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Supplementary Text 

1. Geometric phase metasurface  

The geometric phase concept is an efficient approach for achieving spin-controlled phase 

modulation, whereas the photon spin is associated with the intrinsic angular momentum 

of light (21). In general, when light passes through an anisotropic and inhomogeneous 

medium, intrinsic angular momentum of the incident light is coupled to the extrinsic 

linear or orbital momentum of the emerging beam via the spin-orbit-interaction, ushering 

in various optical spin-Hall effect phenomena (32). In particular, it has been shown that 

in metasurfaces with broken inversion symmetry, the optical spin degeneracy is removed, 

and the light-matter interaction is manifested by the optical Rashba effect (20, 33).  The 

alliance between the shared-aperture and geometric phase concepts provides a route for 

spin-controlled multifunctional metasurfaces. The peculiarity of the geometric phase lies 

in its geometric nature; unlike diffractive and refractive elements, it does not arise from 

optical path differences but from a space-variant manipulation of the light's polarization 

state (16, 17). By tiling a metasurface with anisotropic nanoantennas, arranged according 

to an on-demand space-variant orientation profile θ(x,y), geometric phase metasurfaces 

(GPMs) are formed. High efficiency GPMs can be obtained by using an arrangement of 

subwavelength half-wave plates based on gap-plasmon resonators (GPRs) (23), or 

dielectric nano-antennas (10). Such a GPM transforms an incident circularly polarized 

light into a beam of opposite helicity, imprinted with a geometric phase 

( , ) 2 ( , )g x y x y   . Here, 1  denotes the polarization helicity (photon spin in 

units) of the incident light, corresponding to right and left circular polarizations, 

respectively. Consequently, for an arbitrary incident polarization state inE , the field 

emerging from a space-variant half-wave plate is given by 

   exp 2 , exp 2 ,out in inE i x y E i x y E        
         , where    stands 

for the spin state, and   denotes the inner product (17, 18).  

 

2. Shared aperture approaches 

Three approaches have been proposed for the realization of a multifunctional shared-

aperture phased array: segmentation, interleaving (1-4), and harmonic response (HR) (24-

26). In the segmentation approach the aperture is spatially divided into separated sub-

arrays imprinted with different phase functions (Fig. 1A). As a result of such a division, 

the reduction of angular resolution is inevitable. To enhance the angular resolution, the 

interleaved approach is applied where multiple desired phase profiles are interleaved 

within the entire aperture (Fig. 1B). Each phase profile is associated with a different sub-

array, and subjected to a thinning process – spatial sampling of fragments of a specific 

phase array. The thinning procedure can be implemented using several methods, e.g., 

combinatorial algorithm, fractal arrangement, or stochastic optimizations to achieve 

sufficient bandwidth, adequate signal-to-noise ratio (SNR), and desired functionality (1-

4). Note, the sub-arrays are composed of a large number of fragments which can be 

scaled down up to a single elementary radiator. However, the stochastic thinning process 

affects the SNR of the radiation profile; for subwavelength fragments, the noise is 

attributed to speckles, while for significantly larger fragments, most of the noise ushers in 

side lobe level. In order to improve the SNR, an HR approach can be adopted in which 
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the harmonic orders of the phase function are exploited to achieve multiple wave-fronts 

(Fig. 1C). The channel capacity of cN  phase profiles within the shared-aperture phased 

array of area A can be estimated by the Gabor theory of information (34) in the absence 

of noise. For a given solid angle of  , and wavelength  , the diffraction limit of each 

plane-wave (channel) reveals that for the segmentation approach 2/ ANc , whereas 

for the interleaving and HR approaches 2/ ANc  (35). Consequently, the Gabor limit 

of the information capacity for the latter approaches is significantly higher. 

