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Multifunctional planar systems that can perform a number 
of concurrent tasks in a shared-aperture were recently in-
troduced in the field of phased array antennas for radar ap-
plications. In particular, modern RF sensing, 
communication and imaging systems based on sparse 
phased array antennas are able to operate at different fre-
quency bands, polarizations, scanning directions, etc. These 
capabilities are ascribed to sub-arrays of elementary radia-
tors, sharing a common physical area that constitutes the 
complete aperture of the phased array (1–4). The shared-
aperture concept can be adopted to realize multifunctional 
photonic antenna arrays. The recent implementation of 
metasurfaces, or metamaterials of reduced dimensionality, 
is of particular relevance as it opens up new opportunities 
to acquire virtually flat optics. Metasurfaces consist of a 
dense arrangement of resonant optical antennas on a scale 
smaller than the wavelength of external stimuli (5–10). The 
resonant nature of the light-matter interaction of individual 
nanoantenna affords substantial control over the local light 
scattering properties. Specifically, the local phase pickup 
can be manipulated by tailoring the antenna material, size, 
shape, and environment – antenna resonance shaping (11–
15), or through the geometric phase concept (10, 16–20). The 
latter 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). Such a geometric phase metasurface (GPM) transforms 
an incident circularly polarized light into a beam of oppo-
site helicity, imprinted with a geometric phase 

( , ) 2 ( , )g x y x yφ σ θ±= ; where 1σ± = ±  denotes the polar-

ization helicity (photon spin in   units) of the incident 
light, and θ(x,y) is the nanoantenna orientation (22). Here, 
we incorporate the shared-aperture phased antenna array 
concept and spin-controlled two-dimensional optics based 
on nanoantennas. By use of the geometric phase mecha-
nism, utilizing the spin-orbit interaction phenomenon, a 
multifunctional GPM is implemented (Fig. 1). 

Photonic GPMs with spatially interleaved phase profiles 
are designed by the random mixing of optical nanoantenna 
sub-arrays, where each sub-array provides a different phase 
function in a spin-dependent manner. This approach utiliz-
es the peculiar ability of random patterns to yield extraordi-
nary information capacity, and polarization helicity control 
via the geometric phase concept. We realized a high effi-
ciency multifunctional GPM in which the phase and polari-
zation distributions of each wave-front are independently 
controlled. These GPMs are based on gap-plasmon resona-
tor (GPR) nanoantennas that consist of metal-insulator-
metal layers enabling high reflectivity by increasing the 
coupling between the free-wave and the fundamental reso-
nator mode. Moreover, adjustment of the GPR nanoanten-
na’s dimensions enables the design of high efficiency half-
wave plate (22, 23). A diffraction efficiency of ~79% was 
found for the reflection mode of a single wave-front, which 
is in good agreement with the theory (10, 18, 19), and the 
finite-difference time-domain (FDTD) simulation (fig. S1, D 
to F) (22). Then, to design a metasurface generating multi-
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ple spin-dependent wave-fronts carrying orbital angular 
momentum (OAM), the GPR nanoantennas were randomly 
distributed into equal interleaved sub-arrays. The nanoan-
tennas of each j-th sub-array were oriented according to the 

relation 2 ( , )j j jx y k x lθ j= + , to obtain momentum redi-

rection jkσ±  and topological charge (winding number) 

jlσ± ; ϕ  is the azimuthal angle (Fig. 2A). We measured the 

far-field intensity distribution by illuminating the metasur-
face with circularly polarized light at a wavelength of 760 
nm, and observed 3x2 spin-dependent OAM wave-fronts 
with the desired topological charges of 0, ±1, ±2 (Fig. 2, B 
and C), in agreement with FDTD simulation (fig. S2). The 
corresponding OAMs were verified by measuring the dislo-
cation strength by the interference of the vortex beams with 
a plane-wave (Fig. 2, D and E). An additional peculiar twist 
in the field of metasurfaces relies on space-variant polariza-
tion manipulation, which may encompass a broader class of 
wave-front shaping. Interleaved GPM enables obtaining 
multiple vectorial vortices by coherent superposition of 
wave-fronts with opposite helicities (fig. S6 and movies S1 
and S2) (22). 

The angular resolution characteristics of the interleaved 
and segmented GPMs were experimentally examined via far-
field measurements. In the segmentation approach increas-
ing the number of wave-fronts, N, results in an angular 

width of ~ N DλDΘ ⋅ , while for the interleaved GPM it 

is approximately Dλ  for an arbitrary N, matching the dif-

fraction-limited angular resolution of the shared-aperture of 
size D at a wavelength λ (Fig. 2, F and G, and figs. S4 and 
S5). However, the above analysis does not hold the promise 
to obtain high information capacity for the interleaved ap-
proach, as it is also strongly influenced by the noise origi-
nated from channels mixing. The signal-to-noise ratio (SNR) 
determines the available number of bits per channel as 
log2(1 + SNR), and sets the limit Nc for the channel capacity 
when SNR = 1. In order to estimate the impact of an incre-
mentally growing number of wave-fronts on SNR, the far-
field intensity distributions were calculated via Fourier 
transform (22). The calculation shows that the SNR scales as 
1/N2, leading to a channel capacity limit of Nc ≈ 130 for the 
interleaved GPM of D = 50 μm (Fig. 2I). Moreover, both the 
calculations and experiments show that the intensity per 
channel decreases according to 1/N2 (Fig. 2H). 

