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ABSTRACT: Photonic gradient metasurfaces are ultrathin
electromagnetic wave-molding metamaterials that provide a
route for realizing flat optics. However, the up-to-date metasurface
design, manifested by imprinting the required phase profile for a
single, on-demand light manipulation functionality, is not
compatible with the desired goal of multifunctional flat optics.
Here, we report on a generic concept to control multifunctional
optics by disordered (random) gradient metasurfaces with a
custom-tailored geometric phase. This approach combines the
peculiar ability of random patterns to support an extraordinary
information capacity and the polarization helicity control in the
geometric phase mechanism, simply implemented in a two-dimensional structured matter by imprinting optical antenna patterns.
By manipulating the local orientations of the nanoantennas, we generate multiple wavefronts with different functionalities via
mixed random antenna groups, where each group controls a different phase function. Disordered gradient metasurfaces broaden
the applicability of flat optics, as they offer all-optical manipulation by multitask wavefront shaping via a single ultrathin nanoscale
photonic device.
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The ability to control the flow of light beyond that offered
by conventional optics has significantly improved owing

to the rapidly expanding field of photonic metasurfaces.1−4

Photonic metasurfaces, i.e., metamaterials with a reduced
dimensionality composed of engineered subwavelength-scale
meta-atoms, pave the way for realizing flat optics by replacing
bulky optical components with ultrathin planar elements.3,4

Moreover, two-dimensional metasurfaces are of particular
interest, as they may serve as the missing link for the
integration of nanophotonic chips with nanoelectronic circuits.
An extra twist in this field originates from gradient metasurfaces
enabling light manipulation by inducing on the incident
electromagnetic wave local transversely nonuniform abrupt
changes of the phases over a subwavelength distance.1,2,5−7 By
molding the polarization8 and linear or angular momenta,5,9,10

custom-tailored gradient metasurfaces have been created to
serve as ultrathin planar optical devices.3,4,7,11,12 Gradient
metasurfaces are realized in either dielectric−dielectric2,7,11 or
metal−dielectric interfaces,5,6,8−10,12,13 where in the latter
propagating surface-confined waves of surface plasmon polar-
itons (SPPs, resonant collective oscillations of quasi-free
electrons at the metal surface14) mediate the in- and out-
coupling of light. The approaches for obtaining gradient
metasurfaces with a desired space-variant phase are scaling the
dimensions of isotropic15 or anisotropic phase-imprinted meta-
atoms in a nonuniform manner5,13,16 or nonuniformly
orientating the local angle of anisotropic meta-atoms;9,10 the

first concept requires the design and fabrication of different
meta-atoms according to the phase increment, whereas in the
second concept, utilizing the Pancharatnam−Berry phase, the
same meta-atoms are used.
The Pancharatnam−Berry phase17 is a promising approach

for achieving an abrupt phase change leveraging the design of
gradient metasurfaces, as originally presented in ultrathin
metallic1 and dielectric phase optical elements.2 The peculiarity
of this 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
polarization state.1,2,7,9−11 When an incident circularly polarized
light is scattered from a metasurface consisting of subwave-
length anisotropic antennas whose local orientation angle is
θ(x, y), a geometric phase shift of ϕg(x, y) = 2σθ is induced,
where σ± = ±1 is the photon spin corresponding to right and
left circular polarizations, respectively.2,9,10 Apparently, the
optical spin provides an additional degree of freedom in nano-
optics for spin degeneracy removal phenomena in gradient
metasurfaces,6,7,9,10 such as polarization-controlled directional
excitation of SPPs.18−21 The presented unidirectional launch-
ing18−20 via periodic gradient metasurfaces suffers from the
limitation of a single channel; moreover, the observed
multidirectional excitation21 reveals the constraints of a
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directional dependence between channels arising from the
lattice symmetry and limited number of channels due to
rotational symmetry restrictions of a periodic gradient metasur-

face crystal. These disadvantages impose limitations on the
growing demand of multiple wavefronts with independent
directions and wavelengths for multifunctional metasurface

