equal-weighted RCP 

optical vortex beam with topological charge 1  and LCP optical vortex beam with 
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topological charge 1  can generate a radial vector beam, which has been applied in 

high resolution lithography[7], quantum memory[4], and metrology[8]. Complex 

superposition of light beams with opposite circular polarizations and different orbital 

angular momentum states (See supplementary Section 5) may lead to interesting 

polarization topologies such as polarization singularities[29] and polarization Möbius 

strips[30]. The preparation of these structured light modes like Möbius strips may be 

important for complex light beam engineering. Our approach possesses several 

practical and technical advantages over conventional ways for producing OAM 

superposition, such as Segnac interferometer consisting of OAM beam generator, 

beam-splitters, Dove prism, and mirrors[7]. First, our work overcomes the various 

hurdles such as misalignment, phase aberration, and complex experimental setup. 

Without any additional optical elements, the superposition of OAM modes with 

arbitrary amplitude and phase ratios in multichannels can be easily realized by 

manipulating the polarization state of the input light. Furthermore, this approach 

provides a unique tool for investigating the entanglement between polarization and 

orbital angular momentum of photons. Due to its intrinsic multichannel nature, the 

proposed approach can be readily extended to higher dimensional[31] and multi-particle 

entanglement[32]. Our proposed approach is very robust since it can be applied not only 

to reflective-type metasurfaces that can operate in broadband with high efficiency, but 

also to transmissive metasurfaces that can generate geometric phase, including silicon 

nanofins[33] or titanium dioxide nanofins[34]. The capability to generate four individual 

OAM beams and arbitrarily manipulate OAM superposition using a single metasurface 
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with a minimal footprint, paves the way for highly compact meta-devices in quantum 

experimental systems[35]. 

In conclusion, we propose and experimentally demonstrate a novel approach to 

realize OAM superpositions in multiple channels using a single plasmonic metasurface. 

Arbitrary manipulation of OAM superpositions in four channels is observed by 

controlling the polarization state of the incident light. Our work solves several major 

issues associated with OAM research: multichannel OAM generation, polarization-

controllable OAM superposition, higher resolution, broadband, and compactness, 

rendering this technology very attractive for diverse applications such as photonics, 

quantum science, and fundamental physics. Due to the simplicity and robustness of our 

design, we believe this work to be of fundamental significance and useful for the 

practical application of OAM devices.  

5. Experimental Section  

Sample fabrication. To fabricate the designed metasurface, the standard electron-

beam lithography (EBL) and lift-off process are used. Firstly, the gold background layer 

(150nm) and the SiO2 spacer (85 nm) are deposited onto a silicon substrate by using an 

electron beam evaporator. Then, the positive poly methyl methacrylate (PMMA) resist 

film is spin coated on the SiO2 spacer layer and baked at 180℃ for five minutes. Then, 

the nanostructures are defined on the PMMA film by EBL (Raith PIONEER). Prior to 

gold deposition, a titanium layer of ~3 nm is deposited on the silicon dioxide (SiO2) 

layer for adhesion purpose. After that, a 30 nm gold film is deposited on the sample via 
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electron beam evaporation. Finally, the metasurface structure is achieved by a 

subsequent lift-off procedure.  

Experimental setup. The metasurface samples are mounted on a three-dimensional 

translation stage and exposed to the light from a tunable supercontinuum laser source 

(NKT-SuperK EXTREME) which covers the wavelength range from 640 nm to 1100 

nm. A setup consisting of a Glan polarizer (GP), a half-wave plate (HP), and a quarter-

wave plate (QP) is used to generate the required polarization states. Then the collimated 

Gaussian beam impinges upon metasurface at normal incidence with a weak focus by 

a lens with a focal length of 100 mm. The measured intensity patterns of reflected output 

beam are captured using a color CCD camera. The off-axis design not only simplifies 

the experimental characterization, but also facilitates the practical applications. 

Supporting Information 

Supporting Information is available online from the Wiley Online Library or from the 

author. 
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Figure 1. Schematic illustration of multichannel polarization-controllable superposition of OAM states 

via a single plasmonic metasurface. a, A single pixel of reflective-type metasurface. The metasurface is 

composed of three layers, i.e., a top layer of gold nanorods array (30 nm), a silicon dioxide (SiO2) spacer 

layer ( 85 nm) and a gold ground layer (150 nm) sitting on a silicon substrate. The size of each pixel is 

300 nm 300 nm. Each nanorod is 220 nm long and 80 nm wide. b, Schematic of off-axis multi-OAM 

generation. Four OAM states with topological charges ranging from 1 to 4  are generated under 

illumination of RCP light. Considering the practical application, the off-axis design is employed in this 

approach. By changing the helicity of incident light from RCP to LCP, the positions of all the OAM 

beams are changed to their centrosymmetric positions with respect to the axis of incident light. 