 

3. High efficiency geometric-phase metasurface based on gap-plasmon resonance 

nanoantennas 

High efficiency geometric phase metasurfaces (GPMs) are obtained by using an 

arrangement of subwavelength half-wave plates based on gap-plasmon resonators 

(GPRs). In order to obtain building blocks serving as half-wave plates, the performance 

of the GPR nanoantennas has been investigated. These GPMs are based on GPR 

nanoantennas that consist of metal-insulator-metal layers creating a resonator for surface-

plasmon standing waves thereby enabling high reflectivity by increasing the coupling 

between the free-wave and the fundamental resonator mode. Moreover, adjustment of the 

GPR nanoantenna's dimensions enables the design of high efficiency half-wave plate 

(23), aimed to be as small as possible in order to achieve a high spatial sampling 

frequency /f s  , where s is number of samples per wavelength. Consequently, the 

metasurface is composed of a continuous SiO2, 110nm film sandwiched between a 

continuous gold substrate beneath it with gold nanobricks on top. The nanobricks, with 

dimensions of  210x70x30nm
3
, are arranged in a square array with a lattice constant of 

250nm composing the metasurface of diameter μm50D . Such a structure results in

4s  for the near-IR regime, to ensure low crosstalk between the nanoantennas (Fig. 

S1A). We numerically studied by use of finite-difference time-domain (FDTD) the 

reflection coefficients ,x yr r  and phase retardation   of a uniformly oriented GPR 

nanoantenna array (Fig. S1B), illuminated with two orthogonal linear polarizations, 

providing the values of 0.9; 0.97x yr r  , and    for a broadband spectrum 

operation of λ~700-1000nm (Fig. S1, D and E), which are in good agreement with the 

experimental results. The obtained parameters usher in a diffraction efficiency for a 

blazed GPM of ~90% (Fig. S1F) according to  
2

1

2

i

x y inr r e E 


  , in 

agreement with the FDTD simulation, where the experimental efficiency was found to be 

~79% (Fig. S1C, F and G). The diffraction efficiency was calculated as a ratio between 

the intensity of a specific channel and the incident illumination intensity.  

 Moreover, wave-front frequency multiplexing within a shared-aperture GPM 

requires the design of narrowband nanoantennas. For this purpose, we simulated two 

GPR nanoantennas, which consisted of a pair of gold nanobricks (Fig. S1H). Such 

configurations provide distinguishable phase-retardation resonances at wavelengths of 

770nm and 1000nm (Fig. S1, D and E), and diffraction efficiencies of ~70% (Fig. S1F).   
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4. FDTD simulation of multiple wavefronts generated by interleaved GPM 

We performed an FDTD simulation of the interleaved GPM (Fig. 2A) and observed 3x2 

spin-controlled OAM wavefronts with the desired topological charge of 0,±1,±2 (Fig. 

S2), in agreement with the experimental result provided in the main text (Fig. 2, B and 

C). 

 

5. Achromatic nature of geometrical phase 

Geometric phase metasurfaces based on GPR nanoantennas can operate within a broad 

wavelength range. Unlike diffractive and refractive elements, the peculiarity of the GPMs 

lies in their geometric nature, in which the phase-pickup does not arise from optical path 

differences but from a space-variant manipulation of the light polarization state. The 

geometric phase of 2 ( , )x y   generated by space-variant anisotropic nanoantennas 

depends only on the incident circular polarization and on the local orientation angle 

 ,x y  of the nanoantennas, hence, the geometric phase is wavelength independent. We 

experimentally studied the achromatic nature of the geometric phase by illuminating the 

interleaved GPM (Fig. 2A) at several operating wavelengths (Fig. S3), and observed the 

same annular patterns, indicating the achromatic spiral phase-fronts. 

 

6. Calculation of Far-field intensity distributions for interleaved metasurface   

In order to estimate the impact of an incrementally growing number of wave-fronts on 

SNR, the far-field intensity distributions were calculated via Fourier transform yielding   

     
2

exp
jnN

j j

g

j

ikr i r 


 , where 
 jr  are the positions of   nanoantennas, and 

  j

g r  stands for the geometric phase of j-th sub-array. 