Figure 1. Near-field open channels via disordered gradient metasurfaces. (a) Schematic of directional SPP channels opened by a DGM. The
scanning electron microscope image shows the 10 × 10 μm2 metasurface, wherein rmin = 300 nm and d ≈ 520 nm, fabricated using a focused ion
beam. The array consists of 80-by-220 nm2 nanoantennas, etched to a depth of 100 nm into a 200 nm thick gold film, evaporated onto a glass
substrate. The diameter and width of the surrounding annular slit (not shown) are 150 μm and 150 nm, respectively. (b) Dispersion relation of free-
space light (conic manifold) and SPPs (curved manifold). Red and blue arrows correspond to directional SPP coupling by normally incident light
with σ± spin states, respectively. The inset shows the measured transmission spectrum of the two-channel metasurface (with aperture nanoantennas),
normalized to the transmission spectrum of a randomly oriented nanoantenna metasurface. (c, d) Measured intensities of open channels and
corresponding azimuthal cross sections along the slit for σ± illuminations, respectively, at a wavelength of 800 nm. In the polar representation, the
azimuthal angle is given in degrees and the intensity is on a linear scale. (e, f) Measured intensities and azimuthal cross sections for σ±, respectively,
at a wavelength of 740 nm. (g) Measured behavior of a metasurface with randomly oriented nanoantennas.

Figure 2. Information capacity analysis of a near-field multichannel disordered gradient metasurface. (a−d) Spin-controlled open channels with
different numbers of multiple channels at a wavelength of 740 nm. The measurements of S = (Iσ+ − Iσ−)/max(Iσ+ − Iσ−), where Iσ± is the intensity for

σ± excitations, respectively, along the slit show the 3 × 2 (panels a and b) and 5 × 2 (panels c and d) open channels from different metasurfaces.
This measurement procedure was performed to reduce the experimental setup noise. Red and blue spots in panels b and d correspond to open
channels for incident σ± spin states, respectively. (e) Dependence of the signal intensity on number of open channels. (f) Number of bits per channel
for varying number of open channels. The calculation was performed with a constant total number of antennas.
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devices. We offer an approach to overcome the limitations of
polarization-controlled directional excitation, thus expanding its
scope via disordered gradient metasurfaces (DGMs) with a
custom-tailored geometric phase.
Previous research in the field of metasurfaces focused on

ordered structures. Disordered systems were rarely addressed,
despite increasing scientific interest in the field of disordered
photonics.22−24 The exploration of new phenomena in random
metasurfaces via coherent effects associated with disordered
bulk media, such as backscattering,25 enhanced transmission via
coupling to eigenmodes,26,27 and focusing through scattering
media,28,29 has inspired even greater interest. Recently,
phenomena related to random metasurfaces have been under
investigation; among them are broadband and wide angle
absorbers for solar cells,30 localized electromagnetic fields,31,32

and second-harmonic generation.33 Here, we report on a novel
generic concept for multifunctional photonics with independ-
ent phase and amplitude control exploiting the peculiarities of
DGMs. By utilizing the geometric phase, induced by the degree
of freedom of an anisotropic nanoantenna orientation, we fulfill
a hybrid location−orientation phase-matching condition that
enables opening multiple on-demand spin-dependent channels
(i.e., directional constructive interferences) in passive gradient
metasurfaces with randomly distributed antennas in both near
(see Figure 1a) and far fields (see Figure 3a). The multichannel
DGM is composed of mixed random antenna groups with
different functionalities, where each group independently
controls a different wavefront. We revealed extraordinary
channel capacity within the intrinsic limit of speckle noise in
DGMs and observed state-of-the-art spin-controlled multiple
wavefront shaping and structured-light interconnects. Spin-
optical DGMs may facilitate the replacement of complex optical
systems by an individual multifunctional metasurface device.

In addition to the spin angular momentum (AM) of σ±ℏ per
photon associated with the circular polarization handedness, a
light field can also carry an orbital AM of lℏ per photon
associated with its spiral phase front e−ilφ, where the integer
number l is the topological charge and φ is the azimuthal
angle.34 The scattering from an isotropic nanohole, excited by
circularly polarized light, results in a propagating SPP wave
acquiring an orbital AM that is equal to the incident spin AM.35

The arising spin-based plasmonic electric field in polar
coordinates (r, φ) is E(σ) ∝ ei(kr−σφ)/√r, where σ is the
incident optical spin, k(ω) is the SPP wavenumber, and ω is the
frequency of light. The AM conservation in this light−matter
interaction originates from the circular symmetry of the
scatterer. However, when an anisotropic nanoantenna is
considered as a source, the AM is not conserved and an
additional wave with an opposite orbital AM is generated (see
Supporting Information Section 1 for a detailed analysis), so

σ ∝ +σφ σφ σθ− + −E r( ) (e e )/i kr i kr( ) ( 2 ) (1)

Note that the secondary surface wave is accompanied by a
geometric phase of −2σθ (Supporting Information Section 1).
By considering a metasurface consisting of an ensemble of
uncoupled nanoantennas, the global SPP field is the coherent
superposition of all the elemental fields. At an observation point
far from the ensemble, the emerged field is

∑ ∑σ ∝ +σφ σφ σθ− ̅ − · ̅ − · +E ek( , ) e e ei

n

N
i i

n

N
ik r k r( 2 )n n n

where φ̅ is the mean azimuthal angle of observation, N is the
total number of antennas per channel, and rn and θn are the
position vector and the orientation of the nth antenna,
respectively.

