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Introduction

Polarization, a fundamental characteristic of optical waves, plays a pivotal role in the
field of optical imaging and communication [1, 2]. It holds great potential for advanced
optical multiplexing and multi-functional integration, as the amplitude and phase of
optical waves with orthogonal polarization states can be independently manipulated.
Conventional optical elements for polarization manipulation are typically made from
materials exhibiting optical dichroism. These materials can introduce controlled phase
delays between two orthogonally polarized electric fields by adjusting the optical wave
propagation distance. Despite their effectiveness in controlling polarization, conven-
tional optical elements often suffer from bulkiness and limited functionality. This makes
them less versatile and less adaptable to modern nanophotonic applications where high-
precision optical polarization manipulation based on miniaturized devices is required.
As such, researchers have been continuously exploring new candidates that possess
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flexible capabilities for optical polarization manipulation while maintaining compact-
ness and efficiency.

Fortunately, recent advances in nanotechnology have opened exciting possibilities for
creating highly functional and compact optical elements [3—7]. Metasurfaces, which are
planar arrays consisting of subwavelength artificial nanostructures, have been demon-
strated as excellent candidates for optical wave manipulation with high efficiency and
superb customization [8—14]. This is because they allow for precise control over optical
responses through adjustments of structural parameters [15, 16]. Metasurfaces consist-
ing of periodically arranged anisotropic nanostructures can induce distinct phases on
orthogonal linear polarizations, rendering them a potent platform for optical polariza-
tion manipulation. The investigation of high-performance optical polarization control
devices based on anisotropic nanostructures, including polarizers, wave plates, polariza-
tion converters, and selectors, has been extensively conducted in recent years [17-28].
Moreover, anisotropic nanostructures can be utilized to independently manipulate the
phase and amplitude of optical waves with orthogonal polarization states at the sub-
wavelength scale, serving as a fertile ground for polarization-selective and -multiplexed
optical wave manipulation [29-38]. The exceptional capability of anisotropic nanostruc-
tures for polarization-selective optical wave manipulation has significant applications in
detecting the polarization states of optical waves [39—43]. Recent progress on metasur-
faces composed of few-layer and polyatomic anisotropic nanostructures further proved
the great potential of anisotropic nanostructures for high-efficiency polarization-mul-
tiplexed full-space optical wave manipulation [44—48]. The multiplexed channels now
encompass not only orthogonal linear and circular polarization states but also arbitrary
and non-orthogonal states, significantly enhancing their versatility [49-51]. As research
continues to improve the efficiency and flexibility of anisotropic nanostructures, we
anticipate significant advancements in polarization-multiplexed optical wave manipula-
tion in the coming years.

Herein, we review the representative works and recent advancements in anisotropic
nanostructures for optical polarization manipulation, detection as well as polarization-
selective and -multiplexed optical wave manipulation. We present a concise overview
of the field’s progress, as illustrated in Fig. 1. This article is organized into five main sec-
tions: In Section "The design principle of anisotropic nanostructures”, we briefly dis-
cuss the design principle of anisotropic nanostructures. A range of representative works
that have utilized anisotropic structures to achieve optical polarization manipulation
and polarization-selective optical wave manipulation are discussed in Section "Optical
polarization manipulation and polarization-selective optical wave manipulation based
on anisotropic nanostructures”. Additionally, a review of methods for measuring optical
polarization state using anisotropic nanostructures is provided in Section "Optical polar-
ization state measurement based on anisotropic nanostructures". Moreover, we provide
an in-depth analysis of recent advancements in few-layer and polyatomic anisotropic
nanostructures for polarization-selective and -multiplexed optical wave manipulation
in Section "Polarization-multiplexed optical wave manipulation based on few-layer and
polyatomic metasurfaces composed of anisotropic nanostructures”, highlighting their
impressive versatility and efficiency. The final section offers a conclusion and an outlook,
which present our opinions on the future developments of this research area.
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Fig. 1 Development of anisotropic nanostructures and their utilization in polarization-selective and
-multiplexed optical wave manipulation. Few-layer and polyatomic nanostructures offer greater design
flexibility compared to planar nanostructures, making them powerful platforms for polarization-selective and
-multiplexed full-space and multidimensional manipulation of optical waves. A detailed discussion on the
advantages of few-layer and polyatomic nanostructures can be found in Section "Polarization-multiplexed
optical wave manipulation based on few-layer and polyatomic metasurfaces composed of anisotropic
nanostructures”

The design principle of anisotropic nanostructures

The polarization state of a plane wave propagating in the positive z direction is deter-
mined by the temporal evolution of the electric-field vector E(r, ), which can be decom-
posed into two orthogonal polarization components and is typically expressed using a
linear basis [52]:

E a eifﬂx o
E(r,t) = <E;> = (u;eif/)y )el(wt kz) (1)

where o and k represent the frequency and the wave vector of the plane wave, respec-
tively, while a, (a,) and ¢, (¢,) denote the amplitude and phase of the electric-field. The
endpoint of the vector E(r, ¢) is an ellipse characterized by the azimuth angle ¥ and the
ellipticity angle y, which can be obtained from the expressions [26]:

tan(2y) = % cos(Agp) (2a)
sin(2)) = +rr2 sin(Ag) (2b)

where r = ay/a, and Ap = @, — ¢x. The azimuth angle y determines the orientation
angle of the polarization ellipse while the ellipticity angle y determines the shape of the
polarization ellipse. The polarization state of optical waves can be manipulated at will by
independently modulating the amplitude and phase of their two orthogonal polarization
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components, which also allows for optical multiplexing in two orthogonal polariza-
tion channels. To meet this requirement, a customizable anisotropic optical response is
essential.

For artificial nanostructures at the subwavelength scale, the electric fields of the nor-
mal incident (E’) and transmitted waves (E°) can be connected by using the Jones matrix
(E° =T - E) [53]:

EZN _ (Tax Ty | (s

<E§)>_<Tyx Tyy)(%) )
When the nanostructure is rotated along the z-axis with an angle of 8, its T matrix
can be obtained based on T? = R(—0)TR(8), where R is a 2 x 2 rotation matrix [54].
The matrix T is represented using a linear basis here, and can be transformed into other
bases as well [52]. The electric fields of the incident and reflected waves can also be con-
nected in a similar manner [44, 55]. Then, a metasurface composed of arranged nano-
structures can be described by a spatially-varying 7" matrix T(x,y), and the far-field
distribution of optical waves can be obtained by A(ky, ky) = F {T(x, y)} [56]. The com-
plex coefficients of the T matrix can be well adjusted by altering the structural symme-
try of nanostructures and modulating the excitation and coupling of optical resonances
within them. This allows customizable anisotropic optical responses, facilitating effi-
cient manipulation of the polarization state of optical waves. It is possible to effectively
manipulate not only the polarization state of transmitted waves but also the phase and
amplitude of the two orthogonal polarization components by designing the Jones matrix
T(x, y) of metasurfaces. For instance, if the four complex coefficients of the Jones matrix
T(x, y) can be independently manipulated, optical multiplexing with four polarization
channels can be achieved by controlling the polarization state of the incident wave and
detecting distinct polarization components of the transmitted wave. However, there are
two major challenges to implementing this goal. Firstly, it is important to consider the
structural symmetry when designing a nanostructure to achieve a desired T matrix. For
example, the values of T, and T, are always equal when the designed nanostructure has
a mirror symmetry in the x—y plane [52]. Meanwhile, in order to modulate the complex
coefficients of the T matrix on a larger scale, further improvements are required in the
adjustable degree of freedom of structural parameters. Therefore, the design of meta-
surfaces composed of nanostructures with different anisotropic optical responses can
be divided into the following steps: (1) Determine the T matrix of every nanostructure
based on T(x, y) or A(ky, ky); (2) Determine the structural symmetry constraint of the
nanostructures; (3) Design and find the nanostructures with desired 7' matrix by vary-
ing the structural parameters. If only one or two coefficients in the 7 matrix need to be
adjusted, simple nanostructures will suffice. However, if more coefficients require modu-
lation, nanostructures with low structural symmetry and multiple adjustable parameters
are necessary. To simplify the design process of nanostructures, few-layer and polya-
tomic nanostructures have been proposed [47]. The coefficients in the Jones matrices
of few-layer and polyatomic nanostructures can be flexibly manipulated. As illustrated
in Fig. 1, few-layer nanostructures allow for easy breaking of structural mirror symme-
try and involve more adjustable structural parameters. The Jones matrix of few-layer
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nanostructures can be obtained by taking the dot product of each layer’s Jones matrix,
when the interlayer interactions are negligible. For polyatomic nanostructures, multiple
different nanostructures are placed in one subwavelength unit cell, which significantly
expands the adjustable structural parameters. The Jones matrix of polyatomic nano-
structures can be obtained by directly adding the Jones matrices of the multiple nano-
structures when the near neighbor interactions between them are negligible. Meanwhile,
few-layer metasurface with independently designed Jones matrices for each layer and
a much larger distance between layers than the operational wavelength has also been
demonstrated as an effective alternative to achieve any desired T(x, y) [57]. Note that
while few-layer and polyatomic metasurfaces have emerged as efficient approaches for
manipulating multiple coefficients in the T matrix, the increased number of structural
parameters complicates the design and optimization process. Consequently, optimiza-
tion techniques such as genetic algorithms and particle swarm optimization have been
widely employed to determine the structural parameters of nanostructures [58, 59].
Meanwhile, the development of deep-learning technology also benefits the design of
nanostructures with desired Jones matrices [60—65]. By combining advanced optimiza-
tion techniques with the aforementioned design principles, the design of nanostructures
for optical polarization manipulation and polarization-multiplexed optical wave manip-
ulation will become faster and more efficient.