 

7. Angular resolution comparison between segmented and interleaved GPMs 

We experimentally examined the angular resolution of segmented and interleaved GPMs 

generating four and nine independent channels (plane waves). It can be seen from Fig. S4 

that the spot size obtained by the interleaved GPM remains the same under the increasing 

number of generated channels, in contrast to the segmented GPM, where the spot sizes 

are broadened. 

Moreover, we investigated the angular width of a beam emerging from the 

interleaved and segmented GPMs, composed of fragments with different extents. In 

particular, we examined a 50x50μm GPM consisting of four channels, and observed that 

the segmentation approach (Fig. S5A) leads to a larger angular width with respect to a 

GPM of a single channel (see Fig. S5E). Further gradual reduction of the fragment's size 

(Fig. S5B) as required for the interleaving procedure, results in increasing side lobes. A 

significant reduction of the fragment's size leading to a small side-lobe level, however, is 

accompanied by speckle noise originating from the interleaving procedure (Fig. S5E).  

 

  



 

 

5 

 

8. Generation of multiple vectorial vortices 

An additional peculiar twist in the field of metasurfaces relies on space-variant 

polarization manipulation, which may encompass a broader class of wave-front shaping. 

Formation of multifunctional vectorial vortices is of great interest for optical 

communications, fiber mode shaping (36), super-resolution (37), optical tweezers, tractor 

beam (38) and laser beam shaping (39). Interleaved GPM enables obtaining multiple 

vectorial vortices by coherent superposition of wave-fronts with opposite helicities. 

When illuminating the GPM with linearly polarized light, the emerging field consists of 

two opposite circularly polarized states (18, 19). In particular, for a geometric phase 

profile of the form ( , )g x y l    these states carry conjugate scalar vortices with 

winding numbers of l . Superposition of in-phase and π-phase shifted conjugated 

scalar vortices of 1l  with opposite spin states results in radial and azimuthal 

polarization, respectively (Fig. S6A). We utilized the interleaving approach in order to 

realize a GPM with two phase functions    1
( , ) U cos( )g xx y k x  

     (in-phased), 

and, 
   2

( , ) U cos( ) / 2g yx y k y   
   
 

 (π-phased), where a step function 

   U ,when 0; 0 otherwise      provides two main spatially separated diffraction 

orders with 40.5% efficiency per order. By illuminating such a GPM with linearly 

polarized light at a wavelength of 760nm, two radially and two azimuthally polarized 

beams were observed (Fig. S6B). Verification of the polarization state of the emerged 

beams is established by projecting these vectorial vortices on a linear polarizer (Fig. S6, 

C and D). Generation of scalar vortex beams is obtained by illuminating the interleaved 

GPM (Fig. S6A) with circularly polarized light (Fig. S6E). Verification of the circular 

polarization state of the emerged beams is established by projecting these scalar vortices 

on linear polarizers (Fig. S6, F and G). Moreover, we obtained two vectorial vortex 

beams with the winding number 2l   by orienting the nanoantennas according to  

 2 ( , ) U cos( ) 2xx y k x    and illuminating with linearly polarized light at a 

wavelength of 760nm (Fig. S6H). Verification of the polarization state of the emerged 

beams is established by projecting these vectorial vortices on linear polarizers (Fig. S6, I 

and J). The interleaved metasurfaces open up the consideration of different thinning 

methods for various functionalities, such as multi-frequency bands utilizing narrow-band 

nanoantennas (40). 

 

9. Spin-controlled asymmetric harmonic response approach 

In general, the geometric phase function can be expanded into m  harmonic orders of 

phase function  G   according to 

     exp , exp expg m

m

i x y i G A im   
          . Specifically, three asymmetric 

harmonic orders }3,2,1{m  are obtained when an optimized analytic solution 

    1tan cos 2G       is utilized, where 2.65718   (25). In order to generate 

spin-controlled OAM harmonic orders of ,2 ,3l        (Fig. 3), we implemented the 

function kx    . Moreover by setting kx  , we experimentally obtained spin-

controlled asymmetric harmonic orders of plane-waves (Fig. S7, A and B), while by 



 

 

6 

 

setting kx     and     1tan cos 2G       , we observed three OAM 

harmonic response orders of 0, ,2l      (Fig. S7, C and D). By choosing kx   and 

{ 2, 1,0,1,2}m   , we demonstrate five polarization independent harmonic orders of 

plane-waves (Fig. S7, E and F), while applying kx    , we observed five OAM 

harmonic response orders of l m   (Fig. S7, G and H). 