Figure 3. Free-space multiple wavefront shaping based on a disordered gradient metasurface. (a) Schematic of spin-controlled far-field phase
functions with different orbital angular momenta generated by a DGM. The inset shows the mixed antenna groups, where each color corresponds to
a different wavefront. (b, c) Measured spin-flip momentum deviations of three wavefronts with different orbital angular momenta for σ− and σ+ spin
states of the scattered light, respectively, at a wavelength of 740 nm. The intensity cross sections of the different orbital AM orders, presented at the
side of the image, visualize the different dislocation strengths. The polarization state is resolved with the use of a circular polarization analyzer (a
quarter-wave plate followed by a linear polarizer). (d−g) Measured interference patterns of the spin-flip components generated by two identical
overlapped orbital AM orders. The patterns were observed from different DGMs forming wavefronts with l = ±1 (panels d and e) and l = ±2 (panels
f and g) for σ− and σ+ scattered spin states, respectively. Note that this method enables the simultaneous measurement of the strength and the
helicity of the dislocation. (h, i) Metasurfaces divided into separated and mixed channel regions, respectively. The reciprocal spaces show that the
channel capacity in the mixed channel type is significantly higher.
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The scattered field component ∑n
Ne−i(k·rn+2σθn) can be

regarded as the structure factor of a metasurface, whereas the
geometric phase is the spin-dependent atomic form factor of a
nanoantenna.36 Although a random distribution of the
nanoantenna locations is considered, a proper selection of the
antenna orientations results in a constructive interference when
the phase-matching condition k·rn + 2σθn = 2πm is fulfilled for
an arbitrary integer m. We regard anisotropic antennas of
nanorods whose local orientation is mod π defined; hence, the
above condition is reduced to

θ = ·k r2 n ng (2)

where kc = −σkg is the desired channel wave vector.
Accordingly, a spin-controlled channel is opened in a
predetermined direction of ∓k̂c for σ± excitations, respectively.
The sums in the scattered field ∑n

Ne−ik·rn and ∑n
Ne−i(k−kc)·rn can

be evaluated by Monte Carlo integration theory.37 This results
in a zero (ballistic) diffraction order and the desired open
channel, respectively, accompanied by a speckle noise ε(k) ∝
O(√N), i.e., a random distribution resulting from the coherent
interference of wavefronts scattered from a fine-scale granular
pattern.38 Consequently, the total scattered field arises in a
spin-dependent open channel expressed as E(k, σ) ∝ NΔ((k +
σkg)D) + ε(k), where Δ(p) ≡ sinc(px) sinc(py), and D is the
metasurface width.
The introduced concept enables the design of multiple

directional channels by a random mixing of antennas with
different orientation functions in a single metasurface, where
each channel is individually controlled by the wavelength and
the polarization helicity of the incident light (see Figure 1b).
The number of open channels Nc is restricted by the
characteristic distance between antennas in each channel, d ≈
(A/N)1/2, and the minimal separation between neighboring
antennas of rmin ≈ (A/Nt)

1/2, determined by fabrication
limitations and the requirement for eliminating the coupling
between nanoantennas.35 Here, A is the metasurface area and
Nt = NNc is the total number of antennas. Accordingly, the
geometric limit for the metasurface channel capacity is Nc

(g) ≈
(d/rmin)

2. For a random distribution of the antenna positions,
there is no restriction on the distance d for opening a single
channel. On the other hand, for an ordered (periodic) antenna
distribution, the scattered field consists of diffraction orders as
manifested by the momentum-matching condition kc = −σkg +
iG1 + jG2, where (G1, G2) = 2π/d(x,̂ y)̂ are the reciprocal lattice
vectors. Here, a single channel (i = j = 0) is obtained only for a
subwavelength structure with d < λc/2, where λc = 2π/kc. This
implies that DGMs provide an enormous advantage compared
to ordered systems, as they enable a sampling of the desired
phase profile with d ≫ λc/2, which is essential for opening
multiple channels under the geometric limitation of Nc

(g)