Meanwhile, the signs of all the topological charges are changed from plus to minus. c, Schematics of 

polarization-controlled superposition of OAM states. The polarization states of the incident light in (i), 

(ii) and (iii) are RCP, LCP, and arbitrary polarization state, respectively. Upon the illumination of an 

incident beam with an arbitrary polarization state, the resultant beam is the superposition of RCP and 

LCP OAM beams with different components (A for RCP and B for LCP) and a phase difference
ie 

. (iv) 

Illustration of the superposition process with the aid of two types of Poincaré spheres. The polarization 

state of the incident light is represented by a point on the fundamental Poincaré sphere, while the 

superposition of OAM eigenstates
1

and
2

is represented by a higher-order Poincaré sphere. A 

metasurface bridges the gap between the two different types of Poincaré spheres.  
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Figure 2. Schematic of the four-channel OAM superpositions, SEM image of metasurface, and 

numerically calculated and experimentally observed superpositions of OAM states. a, The generation of 

two kinds of OAM modes and their superpositions in four channels. (i) Upon the illumination of RCP 

input light, two pairs of off-axis OAM beams are generated, i.e., , iR (denoted by black dots) and 

, jR (denoted by yellow dots), respectively. (ii) The positions of OAM states and their signs are 

changed for LCP input light. (iii) Equal-weighted OAM states superpositions occur under the 

illumination of linearly polarized (LP) input light. b, SEM image and numerically calculated and 

experimentally observed superpositions of OAM states. This metasurface produces two kinds of 

superpositions, one for OAM states with 1 and 1  , and another one for OAM states with 3 and

3  . The polarization angle of incident linearly polarized light and the direction of the polarizer’s 

transmission axis in front of the CCD camera are respectively denoted by the red double-headed arrows 

and the white double-headed arrows.  
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Figure 3. Simulated and experimental results of polarization-controllable superposition of OAM states 

with the metasurface shown in Figure 2b. a and b, Simulated and measured intensity profiles of generated 

beams corresponding to superpositions of OAM eigenstates. Several polarization states are chosen along 

two different meridian trajectories on the Poincaré sphere. The red symbols on the Poincaré sphere 

represent the polarization states of incident light. The direction of the analyzing polarizer’s axis is 

denoted by the white double-headed arrows.  
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Figure 4. Metasurface for realization of the four-channel OAM hybrid superpositions and part of the 

experimental results. a, (i) SEM image of the fabricated metasurface. (ii) Upon the illumination of RCP 

input light, four OAM beams with different topological charges i  ( 1,2,3,4i   ) are generated. (iii) 

Measured intensity profiles of four OAM beams generated under the illumination of an RCP Gaussian 

beam. b, Simulated and experimentally measured intensity profiles of the hybrid superpositions of OAM 

modes , 1R  and , 3L   . The OAM superposition of , 2R   and

, 4L   is given in the Supplementary Figure S2. G  is the Gouy rotation introduced by the 

Gouy phase difference between the component beams during propagation. 
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Supplementary Section 1. Superposition of orbital angular momentum (OAM) 

modes with orthogonal circular polarizations. 

The OAM states of light can be described mathematically as Laguerre-Gaussian (LG) 

modes, which are solutions of the paraxial Helmholtz equation in cylindrical 

coordinates. The LG mode is characterized by two indices p and [1], which refer to the 

radial nodes in its amplitude and azimuthal phase dependence, respectively. In this work, 

we consider the case of singly-ringed modes with 0p  . The field distribution of LG 

modes with a topological charge can be expressed as[1] 

 
2 2 2

| |1/2

/( ( )) ( /(2 ( ))) ( )2 1 2
( , , )

| | ! ( ) ( )

r w z i i kz kr R z ir
LG r z e e e e

w z w z

 


  
  

     
   

  (S1) 

where , ,r z are the cylindrical coordinates,
2 2

0( ) 2 / Rw z w z z  is the beam radius at 

a propagation distance z , the constant 0w is the beam waist, k is the wave number,