Optical polarization manipulation and polarization-selective optical wave manipulation
based on anisotropic nanostructures

Optical polarization manipulation

Anisotropic nanostructures are promising candidates for subwavelength optical polari-
zation manipulation since the complex coefficients in their transmission and reflection
matrices can be easily adjusted. For instance, to function as a linear polarizer under nor-
mal illumination of plane waves (supposing optical waves propagate along the z axis), the
transmission (Jones) matrix 7 of the designed nanostructure should have two cross-
polarized coefficients (Tx, and T),) and one of the two co-polarized coefficients (Ty, or
T),) that are close to zero. For nanostructures that is mirror-symmetric with respect to
the x—z or y—z plane, both two cross-polarized coefficients (T, and Ty) are always equal
to zero. Additionally, one of the two co-polarized coefficients (T, or T),) can be adjusted
to zero by involving an optical resonance that can be excited solely by x- or y-polarized
waves. Hence, the metallic nanorod, which has an electric dipole resonance that can be
excited by the component of the electric field along its structural long axis, is widely
used as a near-perfect linear polarizer at the resonant wavelength [66—68]. For nano-
structures composed of multiple nanorods, the working waveband can be further
expanded due to the coupling of the electric dipole resonances [67]. However, the extinc-
tion ratios of these kind of designs are limited by the finite resonance strength in planar
nanostructures. Recently, a bilayer metasurface made up of aluminum nanorods (shown
in Fig. 2(a)) has been shown to be an excellent linear polarizer with significantly
improved extinction ratio and working bandwidth compared to a single layer design
consisting of aluminum nanorods with the same structural parameters [70]. Due to the
enhanced optical resonance caused by the multiple wave interference effect between the
layers, the working efficiency of the bilayer metasurface is greater than 90% with the
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Fig. 2 Optical polarization manipulation based on anisotropic nanostructures. a Schematic diagram of a
bilayer metasurface consisting of aluminum nanorods functioning as a broadband perfect linear polarizer.

b The magnitudes squared of the four transmission coefficients in the transmission matrix of the bilayer
metasurface. ¢ Schematic of a broadband linear polarization converter, comprising a cut-wire array, a
polyimide dielectric spacer, and a gold ground plane. d Experimentally measured co- and cross-polarized
reflectance. e An illustration of a nanoslit plasmonic metasurface. f Amplitude ratio and g phase difference
of transmitted field £, and E, for the nanoslit plasmonic metasurface. h Comparison between conventional
method and a non-chiral plasmonic metasurface consisting of two cross-shaped nanoapertures with
different structural parameters for controllable optical activity. i Schematic of the non-chiral plasmonic
metasurface for the realization of optical activity. Inset: unit cell of the non-chiral plasmonic metasurface.

j Experimental measured transmittances as a function of analyzer angle for four non-chiral plasmonic
metasurfaces with varying optical rotation angles. k Schematic of dielectric metasurfaces operating as highly
efficient half- and quarter-wave plates. | Phase retardance of the half-wave plate. m Experimental (solid

lines) and theoretical (dashed lines) transmission spectra of the half-wave plate. a, b adapted from Ref. [70],
Copyright 2019, with permission from Wiley—VCH Verlag GmbH & Co. KGaA, Weinheim. ¢, d adapted from
Ref. [79], Copyright 2013, with permission from American Association for the Advancement of Science. e, f, g
adapted from Ref. [80], Copyright 2011, with permission from American Physical Society. h, i, j adapted from
Ref. [81], Copyright 2016, with permission from Springer Nature, under a Creative Commons Attribution 4.0
International License. k, I, m adapted from Ref. [84], Copyright 2016, with permission from American Institute
of Physics

extinction ratio more than 98% for wavelength from 1050 to 1350 nm, as illustrated in
Fig. 2(b). This design can also be treated as a linear polarization selector, allowing
y-polarized waves to pass through while blocking x-polarized waves. Similarly, a circular
polarization selector can be achieved by setting the two cross-polarized coefficients (Trr
and Tgz) and one of the two co-polarized coefficients (T or Trr) to zero [28]. Besides
their use in selecting polarization, nanostructures can also manipulate the polarization
state of transmitted waves by adjusting both co- and cross-polarized coefficients within
their transmission matrices. An example of this would be the achievement of cross-
polarization conversion for linearly polarized waves, which requires the amplitude of T,
(or Tyy) equal zero while maximizing that of Ty, (or Ty,) [71-79]. The performance of
these cross-polarization converters has been evaluated by using the polarization conver-
sion rate (PCR) defined as PCR = T]% /(T% + Tf), where the subscript “” and “”

1
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represent two orthogonal linear polarization states. Assuming the illumination is an
x-polarized wave, achieving a high PCR using metallic nanostructures with electric reso-
nances requires eliminating the x-component of the electric resonances and enhancing
the strength of their y-component. In this way, a metasurface consisting of two rotation-
ally symmetric “F” shapes connected by a central line has been proposed to achieve
cross-polarization conversion in the THz range with a PCR exceeding 90% [76]. Despite
the high value of PCR, the cross-polarized coefficients in the transmission matrix of this
design have an amplitude lower than 0.3, indicating a working efficiency below 10%.
Bilayer nanostructures with abundant interlayer interactions has been widely used to
realize cross-polarization conversion of linear-polarized waves with high PCR and high
working efficiency [77-79]. A high-performance broadband linear polarization con-
verter consisting of a metallic cut-wire and a metallic ground plane separated by a die-
lectric spacer has been implemented, as illustrated in Fig. 2(c) [79]. An electric dipole
oscillated along the cut-wire can be excited under x-polarized normal incidence. The
incident electric field and the x-component of the electric dipole determine the co-
polarized reflected field while the y-component of the electric dipole determine the
cross-polarized reflection. Without the metal ground plane, the PCR is low. However, by
taking advantage of the multiple wave interference effect between the layers, the co-
polarized reflectance can be reduced while the cross-polarized reflectance can be
enhanced. This results in a high PCR and high reflectance of cross-polarized waves, as
shown in Fig. 2(d). The PCR can be further controlled by adjusting the spacing between
the metal ground plane and the cut-wire, as the multiple wave interference effect is pri-
marily determined by this spacing. By simultaneously adjusting the amplitude of both
co- and cross-polarized coefficients and their phase difference, nanostructures can also
realize linear-to-circular polarization conversion [24]. Indeed, by adjusting both the co-
and cross-polarized coefficients of nanostructures simultaneously, it is possible to
manipulate the polarization states of outgoing waves arbitrarily when the polarization
state of incidence is known. Since any polarization state can be decomposed into two
orthogonal polarization components, a more intuitive approach to manipulating the
polarization state of an optical wave is by using two nanostructures with optical reso-
nances excited under two orthogonal polarization states. For instance, a plasmonic
metasurface consisting of orthogonal arrays of nanoslits was demonstrated as a linear-
to-circular polarization converter at the working waveband, as shown in Fig. 2(e) to (g)
[80]. Two distinct resonances can be excited along the two orthogonal nanoslits respec-
tively, resulting in the precise /2 phase shift between the x- and y-polarized compo-
nents of transmitted waves while maintaining equal amplitude. It should be noted that
the conversion from linear to circular polarization can also be achieved by utilizing sin-
gle anisotropic nanostructures, wherein two electric resonances with adjacent resonant
wavelengths can be excited in two orthogonal directions, respectively [26]. Similarly, a
non-chiral plasmonic metasurface whose unit cell composed of two cross-shaped
nanoapertures with different structural parameters has been proposed to realize con-
trollable optical activity [81]. The two cross-shaped nanoapertures are used to manipu-
late the phase and amplitude of the right- and left-handed circular polarization (RCP
and LCP) components of the linearly polarized light respectively, leading to the rotation
of polarization direction, as illustrated in Fig. 2(h) and (i). By simply changing the

Page 7 of 39



Li et al. PhotoniX

(2024) 5:30

structural parameters of the two cross-shaped nanoapertures, the optical rotation angles
can be well modulated from 0 to 45 degrees, as shown in Fig. 2(j). Despite the notable
advancements in single-layer plasmonic metasurfaces for optical polarization manipula-
tion, their interaction with optical waves remains constrained by their subwavelength
thickness. This limitation hinders the simultaneous generation of both electric and mag-
netic resonances, posing a significant challenge in efficiently achieving a phase delay of it
between two orthogonal polarization components. As a result, single-layer plasmonic
metasurfaces cannot function as high-efficiency half-wave plates [82]. To overcome this
drawback, one solution is to employ a few-layer design, while another option involves
utilizing dielectric nanostructures [18, 83, 84]. The metal-insulator-metal (MIM) design,
comprising a metallic nanostructure, a lossless dielectric spacer, and a metallic ground
plane, is widely employed to achieve half-wave plates based on anisotropic plasmonic
nanostructures due to the advantageous multi-wave interference effect. For example, a
MIM nanostructure has been theoretically and experimentally demonstrated as a wide
field of view (FOV) half-wave plate covering+40° in the wavelength range of 640 to
1290 nm [18]. Meanwhile, dielectric nanostructures with versatile electric and magnetic
Mie resonances are free from ohmic loss, which have emerged as efficient candidates for
optical polarization manipulation [83]. For example, dielectric metasurfaces consisting
of elliptical cylinders (as shown in Fig. 2(k)) have been demonstrated as highly efficient
quarter-wave and half-wave plates with a wide operating bandwidth in the near-infrared
regime [84]. The anisotropic optical response of elliptical cylinder allows for a phase
delay of m, resulting in the successful implementation of a half-wave plate, as shown in
Fig. 2(1) and (m). It has also been verified that plasmonic nanostructures whose height is
on the scale of hundreds of nanometers can exhibit high-order electric resonances, caus-
ing a phase delay of 1 between the x- and y-polarized components of transmitted waves
[85].

Furthermore, metasurfaces can also enable reconfigurable manipulation of optical
polarization state by using materials with dynamically tunable optical properties [87-89].
As shown in Fig. 3(a) to (c), the polarization state of reflected wave can be dynamically
modulated from LCP to RCP states with a graphene-loaded plasmonic metasurface by
changing the gate voltage applied in the graphene layer [88]. Moreover, because linearly
polarized waves can be decomposed into LCP and RCP components with different phase
delays between them, the polarization angle of linearly polarized waves can be dynami-
cally manipulated by modulating the phase delay between LCP and RCP waves. As an
example, dynamic polarization conversion at visible frequencies has been demonstrated
based on an electrically tunable optical metasurface composed of anisotropic metallic
nanostructures and liquid crystals (shown in Fig. 3(d) and (e)) [89]. The refractive index
of liquid crystals can be electrically tunable, resulting in the electrically controlled phase
delay between the reflected LCP and RCP waves. By simply manipulating the applied
voltage, the polarization conversion angle can be finely tuned from 0 to 90 degrees. In
addition to utilizing materials with dynamically tunable optical properties, the angular
dispersion of nanostructures has emerged as another promising alternative for achieving
dynamic manipulation of optical polarization [90, 91]. A metal—insulator-metal metas-
urface composed of cross-shaped resonators has been proposed to control the polariza-
tion states of reflected waves under linearly polarized incidence by varying the incident
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Fig. 3 Dynamic optical polarization manipulation based on anisotropic nanostructures. a Schematic of

a graphene-loaded plasmonic metasurface for optical polarization encoding via applying different gate
voltages. b Variation of Normalized Stokes parameters with the modulation of the gate voltage applied on
graphene. ¢ The corresponding variation of polarization state on the Poincaré sphere for different Stokes
parameters. d Dynamic optical polarization conversion based on an electrically tunable metasurface. e
Reflectance as a function of analyzer angle for applied voltage V=0 and 20V, respectively. f Schematic

of the unit cell of the metasurface designed for polarization manipulation through control of angular
dispersion. g Phase spectra of reflection waves under various oblique TE and TM illumination conditions.