(Supporting Information Section 2).
Plasmonic DGMs were realized for the experimental

observation of open channels in the near field. For each
chosen channel, we control the propagation direction of the
SPPs, which are launched by an array consisting of anisotropic
void nanoantennas at random locations, by tuning the local
antenna orientation (eq 2). We implemented two spin-
dependent channels operating at different incident wavelengths.
Accordingly, the total number of antennas was randomly
divided into two equal mixed groups. The first antenna group
opened a spin-based SPP channel at the wavelength of 740 nm
in 0° and 180° directions for σ± (Figure 1e,f), respectively,
whereas the second group opened a channel at 800 nm in 250°

and 70° for σ±, respectively (Figure 1c,d). The fabricated
metasurface was surrounded by an annular decoupling slit
enabling free-space imaging of SPP jets launched from the
antenna array. The metasurface was normally illuminated with a
continuous wave Ti-sapphire tunable laser via a circular
polarizer. The spin-controlled multichannel excitation was
observed by measuring the intensity distributions along the
slit (Figure 1c−f). These spin-based open channels via a DGM
were verified by calculated SPP intensity distributions (see
Supporting Information Section 3), obtained by the super-
position of scattered fields from anisotropic antennas with
designed orientations (eq 1). Note that when the antenna
orientations are randomly set, open channels are not observed
(Figure 1g). The light-to-SPPs coupling efficiency of a DGM
with a single near-field channel was found to be ∼15% via a
numerical evaluation (see Supporting Information Section 4).
We also measured the transmission spectrum of the

metasurface with mixed antenna groups, and the signature of
the operating wavelengths of the open channels is observed as
antiresonances in the corresponding SPP wavelengths (Figure
1b, inset; see also Supporting Information Section 5). We
further increased the number of open channels in the near field
to observe 3 × 2 azimuthally nonequidistant (Figure 2a,b) and
5 × 2 equidistant spin-dependent channels (Figure 2c,d) in
predetermined directions. Note that the obtained asymmetric
excitation pattern in Figure 2a,b cannot be generated by a
lattice, and the 10-fold symmetric pattern in Figure 2c,d can be
generated only by a quasicrystal; hence, these demonstrations
manifest the all-optical manipulation by DGMs.
Several critical issues arise when characterizing the near-field

information capacity of a multichannel DGM: diffraction, noise,
crosstalk, and geometry. From a diffraction limit consideration,
the upper limit for the number of channels is Nc

(d) ≈ 2πD/λSPP,
where λSPP is the SPP wavelength. In addition, the origin of the
system noise is a speckle pattern and the crosstalk between
channels. The signal-to-noise ratio (SNR), which determines
the number of bits per channel of log2(1 + SNR), provides a
limit for the channel capacity of Nc

(n), set by SNR ≈ 1. The
measured open channels from a DGM show that the crosstalk
between the multiple channels is rather weak (see Supporting
Information Section 6). Regarding the dependence of the signal
intensity in the open channel number, we investigated a series
of gradient metasurfaces with a single and multiple spin-
controlled channels by measuring the average intensity of
channels (Figure 2e). The observed experimental trend
coincides with a calculation based on the interference model
(Supporting Information Section 7) showing that the intensity
of each channel scales as (Nt/Nc)

2 (Figure 2e), as originally
introduced in multiplex holograms.39 Moreover, the calculation
reveals that the noise intensity scales as Nt, so the SNR is
proportional to Nt/Nc

2 (Figure 2f), as experimentally observed
in the single- and multiple-channel metasurfaces. For a chosen
gradient metasurface with a relatively small area of 10 × 10
μm2, we obtain a channel capacity upper limit of Nc

(d) ≈ 90,
whereas the actual limitation of Nc

(n) ≈ 30 (Figure 2f), offering a
multichannel design of tens of open channels.
DGMs can also generate multiple phase functions in the far

field, providing the route for free-space interconnects. Optical
interconnects offer low crosstalk, high bandwidth, and parallel
operation, making them attractive for analog and digital optical
computing as well as for electronic chips.40 DGMs may serve as
a promising platform for state-of-the-art optical interconnects
manifested by controlling the transverse phase distribution in
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addition to the propagation direction (see Supporting
Information Section 8 for multiple far-field wavefronts of
plane waves). The generation of free-space nonuniform
wavefronts, such as helical phase fronts, results in interconnects
based on the orbital AM. We demonstrated a general fan-out
structured-light shaping based on an ultrathin spin-optical
DGM (Figure 3a). By orientating the nanoantennas of each
wavefront according to 2θ(x, y) = αx + lφ, a spin-controlled
free-space wavefront with an independent design of the
propagation direction and the orbital AM is generated. The
corresponding scattered component carries an orbital AM of σl
and undergoes deflection at an angle of arcsin(σα/k0), where k0
and σ are the wavenumber and the spin state of the incident
beam, respectively; moreover, the scattered component is
manifested by a spin flip to an opposite spin state with regard to
the incident beam.2,7,9,10 We observed 3 × 2 spin-dependent
wavefronts in desired directions with different orbital angular
momenta (Figure 3b,c), where the strength and the helicity of
the dislocation were verified by interference patterns of vortex
beams (Figure 3d−g). The peculiar property of the disordered
approach that enables generation of multiple wavefronts with d
> λ/2 was also presented via a metasurface wherein d ≈ 2λ (see
Supporting Information Section 8). Note that the generation of