Unlike the interleaved GPM the harmonic response (HR) 
metasurface is not limited by the intensity scaling of 1/N2. 
The HR concept relies on different optimization methods, 
iterative and analytic, and has been implemented in a varie-
ty of realms such as holography, communication, and radar 
(24–26). In order to obtain spin-dependent asymmetric 

harmonic diffraction orders we incorporate the HR and ge-
ometric phase concepts. The geometric phase function can 
be expanded to spin-dependent OAM harmonic orders 

( )expmA im kxσ ϕ± +   , where mkσ±  is the momentum 

redirection of m-th order. The phase function can be opti-

mized to achieve identical intensities ( )2 1 1mA b a≈ − +  

for selected asymmetric orders a < m < b with maximal op-
tical efficiency. We adopted an optimized analytic solution, 
namely “triplicator” (25), to realize a GPM (Fig. 3, A to C) 
providing three spin-dependent asymmetric OAM harmonic 
orders (22). The GPM was illuminated with right and left 
circularly polarized light and the spin-dependent diffraction 
pattern consisting of multiple OAM harmonic orders of 

, 2 ,3l σ σ σ± ± ± ±=  corresponding to m = 1, 2, 3 was ob-

served (Fig. 3, D and E). The diffraction patterns were veri-
fied by the spin-dependent FDTD simulation (Fig. 3, F and 
G) and by calculating Fourier amplitudes (Fig. 3, H and I). 
The efficiencies of each order were measured to be 

2 0.21mA ≅  with uniformity of 0.01± , leading to a total 

efficiency of ~63%, in accordance with the intensity scaling 
of 1/N (Fig. 3J) (22). Furthermore, we experimentally con-
firmed that the HR approach is manifested by diffraction-
limited angular resolution of the shared aperture (Fig. 2F, 
and fig. S7, B and F). In light of the above, the HR concept 
constitutes an excellent platform to realize a well angular 
resolved multi-beam possessing negligible noise, thus, able 
to provide high information capacity, while the interleaving 
approach suffers from the speckle noise and is hindered by 
capacity reduction. On the other hand, the latter approach 
offers high flexibility in multifunctional wave-front genera-
tion, whereas with the HR concept, harmonic sequence re-
stricts this flexibility. Moreover, the reported spin-controlled 
multifunctional metasurfaces based on shared-aperture ap-
proaches are studied in terms of information capacity by 
means of Wigner phase-space distribution to establish a link 
between the Shannon entropy and the capacity of photonic 
system (fig. S8) (22). 

Spectropolarimetry is an application for the simultane-
ous measurement of the spectrum and polarization state of 
light, and is widely used to characterize chemical com-
pounds. Implementing spectropolarimetric devices with 
metasurfaces opens new avenues for on-chip detection. Re-
cently, an on-chip chiroptical spectroscopy (27) was present-
ed, measuring the differential absorption between left- and 
right-circular polarizations; however, this device is unable 
to provide full polarization analysis. Yet it has been shown 
that a metasurface allows for the simultaneous determina-
tion of the Stokes parameters (i.e., the polarization state of 
light) (28, 29) without consideration of the spectral analysis. 
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Here we propose a simple, fast and compact technique 
based on an interleaved GPM, that can simultaneously 
characterize the polarization state and spectrum of a wave 
transmitted through a semitransparent object. The spectro-
polarimeter metasurface (SPM) is composed of three inter-
leaved linear phase profiles 

( ) ( ) ( )1 2 3; ;g x g y g yk x k y k yφ σ φ σ φ σ± ± ±= = = −  associated with 

different nanoantenna sub-arrays. When a probe beam with 
an arbitrary polarization state impinges on the SPM, two 

beams of intensities Iσ±
, consist of opposite helicity states, 

and two additional beams emerge. The latter have identical 
polarizations, conjugate with respect to the incident beam, 
and being projected onto linear polarizers at 0 and 45 de-

grees determine the linearly polarized components 0LI  and 

45LI , respectively (Fig. 4A). The Stokes parameters of the 

probed beam are then calculated by the following expres-

sions (28): ( )0 1 0 02 / ; 2 /LS I I S I Sσ σ η η
+ −

= + = − ; 