h The variation of phase difference between TE and TM reflected waves at 0.55 THz under linear-polarized
oblique incidence (depicted in the inset). i Schematic of the unit cell of the topology-optimized metasurface.
j Incident-angle-dependent eigen-polarization states. k Achieving polarization state manipulation by varying
the angle of incidence while maintaining a fixed incident polarization state. a, b, ¢ adapted from Ref. [88],
Copyright 2015, with permission from Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. d, e adapted from Ref.
[89], Copyright 2021, with permission from American Physical Society. f, g, h adapted from Ref. [90], Copyright
2018, with permission from American Physical Society. i, j, k adapted from Ref. [91], Copyright 2020, with
permission from American Association for the Advancement of Science

angle, as illustrated in Fig. 3(f) to (h) [90]. The cross-shaped resonator exhibits a mag-
netic resonance at 0.54 THz, with the reflection phase undergoing a 2 variation as the
frequency passes through the resonant frequency. The reflection-phase spectra of the
metasurface are identical under TE and TM normal incidence due to the fourfold sym-
metry of the cross-shaped resonator. For oblique incidence, the reflection-phase spectra
for the two polarizations change in a dramatically different way, shown in Fig. 3(g). Con-
sequently, the polarization state of reflected waves under linearly polarized incident light
with a fixed polarization angle can be tuned by changing the oblique incident angle, as
illustrated in Fig. 3(h). Furthermore, benefiting from the development of deep-learning
technology, topology-optimized metasurfaces have been proposed to realize continuous
angle-tunable birefringence, as shown in Fig. 3(i) to (k) [91]. The angle-dependent eigen-
polarization states of the topology-optimized nanostructure can be artificially designed.
As a result, the polarization state of reflected waves can be continuously manipulated
by changing the incident angle. Recently, controlling the shearing displacement between
two parallel metasurfaces acting as metagratings has been demonstrated as a novel
approach for dynamically manipulating optical polarization [92]. The two metasurfaces
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are composed of anisotropic dielectric nanostructures designed using freeform topology
optimization to enable broadband waveplate responses. The first metasurface splits the
orthogonal polarization components of the incident wave into the -1 and+ 1 diffraction
orders, while the second metasurface diffracts and coherently recombines these beams
back into the zeroth order, resulting in a normally transmitted beam. The shearing dis-
placement between these two parallel metasurfaces introduces a phase delay between
the diffracted waves, enabling dynamically tunable linear and elliptical birefringent
responses. It has also been shown that the polarization state of the output wave can be
dynamically controlled, scanning the full Poincaré sphere, using cascaded pairs of such
parallel metasurfaces. These significant advancements highlight the importance and ver-
satility of anisotropic nanostructures in manipulating optical polarization, which holds
boundless potential for applications in integrated photonics. It is worth noting that most
previous approaches focus on tailoring the state of polarization, while effective manip-
ulation of the degree of polarization is rarely reported. In contrast, by independently
adjusting the transmittance of two orthogonally polarized optical waves using aniso-
tropic nanostructures, it has been demonstrated that unpolarized light can be filtered
into light with any prescribed state of polarization and degree of polarization [93]. This
significantly expands the application of anisotropic nanostructures for optical polariza-
tion manipulation. However, realizing full and dynamic control over both the state of

polarization and the degree of polarization requires further investigation.

Polarization-dependent amplitude manipulation

Benefiting from the highly adjustable complex coefficients in the transmission and
reflection matrices of nanostructures, it is easy to manipulate the amplitudes of orthogo-
nal polarization components of optical waves [8, 94]. For instance, metasurfaces com-
posed of bilayer aluminum nanorods has been proved as good candidates for optical
intensity manipulation under linear-polarized normal incidence [70]. As we mentioned
above, the bilayer nanorods act as broadband perfect linear polarizers. They allow lin-
early polarized waves with a polarization direction along their short axis to pass through
while blocking those with a polarization direction along their long axis. Two bilayer
nanorods oriented along the x- and y-directions respectively are proposed as 2-bit
intensity modulation elements “01” and “10’; while bilayer cross-shaped nanorods and
a substrate without any nanostructures serve as the 2-bit intensity modulation elements
“00” and “117, as depicted in Fig. 4(a). With these four basic elements, polarization-selec-
tive 2-bit intensity encoding has been implemented, as shown in Fig. 4(b). Meanwhile,
assuming the angle between the long axis of the bilayer nanorods and the x-direction is
0, the transmittance under x-polarized normal incidence can be expressed as I=I; sin 6
based on the Malus’ law, where I, is the transmittance when 6 = 90°. Under x-polarized
normal incidence, the orientation angle 8 of bilayer nanorods in different spatial posi-
tions can be adjusted to arbitrarily modulate transmission intensity at the subwavelength
scale. This enables high-resolution optical grayscale imaging, as illustrated in Fig. 4(c).
The intensity information can be encoded into a linear polarization profile as well based
on Malus’ law. An illustration is depicted in Fig. 4(d) [95]. A single reflective metasurface
is designed to generate the off-axis beams with a desired polarization profile by manip-
ulating the phase delay between the LCP and RCP components of the off-axis beams.
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Fig. 4 Polarization-dependent intensity manipulation based on anisotropic nanostructures. a Bilayer
aluminum nanorods for b polarization-selective 2-bit intensity encoding and ¢ high-resolution grayscale
imaging. d An illustration of polarization-dependent high-resolution grayscale image based on Malus'law
and plasmonic nanorods. e An illustration of optical encryption carrying camouflage information by utilizing
dielectric anisotropic nanorods. f Realizing spin-selective light intensity manipulation based on diatomic
umbrella-shaped nanostructures. g Calculated and experimentally measured 19-level grayscale tiger image
at 1480 nm. h Schematic illustration of a double-wavelength dielectric metasurface for twofold optical
display and encryption. i Simulated grayscale images under various input and output conditions and the

j corresponding experimentally measured ones. k Schematic of dielectric metasurfaces composed of TiO,
elliptical nanopillars arranged periodically, exhibiting distinct colors under x- and y-polarized incidence.

| Calculated reflected colors with different lattice dimensions. m Schematic of the polarization rotating
based on a single nanoblock. n Calculated polarization rotating efficiency for two nanoblocks with different
structural parameters. 0 Schematics of polarization encoded color image. a, b, ¢ adapted from Ref. [70],
Copyright 2019, with permission from Wiley—VCH Verlag GmbH & Co. KGaA, Weinheim. d adapted from

Ref. [95], Copyright 2018, with permission from Springer Nature, under a Creative Commons Attribution

4.0 International License. e adapted from Ref. [96], Copyright 2022, with permission from Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim. f, g adapted from Ref. [100], Copyright 2023, with permission from Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim. h, i, j adapted from Ref. [107], Copyright 2023, with permission from
De Gruyter, under a Creative Commons Attribution 4.0 International License. k, | adapted from Ref. [110],
Copyright 2018, with permission from Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. m, n, o adapted from
Ref. [116], Copyright 2018, with permission from Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

The hidden image in the generated off-axis beams can be revealed through utilization
of a linear polarizer as an analyzer. By introducing both camouflage strategy and Malus’
law into the design of nanostructures for manipulating optical intensity, the flexibility
and capability of 2-bit polarization-selective intensity encoding based on nanostructures
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can be further expanded. As illustrated in Fig. 4(e), two grayscale images corresponding
to different 2-bit intensity distributions has been stored in two encryption levels, each
of which can be revealed through distinct decoding conditions [96]. The key to achiev-
ing this is designing the four nanostructures that serve as fundamental coding elements
based on the relationship between the intensity of reflection waves and the orientation
angle 6 of nanorods under different decoding conditions [96, 97]. Recent advancements
in chiral metasurfaces have further demonstrated the effectiveness of artificial nano-
structures in manipulating optical intensity under circularly polarized incidence [98—
100]. For example, spin-selective 2-bit intensity encoding has been well demonstrated
based on chiral mirrors [99]. However, the realization of arbitrary intensity manipula-
tion of circularly polarized waves is much more complicated since there is no such
straightforward and concise law like Malus’ law that can be used to guide the design of
metasurfaces. Recently, a plasmonic diatomic metasurface whose unit cell consisting of
two umbrella-shaped structures was proposed as a solution to this challenge [100]. As
illustrated in Fig. 4(f), spin-selective full and subtle reflection intensity manipulation has
been achieved by simply changing the length of the anticlockwise arc of the umbrella-
shaped structure on the right side. The intensity manipulation is attributed to the modu-
lation of the optical collective interference between the reflection waves from the two
umbrella-shaped structures, which can be continuously manipulated by changing the
length of the anticlockwise arc of the umbrella-shaped structure. This method enables
the realization of chiral high-level grayscale imaging, as demonstrated in Fig. 4(g). The
aforementioned approaches are all discussed within a single operational wavelength.
However, it is also important to realize optical intensity manipulation across multiple
wavelengths or a broad bandwidth in order to facilitate wavelength-multiplexed appli-
cations, structural color generation and optical encryption [101-106]. Anisotropic
dielectric nanostructures with versatile polarization manipulation functionalities have
been demonstrated as excellent candidates for achieving wavelength-selective optical
display and encryption. As illustrated in Fig. 4(h), a dielectric metasurface composed of
two types of nano bricks has been proposed to achieve dual optical display [107]. The
two types of nano bricks exhibit near unity and zero transmission efficiency at 800 nm
respectively, while concurrently acting as quarter-wave plates at 1200 nm. As illustrated
in Fig. 4(i) and (j), a binary image and a grayscale image can be encoded into these two
operational wavelengths, respectively, by utilizing these two types of nano bricks with
different orientation angles. Meanwhile, Anisotropic dielectric nanostructures have
been shown to be excellent candidates for creating polarization-selective structural
color by adjusting their optical resonances across the entire visible spectrum [108—110].
For example, when arranging all-dielectric elliptical nanocylinders with different peri-
ods in the x and y directions to form metasurfaces, they display distinct colors under
x- and y-polarized incidence, as depicted in Fig. 4(k) and (1) [110]. The anisotropic nano-
structures have emerged as a good platform for the realization of polarization-selective
colorful images with high resolution [111-115]. Furthermore, the color information can
also be encoded into a polarization profile of the light beam. Figure 4(m) to (o) show a
typical example [116]. Two dielectric nanopillars functions as half-wave plates in two
adjacent wavebands are designed to generate the desired polarization profile for two dif-
ferent colors. The nanopillars can rotates the polarization direction of linear-polarized
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waves by controlling the angle between the long axis of nanopillar and the polariza-
tion direction of linear-polarized incidence. A dielectric metasurfaces consisting of the
two nanopillars with different orientation angles was designed to encode a color image.
An additional linear polarizer (analyzer) is placed behind the metasurface to reveal the
image based on the Malus’ law, as shown in Fig. 4(o0). This method is highly effective
in adjusting color brightness, making full-color nanopainting possible [117]. Obviously,
anisotropic nanostructures show outstanding performance in polarization-dependent
amplitude (or intensity) manipulation of optical waves, making them a popular choice
for creating high-resolution grayscale and colorful images.