far-field phase functions does not require a matching to the SPP
momentum, thereby making their operation independent of
wavelength (see Supporting Information Section 9) within the
broad polarization-based spectral response of the anisotropic
antenna (see Supporting Information Section 10). The
introduced ability to utilize light control by DGMs for
interconnects paves the way for controlling general light
transport via spin-optical DGMs with mixed groups of
nanoantennas, where each group has a different beam-shaping
task.
The channel capacity of free-space optical interconnects

based on metasurfaces with mixed antenna groups can be
analyzed by the Gabor theory of information.41 Multiple
channels can be opened by two types of metasurfaces wherein
the area is divided into Nc separated regions (Figure 3h), or the
nanoantennas of each channel are randomly distributed over
the entire area (Figure 3i). For a given solid angle of Ω, the
diffraction limit of each channel (assuming plane waves) states
that for the first type Nc ≈ (AΩ/λ2)1/2, whereas for the mixed
channel type, according to the Gabor limit, Nc ≈ (AΩ/λ2).41,42
Consequently, the information capacity of the presented DGM
is significantly higher than the separated channel regions (see
Figure 3h,i).

Figure 4. Phase and amplitude control by a disordered gradient metasurface. (a) Schematic of two deflected spin-dependent cylindrical lenses with
uniform and gradient focal line intensity distributions generated by a single DGM. The imprinted geometric phase profiles are ϕg = 2σπ(((x ∓ 35)2

+ f 2)1/2 − f)/λ for the channels with a gradient and a uniform d, respectively, where f = 72 μm is the focal length of the lens. Note that for σ+ the
metasurface operates as a focusing lens, whereas for σ− it operates as a diverging lens. (b) Geometric phase profiles and nanoantenna distributions of
the two cylindrical lenses imprinted in the DGM. Blue (top) and red (bottom) dots represent the locations of the nanoantennas in the lenses with a
uniform and a gradient d, respectively. The locations in the phase profiles were obtained from a wavelength-width strip. (c) Profile of the density of
antennas for the mixed antenna groups in the two-channel DGM. The characteristic distances of the uniform and gradient channels are d ≈ 700 nm
and d ≈ 0.5−1 μm, respectively. (d) Measured and calculated intensity distributions along the focal lines of the lenses with a uniform (top) and a
gradient (bottom) d, at a wavelength of 800 nm. The white lines represent the calculated intensity obtained by the Huygens principle with a
geometric phase delay (E = ∑ei(k·r+2σθ(x,y))/r).
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Beyond imprinting any desired phase distribution, DGMs
also offer an additional advantage of local amplitude control. By
locally changing the channel characteristic distance d(x, y), we
control the local density of antennas ρ and thus the space-
variant wavefront amplitude Ec(x, y) ∝ √ρ = 1/d. We
demonstrated the amplitude control by realizing two cylindrical
focusing lenses in a single DGM, where the first antenna group
opens a channel with a uniform d and the second antenna
group opens a channel with a space-variant d (Figure 4a−c).
The observed focal line from the nonuniform cylindrical lens
shows a gradient intensity profile (Figure 4d, bottom) with
respect to the reference measurement of the uniform cylindrical
lens showing a uniform intensity (Figure 4d, top). Hence,
DGMs with an electromagnetic field of Ec(d(x, y))e

i2σθ(x,y)

enable independent amplitude and phase control via the space-
variant channel characteristic distance and the local antenna
orientation, respectively.
The reported proof-of-concept of multiple wavefront shaping

in the far field showed a low efficiency due to the weak coupling
between the incident wave and void nanoantenna modes. This
efficiency can be dramatically increased by properly designing
the birefringent phase retardation of the metasurface nanoscale
unit cell, as presented in dielectric7 and gap plasmon-based
gradient metasurfaces,16 thus leveraging the introduced
principle to provide high-efficiency metasurface applications.
The reported concept provides the route for multiple wavefront
shaping via a single ultrathin nanoscale photonic device that can
integrate with nanoelectronic circuits, ushering in a new era of
light manipulation.
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