The angular resolution (Fig. 2F) and intensity scaling of 1/ N  (Fig. 3J) were 

evaluated from measurements presented in figures S7B and S7F. The efficiencies of each 

order in figures S7B and S7F were measured to be 
2

0.21mA   and 
2

0.104mA  with 

uniformity of 0.01  and 0.015 , respectively. Thus, the correspondent total diffraction 

order efficiency provided with the values of ~63% and ~52%, while the theoretical values 

are ~92% (25) and ~79% (24), respectively. The theoretical values multiplied by the 

efficiency of the GPM based on GPR nanoantennas are in agreement with the 

experimental result, ~73% and 63% respectively.  

 

10. Information capacity analysis : Wigner phase-space and Shannon entropy 

The reported spin-controlled multifunctional metasurfaces based on shared aperture 

approaches can be interpreted in terms of information capacity by means of Wigner 

phase-space distribution (41) to establish a link between the Shannon entropy and the 

capacity of photonic system (42, 43). The Wigner function is widely used among a 

variety of physical systems to represent the joint position-momentum (x-p) distribution. 

When the system is provided with additional spin degree of freedom, the spin-dependent 

Wigner function takes the form  
 dexxpxW piNNN 2)}({)(),( 
  , where for 

GPMs ))(exp( xi N

g

N  


 is the field distribution function of N  channels for  . In 

order to analyze the angular resolution and intensity scaling of the channels, opened via 

the different shared-aperture approaches, we calculated the Wigner distribution for a 

spin-dependent optical field emerging from 1D multifunctional GPMs (Fig. S8, A to F). 

The obtained phase-space representation and corresponding momentum density 

dxpxWp NN ),()(  
   reveals the high angular resolution of the interleaved (Fig. S8, B, 

E and H) and HR (Fig. S8, C, F and I) structures compared to the segmentation approach 

(Fig. S8, A, D and G), as expected (Fig. 2F). Yet, the intensity scaling, obtained by the 

integration over the momentum density (Fig. S8, G to I) is in good agreement with the 

analysis depicted in Fig. 2H. It is clearly seen from Fig. S8, B, E and H, that the 

interleaving approach is accompanied by noise, which is attributed to the speckles, 

resulting in a reduction of the intensity in each channel. Furthermore, we estimate the 

channel capacity (43, 44) of GPMs (i.e., a number of distinct channels that can be 

opened) utilizing spin-dependent mutual information 

dpdxpxpxWpxWPXI NNNNN )]}()(/[),({log),(),( 2      in units of bits, where 

dppxWx NN ),()(  
  is the position density. Figure 6J presents a numerical calculation 

of the ),( PXI N


 for each of the GPMs. Calculation of the spin-conjugated ),( PXI N


 

provides a similar result. Then, the apparent limit in which one channel encoded with one 
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bit (Fig. S8G, dashed line) defines the available number of distinct channels cN  that can 

be opened. Accordingly, the channel capacity of the interleaved GPM constitutes an 

intermediate case between the high capacity of HR-GPM and the low capacity for the 

segmented GPM. It can be seen from the insets of Fig. S8J that the mutual information 

for 7N  of HR and for 8N  of interleaved GPMs is above the dashed line, leading to 

well resolved channels, in contrast to the segmented GPM for 8N   where the channels 

are barely distinguishable. Note, the number of distinguishable channels according to 

Gabor and mutual information considerations is different, as the latter takes into account 

the influence of noise and spatial sampling frequency /f s  , where s is number of 

samples per wavelength, thus providing a more accurate tool for the practical design of 

multifunctional GPMs. In light of the above, we evaluated the number of channels 
( )( / ) s

cN D   for the interleaving and segmentation approaches at different spatial 

sampling frequencies (Fig. S8K). Two regimes 2/10     and 12/1    are available 

to obtain distinguishable channels, where 2/1  and 1  are the Gabor limits for the 

segmentation and interleaving approaches, respectively. According to this analysis one 

can obtain a higher number of channels by increasing the sampling rate or by enlarging 

the extent of the metasurface. 

