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Polarization transformation is at the foundation of modern applications in
photonics and quantum optics. Notwithstanding their applicative interests,
basic theoretical and experimental efforts are still needed to exploit the full
potential of polarization optics. Here, we reveal that the coherent super-
position of two non-orthogonal eigen-states of Jones matrix can improve
drastically the efficiency of arbitrary polarization transformation with respect
to classical orthogonal polarization optics. By exploiting metasurface with
stacking and twisted configuration, we have implemented a powerful config-
uration, termed “non-orthogonal metasurfaces”, and have experimentally
demonstrated arbitrary input-output polarization modulation reaching nearly
100% transmission efficiency in a broadband and angle-insensitive manner.
Additionally, we have proposed a routing methodology to project indepen-
dent phase holograms with quadruplex circular polarization components. Our
results outline a powerful paradigm to achieve extremely efficient polarization

optics, and polarization multiplexing for communication and information
encryption at microwave and optical frequencies.

On-demand polarization transformation is a momentous basis in
various techno-spheres notably driven by applications, including
polarimetric imaging, data storages, biosensing, and so forth'®,
Classical linear / circular to linear / circular polarization modulations
have been sufficiently studied and applied in kinds of wireless related
techniques’™. With increasing requirements driven by various
application scenarios, including intelligent augmented reality, and
multi-dimensional vectoral imaging, the capability of achieving
complex polarization modulations, i.e., arbitrary elliptical input
polarization to elliptical output, is becoming ubiquitous both at
optical and microwave frequencies"™'?, Metamaterials and meta-
surfaces, providing flexibility and precise artificial modulation abil-
ities of electromagnetic (EM) wave, have been extensively utilized to
perform polarization manipulation''. As research progressing, the
focus on arbitrary elliptical polarization conversion is gradually

shifting from “How to realize” to “How to improve performance”,
including operation bandwidth, limited absorption losses with all-
dielectric metasurfaces™™", multiple functionality integration
through chiroptical responses and optical cryptography and so
forth'®**, However, to go beyond these conceptual innovations and
to succeed in developing industrially relevant applications, conver-
sion efficiency - often disregarded in fundamental or conceptual
studies- would be one of the most relevant factors for polarizing
meta-devices. Although current approaches relying on conventional
phase modulation schemes seem adequate to complete high-
efficient regular linear/circular polarization transformations>**¢,
they are not capable to achieve high efficiency of elliptical polariza-
tion modulations. From fundamental perspectives, we are in fact still
lacking of quantitative and qualitative analysis methods to evaluate
the arbitrary polarization performance.
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The physics describing the arbitrary polarization transformation
efficiency depends on the matching degree between the targeted
input-output combination and the equivalent complex 2 x 2 Jones
matrix J = {jxx 5’@

. Jyy
consideration”*%, From the point of view of spectrum theorem, eigen-
formalisms (plural eigen-values K3, and eigen-states |{;,)) compre-
hensively characterize the matching solutions of the system?**. Here
we define the degree of inhomogeneity || =1({;1{,)| € [0,1] to describe
the spatial parallelism between the eigen-state pair’®*’. This parameter
is often used to classify the Jones matrix and associated polarizing
devices (Fig. 1A). When two eigen-states are orthogonal to each other
(In1= 0, represented by antipodal Stokes vectors located on opposite
sides of the Poincaré sphere and symmetric about the center), the
corresponding Jones matrix is labelled as homogeneous’. This anti-
podal eigen-states configuration characterizes most classical polariz-
ing devices and birefringent metamaterials, such as optical waveplates
and polarizers, PB-phase meta-polarizers, Huygens-surfaces, and