2 2( ) ( ) /RR z z z z  denotes the radius of curvature of the wavefront, 

1( ) (| | 1) tan ( / )Rz z    is the -dependent Gouy phase[2], and
2

0 / 2Rz kw is the 

Raleigh range. The LG mode has a ‘doughnut’ intensity profile due to the phase 
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singularity in the beam centre. The distance from the centre to points where the intensity 

is maximum is given by 

 ( )
2

w z     (S2) 

The superposition of LG modes with orthogonal circular polarizations produces 

Poincaré beams which have a spatial mode that correlates transverse spatial coordinates 

with states of polarization[3]. Any pure state of polarization can be represented with 

circular polarization bases as 

 
1

(cos sin )
2

i ie R e L        (S3) 

where cos  and sin  are the amplitudes of two orthogonal circular components R

and L , respectively,   refers to the phase difference between these two components. 

Under the illumination of a Gaussian beam ( 0LG  ) with a polarization state described 

by Equation (S3) upon the metasurface, the resultant beam is the superposition of two 

LG modes with orthogonal circular polarizations. Consider the superposition of two LG 

modes with topological charges 1  and 2 , the resultant beam can be expressed as  

 1 2

1 2

1
(cos , sin , )

2

i iV LG e R LG e L           (S4) 

To clearly analyze the resultant beam, the results are divided into two cases: 1 2   

and 1 2  . 

1. Case 1 2    

We can rewrite Equation (S4) with Jones vector as 

 ( ) ( )(cos sin )
2

i iV e R
G

e L          (S5) 
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where 1 2   , 
2 2 2

| |1/2

/( ( )) ( /(2 )) ( )2 1 2

| |! ( ) ( )

r w z i kz kr R ir
G e e e

w z w z





 
  

     
   

. When

4


  , the two circular components have equal intensities. The polarization state at 

every point of the beam’s transverse plane is linear polarization with an orientation 

angle of   . For 1 , the vector beam is the well-studied radial vector beam for

0  , and the azimuthal vector beam for
2


  .  

When θ is within the limit of (0, π/4) or (π/4, π/2), the polarization state at every point 

is elliptical polarization. The ellipticity is determined by θ, and the azimuthal angle is

  . The resultant beams are respectively right- and left-handed circularly polarized 

optical vortices for 0  and / 2  . 

The Poincaré beams generated by the superposition of LG modes with orthogonal 

circular polarizations can be diagnosed by passing through a linear polarizer with 

orientation angle  with respect to the horizontal axis. The transmitted intensity is 

proportional to
2cos ( )    , and it has 2 | |minima at angles[3]  

 
(2 1)

2
m

a   



     (S6) 

where 1,2,...2 | |a  . 

2. Case 1 2    

The Equation  (S4) can be rewritten as 

 1 2( ) /21
( cos cos sin sin )

2

i i iV e e R e L
          (S7) 

where 

 
2

1

1tan ( )
G

G
    (S8) 
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 1 2( )

2


 


    (S9) 

The polarization state at every point is determined by the three parameters , ,   . If 

1 2| | | | , the polarization state evolves from right circularly polarized to left circularly 

polarized when moving the position from the centre to the edge of the beam. 

Interestingly, when 1 0  and 2 1 , the resultant beam refers to full Poincaré beams, 

which have all states of polarization represented on a Poincaré sphere[4].  

After the resultant beam passes through a linear polarizer, the output beam becomes 

composite-vortex beam which contains a vortex of charge 1  in the centre of the beam 

surrounded by 1 2| |  singly charged peripheral vortices with the same sign of 2  

located at the same radial distance[2]  

 
2 1

1

2(| | | |)
22

1

!( )
(tan )

!2

w z
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Supplementary Section 2. Conversion efficiency of metasurface. 

To evaluate the performance of this approach and determine the conversion efficiency, 

we measured the power of each channel and calculated the relative power of each 

channel and the total conversion efficiency. Figure S1 (a) shows the measured relative 

power of each channel where the total output power of four channels is normalized to 

unity. As can be seen from the measurement results each channel has one-quarter of the 

total output power over a broad wavelength range (640 nm-880 nm), which agrees well 

with the theoretical design. The total conversion efficiency is defined by the total power 

of the output light from the four channels divided by the power of incident light. By 
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measuring the total output powers and comparing these values with the power of input 

light, the dependence of conversion efficiency on the wavelength is given in Figure S1 

(b). The designed metasurface is characterized at a wavelength range of 640 – 940 nm, 

and the maximum conversion efficiency is 50% at the wavelength of 820 nm. 