Polarization-selective phase manipulation

A variety of phase control mechanisms can be employed to design anisotropic nano-
structures for optical phase manipulation, resulting in high-degree-of-freedom optical
wavefront shaping. Here, we provide a brief overview of representative works that uti-
lize various phase control mechanisms and discuss the design strategies for nanostruc-
tures to achieve polarization-selective phase manipulation. A more detailed discussion
about how metasurfaces manipulate optical phase can be found in recent review articles
[118, 119]. The phase of optical waves can be completely controlled through nanostruc-
tures by adjusting the complex coefficients in their transmission and reflection matri-
ces. This is initially achieved by modulating the phase delay caused by optical resonances
within the nanostructures. As shown in Fig. 5(a), a V-shaped nanostructure supporting
both “symmetric” and “antisymmetric” resonance modes has been proposed to realize
full control of the optical wavefront [120]. The V-shaped nanostructure consists of two
arms of equal length connected at one end. By changing the lengths of the two arms and
the included angle between them, the amplitude and phase of the cross-polarized trans-
mission coefficient Ty, can be well manipulated. Eight V-shaped nanostructures with
varying structural parameters and orientation angles, whose cross-polarized transmis-
sion coefficients T, have identical amplitude but different phase delays, are designed to
realize full control of the wavefront of cross-polarized outgoing waves, as illustrated in
Fig. 5(b). This approach, based on resonance phase, has two main drawbacks: low effi-
ciency and a narrow operational waveband. The former is due to the metallic thin pla-
nar design, while the latter is caused by the dispersion and the finite wavelength range
of optical resonances. The efficiency of optical phase manipulation can be significantly
improved by using few-layer or lossless dielectric nanostructures [121-129]. Mean-
while, broadband optical phase manipulation can be achieved through the expansion
of resonance band width and the utilization of geometric phase. Geometric phase can
be easily implemented by nanostructures with spatially modulated orientation angles
[118]. For nanostructures with nonzero circularly cross-polarized coefficients, the cir-
cularly polarized transmitted or reflected waves with opposite helicity to the incident
waves exhibit an additional phase delay of 28 (where & correspond to the helicity of
incident wave and 0 represents the orientation angle of the nanostructure). Therefore,
a phase shift can be tuned from 0 to 2m for the outgoing waves with opposite helicity as
the nanostructures are rotated from 0 to 1, enabling full control of the optical wavefront
of outgoing waves with opposite helicity, as illustrated in Fig. 5(c) [130]. The propaga-
tion phase, resulting from the propagation of optical waves within nanostructures, has
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Fig. 5 Polarization-selective phase manipulation based on anisotropic nanostructures. a Schematic

of resonant modes in V-shaped plasmonic nanostructures. b Optical wavefront manipulation

based on V-shaped nanostructure. ¢ Schematic illustration of a dipole antenna array for achieving
polarization-dependent phase manipulation under circularly-polarized incidence. d Bilayer nano-apertures
with varying structural parameters and lateral displacement between the layers, and the transmission phase
and amplitude of them under y-polarized incidence. @ Complete control over the phase and polarization of
transmitted waves through the six nanostructures with varying orientation angles. f Schematic illustration
of polarization-selective meta-holography based on anisotropic plasmonic nanostructures and the
experimentally measured hologram. g The building block of chiral lens and a SEM image of the fabricated
chiral lens. h Imaging principle of the chiral lens. i Conceptual schematic for achieving independent phase
control of arbitrary orthogonal states of polarization. j Schematic of a metasurface platform designed to
break the symmetric restriction of the geometric phase. k Combination of exceptional topological phase and
geometric phase to realize independent manipulation of LCP and RCP waves. a, b adapted from Ref. [120],
Copyright 2011, with permission from American Association for the Advancement of Science. ¢ adapted
from Ref. [130], Copyright 2012, with permission from American Chemical Society. d, e adapted from Ref.
[131], Copyright 2015, with permission from Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. f adapted from
Ref. [134], Copyright 2014, with permission from American Chemical Society. g, h adapted from Ref. [136],
Copyright 2016, with permission from American Chemical Society. i adapted from Ref. [54], Copyright 2017,
with permission from American Physical Society. j adapted from Ref. [139], Copyright 2019, with permission
from American Physical Society. k adapted from Ref. [143], Copyright 2021, with permission from American
Association for the Advancement of Science

also been extensively utilized for optical phase manipulation [131, 132]. For example,
anisotropic bilayer nanostructures, composed of pairs of nanoapertures, can serve as
metal—insulator-metal waveguides [132]. By changing the structural parameters and lat-
eral translation between the nanoapertures in the bilayer, as illustrated in Fig. 5(d), these
structures exhibit comparable transmittance and a phase increment of 11/3 covering the
entire 21 range. Importantly, the transmitted waves are linear-polarized waves with their
polarization direction aligned along the short axis of the nanoaperture. The polarization
direction of transmitted waves can be easily manipulated by changing the orientation
angle of the nanoaperture pairs. This approach enables the simultaneous manipulation
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of polarization state and phase of transmitted waves, as demonstrated in Fig. 5(e), facili-
tating the generation of vector beams with arbitrary spatial variation of phase and linear
polarization [133].

Based on the mechanism of phase modulation discussed above, anisotropic nanostruc-
tures have been further utilized to achieve polarization-selective optical phase manipu-
lation. A reflective-type plasmonic metasurface composed of cross nanoantennas has
been shown to be a promising option for the realization of polarization-controlled dual
meta-holograms with high contrast, as illustrated in Fig. 5(f) [134]. In this approach, a
set of 16 different cross nanoantennas with distinct resonance phase were designed to
realize 4-bit phase encoding for two orthogonal linear polarization states. The cross-
shaped nanostructures are designed as a combination of two nanorods, and their optical
resonances in the two orthogonal polarization directions can be independently adjusted
by changing the length of the nanorods, resulting in the independent phase manipula-
tion in two orthogonal linear polarization channels. Compare to resonance phase, the
geometric phase has been widely used to manipulate the phase of cross-polarized outgo-
ing waves under circularly polarized incidence [135-138]. However, the geometric phase
has the phase conjugation limitation, which prevents the independent phase manipulate
of LCP and RCP waves. To overcome this challenge, a metasurface can incorporate two
anisotropic nanostructures in a single unit cell to manipulate the phase of cross-polar-
ized waves under LCP and RCP incidence respectively. As illustrated in Fig. 5(g) and
(h), a metasurface whose unit cell composed of two nanofins acting as half-wave plates
was proposed to realize polarization-selective light focusing [136]. The two nanofins
are designed to implement the two required phase profiles to focus incident LCP and
RCP waves, respectively. Other methods for achieving this include realizing the required
phase profiles in different spatial regions or encoding the required phase profiles into
one [137, 138]. However, these approaches result in unwanted interference between
the LCP and RCP channels. With the combination of propagation phase and geomet-
ric phase, anisotropic nanostructures have been demonstrated as a potent platform for
independent phase manipulation of arbitrary orthogonal states of polarization, as shown
in Fig. 5(i) [54]. This method greatly enhances the capacity of anisotropic nanostructures
for polarization-selective optical wavefront manipulation. Furthermore, an anisotropic
metallic nanostructure composed of a pair of arcs with varying radians and a half-wave
plate (shown in Fig. 5(j)) has been demonstrated as another effective approach for real-
izing spin-symmetry breaking geometric phase [139-142]. This nanostructure mimics
the single ballistic Aharonov-Bohm ring. When the spin waves interact with the meta-
atoms and experience a cyclic evolution, light can acquire a geometric phase shift akin
to the Aharonov-Anandan phase observed in fermion particles. Through the combina-
tion of the Aharonov-Anandan and geometric phase, the symmetric restriction of the
geometric phase is broken. Lately, the topological features of non-Hermitian matrices
operating near their singular points (exceptional points) has been exploited to realize
optical phase engineering [143—-147]. As shown in Fig. 5(k), spin-selective optical wave-
front manipulation can be realized by combing the robust topological phase around the
exceptional point and the geometric phase. These advanced developments demonstrate
the great potential of metasurfaces composed of anisotropic nanostructures for achiev-
ing polarization-selective and -multiplexed wavefront manipulation.
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Fig. 6 Polarization-selective complex amplitude manipulation based on anisotropic nanostructures. a
Schematic of C-shaped antenna with symmetric and anti-symmetric resonant modes. b Amplitude and
phase profiles of a metasurfaces designed with four C-shaped antennas for generating two diffraction
orders. ¢ Measured diffraction of the metasurface. d Realizing complex amplitude manipulation based on
C-shape split-ring resonators. @ Numerically calculated, simulated, and experimentally measured hologram
generated by phase-modulated metasurfaces and complex amplitude-modulated metasurfaces respectively.
f Dielectric nanopillars for the realization of complex amplitude manipulation of LCP and RCP incidence
respectively. g Theoretical and measured intensity distributions of three optical functionalities in k-space
implemented by using a complex amplitude-modulated metasurface, in which |F, >, |F,>, |F; >are designed
as vortex light with order of 3, 1, 0, respectively. h The designed, calculated, and measured energies of each
functionality. i Schematic illustration of a dielectric metasurface that can encode a QR code in real space

and a vectorial holographic image in k-space. j Upper panel: schematic of one intensity to two phases
mapping based on Malus’law. Lower panel: Reconstructing a greyscale image in the near field and a Fourier
holographic image in the far field simultaneously through intensity and phase manipulation with nanobrick.
a, b, c adapted from Ref. [148], Copyright 2014, with permission from Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim. d, e adapted from Ref. [149], Copyright 2016, with permission from Springer Nature, under a
Creative Commons Attribution 4.0 International License. f, g, h adapted from Ref. [150], Copyright 2019, with
permission from Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. i adapted from Ref. [151], Copyright 2021,
with permission from Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. j adapted from Ref. [152], Copyright
2020, with permission from Springer Nature, under a Creative Commons Attribution 4.0 International License