 

11. Spectropolarimeter 

Polarization measurement of predetermined polarization states – we illuminated the 

spectropolarimeter with predetermined polarization beams at a wavelength of 760nm for 

calibration measurement. The far field intensities of the predetermined polarization states 

were captured on a CCD for further analysis of their Stokes parameters (Fig. S9).  

Optically active analyte – in order to demonstrate the spectropolarimetric 

capabilities of the proposed device, organic compounds of D- and L-glucose types were 

studied by measuring their specific rotation  
T

c


  . For a temperature T and 

wavelength   this property is defined as the change in the orientation of linearly 

polarized light  (deg) as it passes through a sample of 10cm  with a concentration of 

1 /c g mL . 
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Fig. S1. Experiments and simulations of a GPR metasurface. (A) Schematic of the 

broadband GPR nanoantenna configuration. (B) SEM image of the uniformly oriented 

GPR nanoantenna array. (C) SEM image of the blazed GPM.  (D) The phase retardation 

of the broadband and narrowband GPR nanoantennas, where the red curve and black 

triangles depict the simulated and experimental values for the broadband nanoantennas, 

while the blue and green curves depict the simulated phase retardation for the 

narrowband GPR nanoantennas, shown in H. (E) FDTD simulation and experimental 

results for the correspondent reflection coefficients. (F) Calculation and experimental 

results of the correspondent diffraction efficiencies for the blazed GPM shown in (C), 

where the purple squares assigned to the FDTD simulation. (G) Measured far-field 

intensity distributions of the blazed grating GPM for σ+ and σ- at a wavelength of 760nm. 

(H) Schematic of the narrowband GPR nanoantenna configuration consisting of two 

types of gold nanobrick pairs (green and blue, top view). 
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Fig. S2. FDTD simulation of multiple wavefronts generated by interleaved GPM. (A 

and B) Simulated spin-flip momentum deviation of three wavefronts with different 

OAMs at a wavelength of 760nm;   denotes the incident spin. 
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Fig. S3. Achromatic nature of geometrical phase. (A to F) Measured spin-flip 

momentum deviation of three wave-fronts with different OAMs at wavelengths of 720nm 

(A and D), 790nm (B and E), and 860nm (C and F);   denotes the incident spin.  
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 

 

 

Fig. S4. Generation of multiple channels by interleaved and segmented GPMs. (A to 

D), Momentum deviations for the interleaved GPM of four (A and B) and nine (C and D) 

channels, illuminated at a wavelength of 650nm. (E to H) Momentum deviations for the 

segmented GPM of four (E and F) and nine (G and H) channels.  
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Fig. S5. Angular resolution of fragmented GPMs generating four channels.  (A to C) 

Illustration of the GPM's fragmentation into 4 fragments by segmentation approach (A), 

as well as into 100 (B) and 400 (C) interleaved fragments, whereas each color represents 

different linear phase function. (D) The momentum space of a GPM consisting of 400 

interleaved fragments. (E) Intensity distributions along the dashed white line (shown in 

D) of a specific channel in the momentum space for a GPM of different fragmentations.  

  

E 

C 

D 

A B 

-3 -2 -1 0 1 2 3
0.00

0.25

0.50

0.75

1.00

1.25

1.50

1.75

2.00

 

 

N
o

rm
a
liz

e
d
 i
n

te
n
s
it
y
 [
a
.u

.]