 

Figure S1. Relative power of each channel and total conversion efficiency. (a) Measured relative power 

in each channel of the metasurface. (b) Experimentally obtained conversion efficiency of the metasurface. 

The conversion efficiency is defined as the total power of four output beams divided by the power of 

incident light. 

 

Supplementary Section 3. Experiment results of hybrid superposition of OAM 

modes. 

In order to further explore the performance of this approach, we fabricate and 

characterize META 2 which is capable of achieving four different hybrid superpositions 

of OAM states in four separate channels. Under the illumination of an RCP Gaussian 

beam, four off-axis OAM beams with topological charges from 1 to 4 are 

generated simultaneously. To realize the off-axis reflection, the phase differences 
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between neighbouring pixels to generate phase gradients for OAM states with | | 1 are

/ 5,  0 x y      , and those for OAM states with | | 3 are 0,  / 5 x y      . 

Arbitrary control of four hybrid superpositions of OAM states is realized by 

manipulating the polarization state of incident light. The polarization states of incident 

light are chosen to be, right-handed circular polarization, right-handed elliptical 

polarization, horizontal linear polarization, left-handed elliptical polarization, and left-

handed circular polarization. Figure S2 shows the simulated and measured results of 

hybrid-OAM superposition states , 2R   and , 4L    with and without a 

linear polarizer in front of the CCD camera.  

 

Figure S2. Simulated and measured intensity profiles of hybrid-OAM superposition states , 2R   

and , 4L   . The polarization states of incident light and the direction of the polarizer’s 

transmission axis in front of the CCD camera are respectively denoted by the red symbols and the white 

double-headed arrows. 
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Supplementary Section 4. Gouy rotation of the beam profile. 

When the LG beam propagates along the optical path after focused, it acquires a -

dependent Gouy phase[5] which is proportional to the fundamental Gouy phase

1tan ( / )Rz z . It is given by 

 1(2 | | 1) tan ( / )G Rp z z      (S11) 

Note that we consider the case where the radial index parameter of LG beam 0p  , the 

field distribution of the beam is a single ring that contains a phase vortex of charge at 

its centre. When the composite beam formed by collinear superpositions of LG beams 

with topological charges of 1 and 2  propagates, the intensity profile rotates about the 

beam axis if 1 2| | | | since there is Gouy phase difference between the component 

beams. When 1 2| | | | , there is no rotation. More details about the explanations can be 

found in Ref.[2]. 

 

Supplementary Section 5. Polarization distributions of the output beams. 

A light beam with an arbitrary polarization state can be decomposed into two opposite 

circularly polarized beams with various components. Due to the space-dependent 

profile of phase and amplitude for an OAM beam in the plane perpendicular to its 

propagation direction, a coaxial superposition of two vortex beams with certain 

topological charges could generate a beam that has space-dependent polarization profile. 

For example, a cylindrical vector beam (radially or azimuthally polarized beams) can 

be realized by the superposition of two beams with different circular polarizations and 

topological charges of 1 and 1   (See Figure 2 in main text). The Full Poincaré 
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beam that possesses the polarization states within the beam cross section span the entire 

surface of the Poincaré sphere, can be constructed by a superposition of a Gaussian 

beam and a vortex beam with orthogonal circular polarizations. Figure S3 shows the 

polarization distributions of the output beam generated by META1 and META2. A 

linear polarizer placed in a specific channel allows the two beams to interfere, 

producing an interferogram that determines the number of the lobes. The transmission 

direction of the polarizer is set along the horizontal direction. It should be noted that 

the Gouy phase is not considered here. In fact, the evolution of the Gouy phase along 

propagation (see Section 4) will cause the rotation of the polarization pattern. 

 

Figure S3. The simulated polarization profile at the cross section of output beam from 

META 1 and META 2. The superpositions of a. , 1R  and , 1L   , b. 
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, 3R  and , 3L   , c. , 1R  and , 3L    d. , 2R  and

, 4L   . The black and red colours in (c) and (d) denote the right- and left-

handedness, respectively. A linear polarizer with allows the resultant beam to interfere, 

producing an interferogram with various numbers of lobes. In these figures, the 

transmission direction of the polarizer is along the horizontal direction.   
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