Polarization-dependent complex amplitude manipulation

Up to this point, we have discussed representative works utilizing anisotropic nanostruc-
tures for polarization-selective manipulation of the amplitude or phase of optical waves.
However, achieving complete control over the propagation of optical waves requires
simultaneous manipulation of both amplitude and phase, which is crucial for wavefront
shaping, holography and optical encryption [148—155]. A metasurface composed of
C-shaped nanoantennas with different structural parameters has been proposed to real-
ize the complete control over the complex amplitude of cross-polarized optical waves
under x-polarized incidence [148]. As shown in Fig. 6(a), the designed C-shaped nano-
antenna have anisotropic optical resonances. Both the symmetric and anti-symmetric
resonance modes are excited simultaneously under x-polarized incidence, resulting

in a y-polarized outgoing wave. The amplitude and phase of the y-polarized outgoing
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wave can be easily manipulated by changing the structural parameters of the C-shaped
nanoantenna and its orientation angle 8. Metasurfaces composed of orderly arranging
C-shaped nanoantennas in space have been utilized to realize meta-gratings with con-
trollable diffraction orders. Figures 6(b) and (c) present an example of a meta-grating
featuring two diffraction orders. The C-shaped nanoantenna has also be used to real-
ize meta-holography with reduced noise and high resolution [149]. As illustrated in
Fig. 6(d), the C-shaped nanoantenna can be used to realize independent manipulation
of phase and amplitude of cross-polarized waves under linearly polarized incidence. As a
result, the holographic image quality can be significantly improved, as shown in Fig. 6(e).
The ability to manipulate the complex amplitude of optical waves is also advantageous
in designing multifunctional metadevices. A design strategy based on the momentum
analysis method has been proposed to manipulate the full Fourier components of the
optical field, resulting in optical multifunction integration with eliminated noise and a
customizable energy configuration [150]. Manipulating the full Fourier components of
the optical field based on this design strategy necessitates simultaneous control over
both amplitude and phase of optical waves. The efficacy of this design strategy has
been confirmed through employment of dielectric nanopillars. The dielectric nanopil-
lars can manipulate the complex amplitude of cross-polarized transmitted waves under
LCP or RCP incidence by adjusting their structural parameters and orientation angles,
as illustrated in Fig. 6(f). Figure 6(g) and (h) demonstrate the successful integration of
three optical functionalities in k-space with a customized energy ratio using a designed
metasurface composed of these dielectric nanopillars. Meanwhile, the manipulation
of complex amplitude of optical waves based on anisotropic nanostructures allows for
polarization-selective control of the optical field in both near and far field. For instance,
a dielectric metasurface composed of nanorods has been proposed to simultaneously
encode grayscale images in real-space and holographic images in k-space, as illustrated
in Fig. 6(i) [151]. The complex amplitude of transmitted waves with orthogonal linear
polarization states can be well modulated by adjusting the structural parameters and
orientation angle of nanorods. The encoded grayscale images can only be observed
by selecting the correct polarization component of the transmitted wave with an ana-
lyzer. The phase profiles of different polarization components are used to reconstruct
the distinct holographic images in k-space. For another example, a Malus metasurface
composed of aluminum nanorods has been demonstrated as a good candidate for inde-
pendent manipulation of both the amplitude and phase of optical waves [152]. Due to
the one intensity to two phases mapping based on Malus’ law, it can realize a high-res-
olution continuous greyscale pattern at the sample surface and a multistep phase-only
holographic image in far field, as illustrated in Fig. 6(j). These works demonstrate the

significant practical value of anisotropic nanostructures for optical field manipulation.

Polarization manipulation in multiple domains

The representative approaches discussed in Section "Optical polarization manipula-
tion" focused on effectively manipulating the polarization state of optical waves. Recent
advances in anisotropic nanostructures further validate their effectiveness for manipu-
lating the distribution of polarization states in both spatial and momentum domains.
Metasurfaces composed of anisotropic nanostructures have been demonstrated as
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Fig. 7 Polarization manipulation in multiple domains. a Schematic illustration of a polarization-analyzing
hologram. b Generation of color-selective 3D polarization structures based on a metasurface consisting of
gold nanorods. The measured intensity profiles of 3D polarization structures at three different operational
wavelengths under illumination of linearly polarized incidence before (Left plane) and after (right plane)
passing through an analyzer. ¢ Schematic of an all-dielectric metasurface for the generation of longitudinally
varying vector vortex beams. d Generation of arbitrary vectorial optical fields based on metasurfaces
exhibiting full-matrix yet inhomogeneous Jones-matrix distributions. e Schematic of a designed meta-device
to generate a vortex beam with varying ellipticity. f Interference pattern between the transmitted vortex
beam and a spherical wave, and the recorded image for the generated vortex beam after passing through

a linear polarizer. g Schematic of a versatile total angular momentum plate for simulitious control of the
polarization state and orbital angular momentum along the optical path. h A schematic of the anisotropic
nanostructure and the definition of the asymmetry parameter a. i The circular loops of polarization states
mapped from the Brillouin zone to the Poincare sphere. a adapted from Ref. [156], Copyright 2021, with
permission from American Association for the Advancement of Science. b adapted from Ref. [159], Copyright
2022, with permission from Springer Nature, under a Creative Commons Attribution 4.0 International
License. c adapted from Ref. [160], Copyright 2022, with permission from Wiley-VCH Verlag GmbH & Co.
KGaA, Weinheim. d, e, f adapted from Ref. [161], Copyright 2021, with permission from Springer Nature,
under a Creative Commons Attribution 4.0 International License. g adapted from Ref. [163], Copyright 2021,
with permission from Springer Nature, under a Creative Commons Attribution 4.0 International License. h, i
adapted from Ref. [164], Copyright 2017, with permission from American Physical Society

powerful platforms for achieving independent complex amplitude manipulation of opti-
cal waves with orthogonal polarization states at the subwavelength scale. Due to the fact
that any polarization state can be decomposed into two orthogonal polarization vectors,
such as LCP and RCP, metasurfaces have showcased their immense potential for spatial
manipulation of polarization states. For example, a recent approach has validated that
optical far-field distribution with customizable polarization response can be achieved
by modulating multiple coefficients in the transmission or reflection matrices of aniso-
tropic nanostructures. As shown in Fig. 7(a), a far-field with a polarization-dependent
response described by A(k,, k,) can be implemented by anisotropic nanostructures with
customizable Jones matrix transfer function J(x, y) [156]. It demonstrates that the spatial
distribution of the polarization state in the far field can be easily modulated by design-
ing nanostructures with desired Jones matrices. A more straightforward approach for
spatial manipulation of polarization state involves the control of complex amplitude
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of the orthogonal polarized beams [157-160]. Figure 7(b) illustrates the realization of
color-selective three-dimensional (3D) polarization structures based on a planar metal-
lic metasurface composed of anisotropic nanorods [159]. The metasurface is designed as
a multi-foci metalens in 3D space to focus both LCP and RCP light beams while control-
ling their phase difference. The phase of far-field LCP and RCP radiation is modulated by
controlling the geometric phase via adjusting the orientation angle of nanorods. Simi-
larly, by integrating long-focal-depth vortex beams with different focal lengths into LCP
and RCP states, as well as their superposition, longitudinally varying vector vortex beams
have been realized via an all-dielectric metasurface by modulating both the propaga-
tion and geometric phases (shown in Fig. 7(c)) [160]. Moreover, precise control over the
Jones matrix J(x, y) of metasurfaces enables intricate manipulation of polarization states,
providing a powerful platform for generation of vector and vortex beams. For instance,
vectorial optical field with arbitrarily designed wavefronts and polarization distributions
has been realized with metasurface, as shown in Fig. 7(d) to (f) [161]. Importantly, by
designing the Jones matrix of every unit cell in the metasurface, the metasurface can
exhibit an inhomogeneous Jones matrix, providing control capabilities for both the local
spin and global wavefront of optical waves. A novel approach using metasurfaces allows
for arbitrary polarization control along the propagation direction, regardless of incident
polarization [162]. This is achieved by transforming the incident waveform into pencil-
like beams with different polarizations, altering polarization locally as light travels. Fur-
thermore, such approach has been used to realize a versatile total angular momentum
plate for simulitious control of the polarization state and orbital angular momentum
along the optical path, as shown in Fig. 7(g) [163]. The polarization state distribution can
be manipulated not only in real 3D space but also in momentum space by using metas-
urfaces. In addition to controlling the angular dispersion of nanostructures, as discussed
above, recent analysis on the topological nature of optical bound states in the continuum
(BICs) provides a new degree of freedom for polarization manipulation in momentum
space [164—167]. For instance, a planar photonic crystal slab (as shown in Fig. 7(h)) has
been proposed to control the polarization states of far-field radiations with varying k
vectors [164]. By adjusting the asymmetric structural parameter a, the in-plane inver-
sion C, symmetry of the photonic crystal slab is disrupted, resulting in the elimination
of the at-T' BICs (vortex polarization singularities in momentum space, V point) and the
arising of pairs of two opposing chirality C points, shown in Fig. 7(i). The continuous
variation and complete coverage on the Poincare sphere can be achieved by manipulat-
ing the polarization state along circular loops with different radii. Precise manipulation
of the V and C points in momentum space enables effective control over the polarization
state of far-field radiation.

Polarization-selective manipulation of nonlinear waves

The developments discussed above demonstrate the significant importance and unparal-
leled potential for utilizing anisotropic nanostructures in polarization-dependent optical
field manipulation. It should be noted that, through the concept of nonlinear geomet-
ric phase and the selection rules for harmonic generation of circular-polarized funda-
mental waves, both isotropic and anisotropic nanostructures have been widely utilized
for achieving polarization-selective manipulation of intensity and phase of nonlinear
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Fig. 8 Polarization-selective manipulation of nonlinear waves. a Measured linear-optical spectrum of a
periodic array composed of split-ring resonators under (upper) horizontal and (lower) vertical polarized
incidence. b The polarization state of the SHG emission and the normalized SHG signal strengths. ¢ Schematic
of a hand pattern whose exterior and interior regions are formed by a pair of enantiomeric chiral mirrors, and
its SHG-CD image. d Generating of a polarization profile of the SHG wave by using a nonlinear metasurface
for optical encryption, and the experimental captured images with and without a linear analyzer. e Real and
Fourier space image encoding based on a nonlinear metasurface, and the measured real and Fourier space
images at SH frequency. f Linear and nonlinear information encryption based on a Malus metasurface. g
Linear and nonlinear spin- and wavelength-selective generation of focusing optical vortices via a nonlinear
metasurface. a, b adapted from Ref. [180], Copyright 2006, with permission from American Association for
the Advancement of Science. ¢ adapted from Ref. [181], Copyright 2017, with permission from American
Chemical Society. d adapted from Ref. [182], Copyright 2018, with permission from American Physical Society.
e adapted from Ref. [183], Copyright 2020, with permission from American Chemical Society. f adapted from
Ref. [184], Copyright 2024, with permission from Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. g adapted
from Ref. [168], Copyright 2018, with permission from Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