( )2 45 0 32 / ; 2 /LS I S S I Iσ ση η
+ −

= − = − , where η is de-

termined by a calibration experiment (fig. S9). The SPM of 
50 μm diameter was normally illuminated by a supercon-
tinuum light source, passing through the acousto-optic 
modulator which enables the tenability of various wave-
lengths. Figure 4B shows the measured and calculated 
Stokes parameters on a Poincaré sphere for an analyzed 
beam impinging the SPM at a wavelength of 760 nm with 
different polarizations, obtained by a polarization-state gen-
erator (linear polarizer followed by a rotated quarter-wave 
plate). The spectral resolving power is defined according to 

the Rayleigh criterion as 
2

,x yq Mλ λ∆ = , where 
2

,x yM  

is the beam quality parameter in each direction (x, y), and q 
is the number of phase modulation periods (30). The resolv-
ing power of the SPM was measured and found to be 

13λ λ∆ ≅  (Fig. 4C). The obtained value is in good agree-

ment with the calculated resolving power for SPM with 

17q ≅  periods, and a laser beam quality of 
2

, 1.3x yM = . 

We measured the optical rotatory dispersion (ORD) for the 
specific rotations of D-glucose (chiral molecule) and of its 
enantiomer L-glucose that were dissolved in water with pre-
determined concentrations (Fig. 4D) (22). The ORD of D-
glucose shows a good agreement with the values found in 
the literature (31), while the L-glucose ORD manifested the 
opposite behavior that was expected. To conclude, we 
achieved real-time on-chip spectropolarimetry by exploiting 
the interleaved GPM. The reported alliance of the spin-
enabled geometric phase and shared-aperture concepts 
sheds light on the multifunctional wave-front manipulation 

in a spin-dependent manner. The introduced asymmetric 
HR and interleaved GPMs constitute excellent candidates to 
realize on-demand multifunctional on-chip photonics. 
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Fig. 1. Schematic of shared-aperture concepts. (A to C) Segmented (A), interleaved 
(B), and harmonic response (C) one-dimensional phased arrays. (D to F) Schematic 
far-field intensity distribution of wave-fronts with positive (red) and negative (blue) 
helicities emerging from segmented (D), interleaved (E), and harmonic response (F) 
GPMs composed of gap-plasmon nanoantennas (inset). Here l stands for the 
topological charge of the spin-dependent OAM wave-fronts [for more details see (22)]. 
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Fig. 2. Multiple wave-front shaping via interleaved GPMs. (A) Scanning electron microscope image 
of a gap-plasmon GPM of aperture D = 50 μm. (B and C) Measured spin-flip momentum deviation of 
three wave-fronts with different OAMs; σ±  denotes the incident spin. (D and E) Interference pattern of 

the spin-flipped components with a plane-wave, observed from different GPMs generating OAM wave-
fronts of l = ±1 (D) and l = ±2 (E), for σ−  and σ+  illumination. (F) Observed angular width of plane-

waves emerging from shared-aperture GPMs of different types and numbers of generated channels, 
corresponding to different colors. (G) Measured momentum deviations for the interleaved and 
segmented GPM, wherein the intensity distributions of nine channels in (F) are presented along the 
dashed colored lines. (H and I) Efficiency per channel (H) and number of bits per channel (I); here red 
dots and black triangles denote the calculation and experiment results, respectively, whereas the blue 
fit corresponds to ~1/N2.  
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Fig. 3. Spin-dependent asymmetric harmonic response. (A) Scanning electron microscope image 
of the fabricated gap-plasmon HR-GPM. (B) The geometric phase distribution of the entire HR-GPM 
for σ+ . (C) The calculated phase distributions along the 20 μm dashed line in (B) for σ−  (blue) and 

σ+  (red). (D to I) Measured (D and E), FDTD simulated (F and G), and calculated Fourier amplitudes 

(H and I) spin-dependent HR diffractions of OAM orders, for right ( )σ+  and left ( )σ−  circular 

polarization illuminations at a wavelength of λ = 760 nm, respectively. Note, the dim zero order spot 
arises from an additional harmonic of the “triplicator” phase function, and is of negligible efficiency of 
2%. (J) Efficiency per channel, red dots and black triangles denote the calculation and experiment 
results, respectively, whereas the blue line corresponds to 1/N. 
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Fig. 4. Spectropolarimeter metasurface. (A) Schematic setup of the spectropolarimeter wherein 
the SPM is illuminated by a continuum light passing through a cuvette with chemical solvent; then, 
four beams of intensities 45 0, , ,L LI I I Iσ σ+ −

 are reflected toward a CCD camera. (B) Predicted (red 

dashed curve) and measured (blue circles) polarization states, obtained by a polarization-state 
generator (linear polarizer followed by a rotated quarter-wave plate), depicted on a Poincaré sphere. 
(C) The measured far-field intensities for elliptical polarization at two spectral lines, 740 nm and 780 
nm wavelengths, and the corresponding resolving power of the SPM of 50 μm diameter (inset, black 
line) and calculation (blue line). (D) Optical rotatory dispersion for the specific rotations of D- and L-
glucose. Red circles and black squares represent the measured ORD of D- and L-glucose, 
respectively, where the blue line depicts the dispersion acquired from (31). 
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