Angular width [D]

 Single channel

 Segmentation

 16 Fragments

 100 Fragments

 400 Fragments

k
x
/k

0

k
y
/k

0

-0.2 0 0.2

-0.2

0

0.2



 

 

13 

 

 

 

Fig. S6. Vectorial vortex beams generated by interleaved GPM. (A) Schematic of 

azimuthally and radially polarized beams emerging from GPM illuminated with linear 

polarization; red and blue helices represent scalar vortices of opposite helicities and 

OAMs. SEM image of the vectorial vortex interleaved GPM is presented. (B) Measured 

vectorial vortices, two radial and two azimuthal polarizations generated by GPM; yellow 

arrows represent the linear polarization distributions. (C and D) Polarization analysis of 

the beams wherein white arrows represent the orientation of linear polarizer-analyzer 

which is 45° and 0°, respectively, verifying the vectorial vortices’ polarization 

distributions. (E to G) Observed diffraction patterns of GPM under illumination with  
 

polarized light at a wavelength of 760nm. (F and G) Polarization analysis of the obtained 

1l

1l

1l

1l

   
 F G 

H 

E 

I J 

σ=1

B C D 

A 

1µm 

   Δϕ=π 



 

 

14 

 

beams; arrows represent linear polarizer orientations at (I) 45° and (J) 0°. (H) Observed 

diffraction from GPM generating two vectorial vortex beams with winding numbers 

2l   , under linear polarized light illumination, at a wavelength of 760nm. (I and J) 

Polarization analysis of the beams; arrows represent linear polarizer orientations at (I) 45° 

and (J) 0°. 
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Fig. S7. Spin-controlled asymmetric harmonic response. (A to D) Measured spin-

controlled HR diffractions of plane-waves (A and B) and of OAM orders (C and D), for 

right (  ) and left (  ) circular polarization illuminations, respectively. (E and H) 

Measured spin-independent five HR diffractions of plane-waves (E and F) and of OAM 

orders (G and H). 
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Figure S8. Wigner distributions and channel capacity of GPMs. (A to I) Calculation 

for a normalize aperture of / 50D   and 5s  , of the spin-dependent Wigner 

distributions of segmentation (A and D), interleaved (B and E) and harmonic response (C 

and F) approaches for three channels, and their correspondent red and blue momentum 

densities (G to I), for   and   , respectively; the shaded area denotes the intensity per 

channel. (J) Calculation of mutual information, the insets depicts the momentum 
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densities of 8 channels for the segmentation (purple) and interleaved (green) GPMs, and 

7 channels for the HR-GPM (black). The dashed line depicts the limit for distinguishably 

opened channels. (K) Channel capacity calculation for the segmented (purple) and 

interleaved (green) GPMs of different sampling (s), where the dash lines of 2/1  and 

1  are the Gabor limits for the segmentation and interleaved approaches, respectively.  
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Fig. S9. Polarization measurement of predetermined polarizations. (A to E), Four 

channel measurements of elliptical (A), right circular (B), left circular (C), linear at 0° 

(D), and linear at 45°(E) polarization of light beam.    

 

Movie S1  

Vectorial vortex beams generated by interleaved GPM. 

Numerical modelling for determination of polarization state of the diffracted multiple 

(two radial and two azimuthal polarizations) vectorial vortex beams. The calculation of 

the diffraction pattern obtained from the GPM shown in Fig. S6A for incident linear 

polarization state. This supplementary video (Movie S1) shows the changes in the 

diffraction pattern when rotating the polarizer-analyzer angle over 360°. 

 

Movie S2 

Vectorial vortex beams generated by interleaved GPM. 

Numerical modelling for determination of polarization state of the two vectorial vortex 

beams with winding numbers 2l   presented in Fig. S6H. The calculation of the 

diffraction pattern obtained from an interleaved GPM for incident linear polarization 

state. This supplementary video (Movie S2) shows the changes in the diffraction pattern 

when rotating the polarizer-analyzer angle over 360°. 
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