harmonics, thereby enabling nonlinear wavefront manipulation with high degree of
freedom [168—179]. Anisotropic nanostructures were originally used to enhance second
harmonic generation (SHG). For example, the magnetic-dipole resonances in the split-
ring resonators have been used to realize polarization-selective enhancement of SHG,
as shown in Fig. 8(a) and (b) [180]. For horizontal incidence, the magnetic-dipole reso-
nances can be excited, leading to a 500-fold enhancement of SHG above the noise level,
with its polarization angle predominantly vertical. Conversely, when exciting the split-
ring resonators with vertically polarized incidence, only a small signal just above the
noise level can be observed. Spin-selective enhancement of SHG has also been reported.
As illustrated in Fig. 8(c), a pair of enantiomeric chiral mirrors have been proposed to
realize spin-selective enhancement of SHG [181]. Due to the controllable polarization
state of SHG with nanostructures, they have been further used to manipulate the spatial
distribution of the polarization profile of the SHG. The nonlinear photonic metasurface
depicted in Fig. 8(d) consists of meta-atoms exhibiting threefold rotational (C;) sym-
metry, enabling the realization of a vectorial polarization profile for nonlinear imaging
[182]. The polarization angle of the SHG wave is locally controlled by the in-plane rota-
tion of nonlinear meta-atoms, denoted as 6 (x, y). Moreover, such design has also been
proved as an effective approach for nonlinear multidimensional optical information
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encoding. The nonlinear metasurface, illustrated in Fig. 8(e), demonstrates its capac-
ity for realizing both real and Fourier space image encoding [183]. Each unit cell of this
metasurface is comprised of two meta-atoms featuring unique orientation angles. This
configuration enables control over both the amplitude and phase of the SHG by mod-
ulating the interference between SHG signals originating from these two meta-atoms,
achieved through adjustments to their respective orientation angles. In addition to the
polarization-selective manipulation of nonlinear harmonics, anisotropic nanostructures
have been utilized to achieve the simultaneous manipulation of both linear and nonlin-
ear waves. A nonlinear Malus metasurface has been proposed to realize linear and non-
linear information encryption, as shown in Fig. 8(f) [184]. The polarization angle of both
linear and nonlinear waves can be manipulated by adjusting the orientation angle of the
U-shaped resonators. This capability allows for the simultaneous encoding of intensity
for both fundamental and harmonic waves. Such U-shaped resonators has also been
proved as good candidate for achieving spin-selective simultaneous manipulation of the
wavefronts of both fundamental and harmonic waves, as shown in Fig. 8(g) [168, 169].
The anisotropic nanostructures exhibit remarkable capabilities not only in polarization-
selective optical field manipulation but also in polarization-selective nonlinear optical
field manipulation.

Optical polarization state measurement based on anisotropic nanostructures

Due to the unprecedented capability of anisotropic nanostructures in polarization-
selective intensity and phase manipulation of optical waves, they have found exten-
sive applications in achieving integration and minimization of polarimetry [40]. It has
demonstrated that anisotropic nanostructures allow for a complete measurement of
the Stokes vector S=[S,, S;, S, S;] by measuring the intensities of different polariza-
tion components of light. The elements in the matrix S are defined as §y=1, $;=1,—1I,
Sy=15— 145 S3=1z— 1}, where I represents the total intensity of light, and I, 1, ;5 and
I .5 are the intensity of light in linear polarization bases along the x, y, 45° and -45° direc-
tions, respectively. I, and ; are the intensities of the RCP and LCP light. A conventional
setup for measuring the Stokes vector is shown in the upper plane of Fig. 9(a). It con-
sists of a waveplate (either half or quarter), a Wollaston prism and a lens that focuses
the beams onto photodetectors. The four elements of the Stokes vector can be deter-
mined based on the detected signals obtained under three distinct conditions: without
any waveplate, with a half-wave plate, and with a quarter-waveplate. The functionalities
of these three optical components in conventional setup can be integrated and imple-
mented by using dielectric metasurfaces composed of anisotropic nanostructure. For
example, Fig. 9(b) shows a unit cell of a dielectric metasurfaces consisting of 2 x 3 sub
arrays, enabling the complete determination of all elements of the Stokes vector [185].
The sub arrays are composed of dielectric birefringent nanostructures that can realize
independent phase manipulation of two orthogonal polarization states. These six arrays
are specifically designed to function as distinct metalenses, with each row’s two arrays
capable of focusing a particular pair of orthogonal polarization states (x/y, £45°, LCP/
RCP) to two different focal points. The Stokes vector then can be obtained by meas-
uring the intensities of the six focus points for each unit cell and take the average.
Recent approaches have further demonstrated that these sub-arrays can be designed as
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Fig. 9 Optical polarization state measurement based on anisotropic nanostructures. a Schematic of a
conventional setup and a compact metasurface used for polarimetry. b Schematic of a dielectric metasurface
designed for spatially selective focusing of different polarizations. ¢ Schematic of a dielectric metalens
system for measuring spatial polarization profile. d Concept and working mechanism of holographic
polarimetry based on metasurface. e Schematic of an on-chip array of polarization filters designed to fully
characterize the polarization state of the incident wave. f Schematic of a high-order vector beam generated
using a metasurface for highly sensitive polarization rotation measurement. g Schematic of colorimetric
polarization-angle detection based on asymmetrical all-dielectric metasurfaces. h Schematic of a circular
dichroism photodetector using dislocated high-index semiconductor metasurfaces and its reflected optical
micrograph. i Upper panel: Simulated resonance-induced electric filed enhancement within the nanogap
cavity at 740 nm and schematic of heat generation within the nanogap cavity. Lower panel: Schematic

and SEM images of four photodetectors optimized for absorption of light polarized at the angle of the red
arrows. a, b adapted from Ref. [185], Copyright 2018, with permission from American Chemical Society. c
adapted from Ref. [186], Copyright 2018, with permission from Springer Nature, under a Creative Commons
Attribution 4.0 International License. d adapted from Ref. [188], Copyright 2019, with permission from Optical
Society of America. e adapted from Ref. [189], Copyright 2019, with permission from Springer Nature, under
a Creative Commons Attribution 4.0 International License. f adapted from Ref. [191], Copyright 2020, with
permission from Wiley—VCH Verlag GmbH & Co. KGaA, Weinheim. g adapted from Ref. [192], Copyright 2022,
with permission from Optical Society of America. h adapted from Ref. [195], Copyright 2023, with permission
from Optical Society of America. i adapted from Ref. [196], Copyright 2023, with permission from American
Chemical Society

crosstalk-free broadband achromatic metalenses, capable of direct and accurate meas-
urement without calibration, significantly enhancing the device’s practicality [36]. Since
that each unit cell enables the measurement of Stokes vector at the corresponding spa-
tial position, the designed metasurface has been further used to realize polarimetric
imaging. Furthermore, a similar design (as shown in Fig. 9(c)) has been utilized for pola-
rimetric beam profiling [186]. In this design, the spatial distribution of polarization state
is obtained based on the measured intensities of the six focus points of each unit cell,
while the phase gradient profile is retrieved by measuring the displacements of the focus
points in the x and y directions. The limited spatial resolution caused by the large period
of the unit cell remains one of the primary challenges that need to be addressed in order
to advance this kind of design. Another advanced method for complete measurement
of the Stokes vector based on polarization-selective light wavefront manipulation with
anisotropic nanostructure [43, 187]. For instance, a recent approach demonstrated that
matrix Fourier optics enables the design of the orders of diffraction gratings composed
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of anisotropic nanostructures as polarizers for an arbitrarily selected set of polariza-
tion states [187]. With this method, a two-dimensional diffraction grating has been suc-
cessfully used for the realization of full-Stokes polarimeter and polarization imagery by
measuring four projective polarization states in parallel. Since that optical waves with
arbitrary polarization states can be decomposed into two orthogonal polarization com-
ponents, the polarization state of light can also be obtained by measuring the intensity
of the two orthogonal polarization components and their phase difference. Based on
this principle, a polarization-dependent holography has been proposed to realize direct
polarization detection in a single measurement [188]. As illustrated in Fig. 9(d), an inter-
leaved plasmonic metasurface designed based on geometric phase can generated two
holograms with mirror symmetry under LCP and RCP illumination. The two holograms
are partially overlapped with a spatially varying phase difference. The amplitude of the
LCP and RCP components of the incident light and the phase difference between them
can be read from the holographic images. More specifically, the amplitude contrast of
LCP and RCP components can be obtained based on the holographic images of the
disks, while the phase difference between them can be resolved based on the intensity
distribution of the holographic image of the overlapped ring. Note that the Stokes vector
can also be obtained based on this method. This approach with a good level of accuracy
provides a novel candidate for polarization measurement.

The above-mentioned approaches for optical polarization state measurement are
based on polarization-selective light wavefront manipulation with anisotropic nano-
structures. Anisotropic nanostructures functioning as polarization filters can also be
used to realize full-Stokes polarimetric measurement [189, 190]. For instance, six polari-
zation filters, including four linear polarization filters (P, to P,) and two circular polari-
zation filters (P and Py), are integrated into one chip for full measurement of the Stokes
vector, as shown in Fig. 9(e) [189]. Here, the Pf and P; are backup structures for P; and
P, which can be used to identify the Stokes vector at a different operational wavelength.
The linear polarization filters are nanowire gratings with orientation angles of 0, 45, -45
and 90 degrees (with respect to the x-axis). The two kind of circular polarization filters
are selectively transmitting only LCP and RCP waves, respectively. The six filters are
used to measure the intensities of six polarization components of incident light, while an
empty area in the center of the chip is used to measure the total light intensity. Then, the
full elements of Stokes vector can be calculated. This design holds significant potential
for facilitating chip-integrated polarimeters.

Undoubtedly, there is a high demand on novel methodologies employing aniso-
tropic nanostructures to accurately and rapidly measure light polarization. In addi-
tion to direct measurement of light polarization, indirect measurement of light
polarization based on anisotropic nanostructures has been also widely investigated.
As shown in Fig. 9(f), polarization rotation measurement with a dynamic range of
180 degrees and a sensitivity of about 0.01 has been realized based on a high-order
vector beam generated by a plasmonic metasurface composed of nanorods [191]. The
proposed metasurface is designed to generate two vector beams under linearly polar-
ized incidence, which are the superposition of two vortex beams carrying opposite
spins as well as orbital angular momentum. The vector beam forms a lobed fringe
pattern when passed through a linear polarizer. The rotation angle of the incident
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linearly polarized wave can be determined by observing the rotation of these lobes
with a camera. This approach offers a new route toward the development of compact
high- precision polarimeters. As another example, quantitative colorimetric polari-
zation-angle detection has been achieved by using asymmetrical all-dielectric nano-
structures and a deep-learning network, as illustrated in Fig. 9(g) [192]. An arrayed
color palette composed of asymmetric nanopillars with high-performance polariza-
tion-sensitive structural colors has been used to generate different color distributions
under linearly polarized illumination with different polarization angles. The deep-
learning network is trained to identify the polarization angle of the linearly polar-
ized incident light based on the color distribution of the color palette. This method
can accurately detect extremely slight variations in polarization angle within approxi-
mately 1 s, provides a new paradigm for polarization detection. A recent approach
also demonstrated that combining a metasurface array composed of nanostructures
with weak anisotropic responses and a deep-learning network enables the develop-
ment of a single-shot full-Stokes polarization camera [193]. Previous approaches for
polarization state manipulation typically involve anisotropic nanostructures with a
high polarization extinction ratio [189, 190] or arrays of anisotropic nanostructures
with polarization-selective functionalities [36, 185, 186], leading to a complex design
and optimization process and a limited operational bandwidth. By leveraging deep-
learning networks and other reconstruction methods, metasurface arrays composed
of nanostructures with randomly designed structural parameters, considered as ran-
dom polarization sensing matrices, have been demonstrated as effective candidates to
overcome these limitations, achieving high-accuracy polarization measurement and
imaging.

Recently, photodetector for light polarization measurement has drawn great attention
due to the integration and ease of use of the device [194—198]. For example, a dielectric
metasurface, which displays a guided-mode resonance only for a circular polarization
of interest, has been employed to build an integrated photodetector for circularly polar-
ized light detection, as shown in Fig. 9(h) [195]. The circular dichroism of the designed
metasurface reach the theoretical maximum, resulting in a resonantly enhanced external
quantum efficiency for RCP light over LCP light. As a result, the circular polarization
states can be directly distinguished. As another example, integrated polarization-sensing
metasurface composed of anisotropic nanorods (as illustrated in Fig. 9(i)) has been pro-
posed to realize ultrathin pyroelectric photodetector, which can measure the angle of
linear polarization of arbitrary incident polarized light with high-sensitivity, high-speed,
and high-accuracy [196]. In this design, the nanostructures act as polarization-sensitive
antennas that can efficiently absorb light with specific linear polarization state at their
resonant wavelength. The absorbed waves are converted to heat that propagates down-
ward and is exploited by the underlying pyroelectric photodetector. The anisotropic
nanostructures with high polarization sensitivity play a pivotal role in the realization of
these high-performance photodetectors for light polarization detection and will con-
tinue to exert significant influence.
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Polarization-multiplexed optical wave manipulation based on few-layer and polyatomic
metasurfaces composed of anisotropic nanostructures

In the preceding discussion, we mainly focus on nanostructures with simple structural
configurations, such as nanorods, elliptic nanocylinders, L-shaped and C-shaped nano-
antennas. Despite the significant progress made by these anisotropic nanostructures in
polarization-dependent optical wave manipulation and polarization detection, their effi-
ciency and flexibility are limited due to a restricted degree of design freedom. Recent
advancements indicate that anisotropic nanostructures with few-layer or polyatomic
configurations provide greater design flexibility, enabling highly efficient polarization-
multiplexed optical wave manipulation, expanding the number of polarization channels,
and facilitating novel functionalities. In this section, we highlighting their impressive
versatility and efficacy for polarization-multiplexed optical wave manipulation.

Polarization-multiplexed optical wave manipulation based on few-layer metasurfaces

Compared to planar metasurfaces with simple structural configurations, few-layer nano-
structures have four key advantages for optical wave manipulation: first, the abundant
interlayer light-matter interactions within few-layer nanostructures enable not only the
excitation of electric dipole but also that of magnetic dipole and higher-order multipoles,
resulting in highly efficient optical field manipulation [199-201]. For example, a tri-layer
metasurface exhibiting both electric and magnetic responses have been proposed to
realize photonic spin hall effect with a measured efficiency of approximately 91%, as
illustrated in Fig. 10(a) to (c) [201]. The anisotropic tri-layer nanostructures that con-
struct the metasurface can efficiently convert circularly polarized incident waves into
transmitted waves with orthogonal polarization states. On this basis, the wavefront of
the transmitted wave is easily modulated by using geometric phase. Second, different
optical functionalities realized by planar metasurfaces can be integrated in a few-layer
design, greatly enhancing the flexibility of artificial nanostructures for optical wave
manipulation, and enabling a suite of new functionalities that may not be achievable
with planar metasurfaces [202—205]. As illustrated in Fig. 10(d), an all-dielectric metas-
urface consisting of two planar metasurfaces on either side of a quartz substrate has
been proposed to realize the integration of different optical functionalities [204]. For TM
incidence, the first metasurface is designed to minimize the spot size and the second
metasurface is designed to control the beam deflection angle. As a result, this metasur-
face functioning as a doublet lens for TM-polarized incidence. Third, the structural mir-
ror symmetry with respect to the plane perpendicular to the wave propagation direction
cannot be broken in planar nanostructures, while the structural symmetry of few-layer
nanostructures can be arbitrarily designed [44, 51]. This characteristic enables the few-
layer metasurfaces to achieve some optical functions that planar nanostructure cannot
achieve. For instance, the asymmetric transmission of linearly polarized waves [206—
208]. For planar nanostructures, their cross-polarized transmission coefficients T, and
Tyx are always equal. Due to the reciprocity theorem, the relationship between their
cross-polarized transmission coefficients under forward and backward incidences can
be expressed as follows: T{y :—Tyi and Ti :—TZ [206]. Taking x-polarized incidence as
an example, the difference in transmittance between forward and backward incidences

2 2
can be obtained as Al; = ’T{x — ‘Tj;, . Asymmetric transmission can be achieved
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Fig. 10 Polarization-selective and -multiplexed optical manipulation based on few-layer anisotropic
nanostructures. a Picture of a fabricated tri-layer metasurface. b Absolute efficiencies of the four modes
(normal and anomalous transmission and reflection waves) versus frequency for the tri-layer metasurface.

¢ Measured intensities of transmission fields versus the frequency. d Schematic of an all-dielectric
metasurface doublet. e Schematic of asymmetric transmission based on a tri-layer metasurfaces. f Simulated
transmission intensity through the metasurface. g Left panel: Schematic of a bilayer nanostructure for
nonreciprocal holography and the SEM image of a fabricated sample. Right panel: Schematic illustration of
the polarization-dependent nonreciprocal hologram. h Schematic of a metasurface doublet focusing two
wavelengths at the same focal distance, and its unit cell. i Simulated axial intensity distribution. j Schematic
of a polarization multiplexed full-space bifunctional metadevice composed of four-layer nanostructures. k A
conceptual diagram of full-space meta-holography based on a bilayer dielectric metasurface. I Schematic of
the complete phase-modulation in quadruplex polarization channels based on a five-layer metasurfaces. a, b,
c adapted from Ref. [201], Copyright 2017, with permission from American Physical Society. d adapted from
Ref. [204], Copyright 2020, with permission from Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. e, f adapted
from Ref. [208], Copyright 2016, with permission from Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. g
adapted from Ref. [210], Copyright 2019, with permission from American Chemical Society. h, i adapted

from Ref. [211], Copyright 2018, with permission from American Chemical Society. j adapted from Ref. [221],
Copyright 2017, with permission from American Physical Society. k adapted from Ref. [222], Copyright 2022,
with permission from Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. | adapted from Ref. [223], Copyright
2020, with permission from Springer Nature, under a Creative Commons Attribution 4.0 International License

when the two cross-polarized coefficients are not equal. If the co-polarized coefficient
and one of the cross-polarized coefficients equal zero, diodelike asymmetric transmis-
sion can be realized [207]. The transmission coefficients of few-layer nanostructures can
be independently manipulated by breaking the structural mirror symmetry, resulting in
asymmetric transmission of linearly polarized waves with high efficiency. For example, a
few-layer metasurface composed of coupled metallic sheets has been proposed to realize
diodelike asymmetric transmission with broad bandwidth (FWHM bandwidth of
1.7 um), robust angular tolerance, and high efficiency (80%), as shown in Fig. 10(e) and
(f) [208]. Due to this feature, few-layer metasurfaces emerged as a powerful platform for
the realization of polarization-selective asymmetric optical field manipulation
[45, 209, 210]. For instance, a bilayer metasurface has been proposed to realize nonre-
ciprocal polarization encryption of holographic images, as illustrated in Fig. 10(g) [210].
The unit cell of the bilayer metasurface consists of an L-shaped nanoantenna and two
nanorods in combination. This bilayer nanostructures can realize the asymmetric trans-
mission of linear-polarized waves [207], while the phase of transmitted cross-polarized
waves can be manipulated by changing the structural parameters of the L-shaped



Li et al. PhotoniX

(2024) 5:30

nanoantennas. With this design, the encoded holographic image can be observed in a
particular linear cross-polarization channel, which disappears in the reverse propaga-
tion direction. Fourth, few-layer metasurfaces offer greater design flexibility, allowing for
tailored transmission and reflection matrices. Specially, when the interlayer coupling is
negligible, the transmission matrices of the few-layer metasurfaces can be seen as the
product of each layer’s matrices. Figure 10(h) and (i) show a metalens doublet whose
unit cell consists of two nanocylinders with different diameters [211]. The overall phase
and transmittance are calculated as the sum of the phase delay and product of the trans-
mittance from each layer, enabling independent manipulation of light focusing at two
distinct wavelengths. Besides this approach, few-layer metasurfaces have been exten-
sively employed for wavelength- and polarization-selective optical field manipulation
[212-214]. Due to these four key advantages, few-layer metasurfaces with tailored trans-
mission and reflection matrices provides a fertile ground for polarization-multiplexed
optical field manipulation [215-223]. For example, few-layer metasurfaces with custom-
ized transmission and reflection coefficients has been utilized to realize optical wave
manipulation in the full space. As depicted in Fig. 10(j), a single device can now integrate
beam-bending and focusing functionalities in a polarization-selective manner by simul-
taneously modulating the reflection coefficient Ry, and transmission coefficient T),
[221]. Independent phase manipulation of cross-polarized transmitted and reflected
waves under circularly polarized incidence has also been realized based on a dielectric
bilayer metasurface, enabling full-space meta-holography [222]. As shown in Fig. 10(k),
the reflection and transmission spaces display two distinct and independently designed
holographic images. The polarization channels can be further expanded by indepen-
dently modulating all the coefficients in the transmission and reflection matrices. A few-
layer chirality-assisted metasurfaces, for which the phase of all four reflection
coefficients can be independently manipulated, has been utilized to realize independent
phase modulation for quadruplex polarization channels, as illustrated in Fig. 10(1) [223].
All these developments indicate that few-layer metasurfaces with customizable trans-
mission and reflection matrices play increasingly important roles in polarization-multi-
plexed full-space optical field manipulation.

Polarization-multiplexed optical wave manipulation based on polyatomic metasurfaces

Although few-layer metasurfaces offer significant advantages for polarization-multi-
plexed optical wave manipulation, their fabrication process is more complex compared
to planar metasurfaces and requires higher precision in nanofabrication technol-
ogy. Another way to increase the design flexibility of metasurfaces is by using multiple
nanostructures within a single unit cell, which are referred to as polyatomic nanostruc-
tures. In traditional planar metasurfaces, where the unit cell is composed of only one
nanostructure, the limited structural parameters restrict the ability to achieve arbitrary
spatially varying scattering matrices. In contrast, when near-neighbor interactions are
negligible, the transmission and reflection matrices of polyatomic nanostructures can be
expressed as the sum of those of each individual nanostructure. This approach provides a
viable alternative for attaining desired transmission and reflection coefficients, enabling
polarization-selective optical wave manipulation with enhanced flexibility. Polyatomic
metasurface have shown remarkable capacities for optical polarization manipulation and
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Fig. 11 Multidimensional optical wave manipulation based on anisotropic polyatomic nanostructures.

a Upper panel: schematic of a diatomic metasurface whose unit cell consists of two nanorods aligned

in the same column. Lower panel: Schematic diagram illustrating the simultaneous manipulation of
polarization and wavefront. b lllustration of a diatomic metasurface composed of two orthogonal plasmonic
nanorods for full manipulation of the phase and polarization of the diffracted beam, and the realization of
vectorial meta-holography. ¢ Schematic of the unit cell and the super unit cell of a dielectric metasurface

for spin-selective optical phase and intensity manipulation. d Schematic illustration of the integration

of a colour printing and a full-colour hologram based on the dielectric metasurface. e Schematic of a
diatomic metasurface that can directly operate with unpolarized incident light and generate arbitrary
polarization states. f Schematic of a polyatomic metasurface for independent amplitude control of arbitrary
orthogonal states of polarization. g Experimentally captured optical images of the polyatomic metasurface
nanoprinting. h Schematic of a polyatomic metasurface, and i experimental validation of the integration

of two nanoprinting images near the metasurface and two hologram images in the far field based on the
polyatomic metasurface. a adapted from Ref. [224], Copyright 2017, with permission from American Chemical
Society. b adapted from Ref. [225], Copyright 2018, with permission from American Chemical Society. ¢, d
adapted from Ref. [230], Copyright 2019, with permission from Springer Nature, under a Creative Commons
Attribution 4.0 International License. e adapted from Ref. [231], Copyright 2021, with permission from
Springer Nature, under a Creative Commons Attribution 4.0 International License. f, g adapted from Ref. [232],
Copyright 2020, with permission from American Physical Society. h, i adapted from Ref. [233], Copyright 2021,
with permission from Springer Nature, under a Creative Commons Attribution 4.0 International License

polarization-multiplexed optical field manipulation [224—238]. For example, plasmonic
diatomic metasurfaces whose unit cell consisting of two nanorods has been proposed
to realize broadband half-wave plate, as shown in Fig. 11(a) [224]. The two nanorods in
each unit cell function as linear polarizers. The phase of the cross-polarized transmitted
waves from the two nanorods under circularly polarized incidence can be well manip-
ulated by modulating the orientation angles ¢; and ¢, of the nanorods respectively.
The combination of the two nanorods in one unit cell results in a broadband half-wave
plate with optical axis at (¢; + ¢,)/2. Linear-polarized transmitted waves with polariza-
tion angle of ¢; + ¢, — ¢ can be generated under a linearly polarized incidence with the
polarization angle of ¢. Meanwhile, the transmission intensity of the polarization-con-
verted transmitted waves is direct proportion to the square of cos (¢; — ¢,), which can
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be modulated by changing the orientation angles ¢, and ¢,. Therefore, the wavefront of
polarization-converted transmitted waves can be manipulated based on spatial intensity
manipulation. By modulating the value of orientation angles ¢, and ¢, of the nanorods,
both the polarization direction and the propagation direction of polarization-converted
transmitted waves can be easily manipulated. This method demonstrates the potential
of polyatomic metasurfaces for multidimensional optical wave manipulation. Plasmonic
diatomic metasurfaces formed by two orthogonal nanorods has been further proposed
and applied to realize vectorial holography, as illustrated in Fig. 11(b) [225]. By using dis-
placement-targeted phase, the phase and polarization state of the negative first diffrac-
tion order can be manipulated by changing the global displacement from the unit cell
boundary to the centroid of the two nanorods, the local displacement between the two
nanorods and the orientation angle of the nanorods, resulting in high-fidelity and effi-
cient vectorial holography. This approach offers a straightforward analytical framework
for designing diatomic nanostructures, with a simple linear relationship between the
structural parameters and the modulated phase/polarization parameters. Besides plas-
monic polyatomic metasurfaces, dielectric polyatomic metasurfaces with high efficiency
have been widely proposed for optical polarization manipulation and polarization-mul-
tiplexed optical wave manipulation [230-237]. For instance, a dielectric metasurface
has been proposed for simultaneous and independent manipulation of the intensity and
phase of cross-polarized transmitted waves at a single operational waveband under cir-
cularly polarized incidence. Its unit cell is composed of two c-silicon nanoblocks with
different orientation angles ¢, and ¢, (as shown in Fig. 11(c)), and the intensity and
phase of the cross-polarized transmitted waves under circularly polarization are decided
by the difference and sum of ¢, and ¢, respectively [230]. By incorporating diatomic
nanostructures with different operational wavebands into a single unit cell, the metas-
urface can manipulate the complex amplitude of cross-polarized transmitted waves at
three distinct wavebands (red, green, and blue light), enabling the integration of HSB
colour printing and full-color meta-holography, as illustrated in Fig. 11(d). This approach
facilitates the manipulation of optical fields in both near and far fields. Dielectric dia-
tomic metasurfaces composed of two nanoblocks with different orientation angles and
structural parameters in each unit cell have further been proposed to achieve all-in-one
full Poincaré sphere polarizers, as shown in Fig. 11(e) [231]. By independently design the
transmission matrices of the two nanoblocks, these polarizers enable selective transmis-
sion and conversion of a specific polarization state located at any position on the Poin-
caré sphere to its handedness-flipped state, while completely blocking its orthogonal
state. In theory, this method demonstrates perfect dichroism of nearly 100%, and experi-
mentally achieves over 90% for arbitrary polarization states. Moreover, the polyatomic
metasurfaces exhibit significant advantages in the implementation of polarization-mul-
tiplexed optical field manipulation. For example, a dielectric metasurface whose unit cell
composed of four rectangular nanopillars has been proposed to impose two arbitrary
and independent amplitude profiles on a pair of orthogonal polarizations, as shown in
Fig. 11(f) and (g) [232]. In this design, each unit cell is constructed using two types of
nanopillars with distinct structural parameters and orientation angles. The diagonal
nanopillars within the unit cell are identical in structure. The transmission coefficients of
the nanopillars can be adjusted by modifying their structural parameters and orientation
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angles. The transmitted waves from different nanopillars are collective interference with
each other, and the transmission matrix of the unit cell is simply the sum of those of each
individual nanopillar. With the greater design flexibility, the transmission coefficients of
the unit cell can be arbitrarily tailored, resulting in independent amplitude manipulation
of optical waves with orthogonal polarization states. It has been demonstrated that such
polyatomic design can be used to realize simultaneous and independent manipulation
of complex amplitude for orthogonal polarization states, enabling four-channel nano-
printing hologram (Fig. 11(h) and (i)) [233]. By incorporating additional nanostructures
within each unit cell, the design flexibility of the polyatomic metasurface is significantly
enhanced. This provides great advantages for arbitrary optical polarization manipulation

and enables polarization-multiplexed optical field manipulation.

Conclusion and outlook

In summary, we have reviewed the representative developments and latest advances in
anisotropic nanostructures for optical polarization manipulation, detection, and polari-
zation-selective optical wave manipulation. We have summarized the design strategies
for metasurfaces composed of anisotropic nanostructures and discussed the advan-
tages of anisotropic nanostructures for optical polarization manipulation and polariza-
tion-selective optical wave manipulation. Additionally, we reviewed the representative
methods for measuring optical polarization state based on anisotropic nanostructures.
Moreover, we conducted a comprehensive analysis of recent advancements in few-layer
and polyatomic metasurfaces composed of anisotropic nanostructures to showcase their
remarkable versatility and efficacy in polarization-multiplexed optical wave manipula-
tion. We believe that few-layer and polyatomic metasurfaces composed of anisotropic
nanostructures will increasingly play a crucial role in polarization-multiplexed optical
wave manipulation due to their exceptional design flexibilities. Here, we propose several
promising directions in this research field that may further expand the range of applica-

tions for anisotropic nanostructures:

Polarization manipulation in multiple domains

Metasurfaces have recently demonstrated great potential for realizing optical polariza-
tion elements with novel functionalities through manipulation of optical polarization at
multiple frequencies, in the momentum space, and at different locations along the wave
propagating direction [161, 162, 239-242]. Further advancement in this research direc-

tion will facilitate the complete manipulation of optical waves across multiple domains.

Nonorthogonal polarization-multiplexed manipulation of optical waves

By adjusting the diagonal and off-diagonal coefficients in the transmission or reflec-
tion matrices, anisotropic metasurfaces can enable polarization multiplexing with two
orthogonal polarization channels or even four polarization channels consisting of both
co- and cross-polarized waves with orthogonal polarization states [22, 50, 223]. These
methods achieve the theoretical maximum capacity of polarization multiplexing,
which is limited by the dimension constraints of the transmission and reflection matri-
ces. Recent advances indicate that anisotropic metasurfaces can also be used to realize
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arbitrary nonorthogonal polarization multiplexing [243, 244]. Specially, by introduc-
ing the engineered noise to the precise solution of transmission matrix elements, a new
approach utilizing polyatomic metasurfaces has been demonstrated as a powerful can-
didate to significantly expand the number of channels for polarization multiplexing [51].
These novel approaches are inspiring and may warrant further exploration in the fields
of optical communication and encryption. Design strategies allowing a greater number
of channels for polarization multiplexing remain highly desirable.

Full-space complete manipulation of optical waves

The coefficients of transmission and reflection matrices for few-layer metasurfaces can
be independently adjusted. By incorporating multiple nanostructures into each layer of
their unit cells, the degree of design flexibility for few-layer metasurfaces can be further
enhanced [245, 246]. Such few-layer polyatomic metasurfaces hold great potential in
achieving full-space polarization multiplexing, but new design and optimization meth-
ods are necessary due to the significantly increased structural parameters.

Integrated devices for light emission and detection

Anisotropic nanostructures with polarization control functionalities have demonstrated
remarkable capabilities in manipulating light, making them invaluable in a wide range of
integrated optical devices. These structures offer versatile means for both emitting and
detecting light across various applications. For example, chiral dielectric nanostructures
have been utilized to realize enhanced chiral emission [247, 248]. Moreover, anisotropic
nanostructures have been employed for optical spectrum measurement [190, 249].
When integrated with compact cameras, complex polarization imaging can be imple-
mented [193, 250]. Recent advancements in guided wave-driven metasurfaces further
substantiate the immense potential of anisotropic nanostructures for on-chip polariza-
tion-multiplexed optical field manipulation [251-257].

Devices with special scattering functionalities

Since the transmission and reflection matrices of metasurfaces can be tailored, they are
ideal candidates for realizing metadevices with spatial scattering functionalities that
cannot be achieved using traditional optical materials. For example, circular dichroism
with near 100% efficiency has been realized with a dielectric few-layer polyatomic meta-
surface [258]. Solid Poincaré sphere polarizer that can filter unpolarized incident light
to light with any prescribed state of polarization and degree of polarization has been
implemented based on dielectric metasurfaces [93]. A Poincaré sphere trajectory encod-
ing approach based on metasurfaces has been reported [259]. This approach leverages
a generalized form of Malus’ law, governing universal 2D projections between arbitrary
elliptical polarization pairs spanning the entire Poincaré sphere, enabling arbitrary
polarization-selective intensity encodings.
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