:|€(GZX2 of the polarizing element in

topology-optimized metasurfaces that separately carry orthogonal
linear, circular, and elliptical polarized eigen-states® . For the other
limit, || =1 characterizes the degenerated eigen-state pairs (Fig. 1A).
This reveals the underlying principle of exceptional points (EPs) gen-
eration, which has attracted lots of attentions in quantum meta-optics,
including plasmonic topological phase enabled by circling EP, obser-
vation of EPs through terahertz and acoustic metasurfaces* . These
two extremal cases, orthogonality (I | = 0) and degeneration (Ip|=1),
only occupy a minority in the whole polarization space, and these
extremal cases obviously limit the spatial freedom of eigen-state pairs
for matching arbitrary input and output polarization. It becomes clear
that the limitation of eigen-state pairs is the physical bottleneck for
arbitrary polarization transformation efficiency. In contrast, the
unexplored gap represented by O <|i|<1, i.e. non-orthogonal cases,
provides infinite quantity of polarization basis supporting inhomoge-
neous Jones matrix models®. Exploring this interesting intermediate
regime, which requires working with slight absorption losses, offers
extensive matching conditions to address various input output
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Fig. 1| Schematic description of the Jones matrix degree of homogeneity,
ranging from orthogonal to non-orthogonal eigen-states, and associated
advantages. A Schematic catalog of inhomogeneity parameter |n | and corre-
sponding eigen-states |{;) (i=1, 2) labelled by the blue-red dot pairs on Poincaré
sphere ([Sy, S5, S5] represents the spheroidal coordinate), where the two extreme
cases, namely orthogonal || = 0% and fully degenerated | | = 1**** are shown to
only occupy a minority in the inhomogeneity set. Exploring the non-orthogonal gap
with O <|n| <1, we reveal that it contains new degree of freedoms for achieving

arbitrary polarization modulation. B Mis-match case (left) indicating non-unitary
transformation using orthogonal eigen-formalism, and (right) using non-
orthogonal eigen-formalism, it is possible to match with almost unitary transfor-
mation arbitrary input elliptical polarization state (pol.) A to output pol. B.

C Calculated coverage ratios R of effective output states diagrams against efficiency
threshold under a randomly selected input state. D Under arbitrary input states
labelled by its Jones variables " and B, the coverage ratios R of effective output
states with orthogonal and non-orthogonal eigen-bases (efficiency threshold 0.9).
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elliptical polarizations, theoretically guaranteeing extreme efficiency
for arbitrary polarization conversions and manipulations.

Here we propose to study the transition from classical orthogonal
eigen polarization base to non-orthogonal pairs, revealing a powerful
mechanism for achieving near-unity efficiency for any arbitrary-to-
arbitrary polarization transformation (Fig. 1B). We theoretically verify
the orthogonality constrain on arbitrary polarization transformation,
and then enhance corresponding efficiency to reach its fundamental
limit close to unity through non-orthogonal eigen-formalism®. By
analogy with optical systems composed of stacking and turning
waveplates®*, we rely here on the mature fabrication technique for
multilayered ultra-thin meta-devices*****, and implement a generic
metasurface platform with stacking and twisted configuration to
conduct non-orthogonal eigen-states, so-called non-orthogonal
metasurface. With respect to existing literature, our approach both
theoretically and experimentally proves that non-orthogonal meta-
surfaces can realize any desired input output polarization transfor-
mation with nearly 100% efficiency in a broadband and angle-
insensitive manner. Moreover, the non-orthogonal metasurface
scheme is capable of routing any one or more quadruplex circular
polarization (CP) channels, meanwhile suppressing the others, and
imposing independent holographic images into each channel
separately.

Results

Operating principles and theoretical verifications

Here we firstly delve into the two-order non-Hermitian system, and
express Jones matrix uniquely in terms of eigen-values and arbitrary
eigen-states, according to spectrum expansion method**’:

j:

J

D CIEHNTHE] @

2 2
=1 i=1

where |{;)({;| denotes projection operator and |{;)(;|(i#]) represents

i

the conversion operator, |{;)= { Z } (i=1, 2) constitute the ortho-
iy

normal basis of eigen-states and [{;) (j=1, 2) denotes the correspond-

ing reciprocal bi-orthogonal eigen-states that would satisfy
(fi|(j>={%)";;. Here we consider Jones matrix J containing four

. . . . 2
independent coefficients, with the eigen-values x; = % + (%) — detJ

and eigen-states |(;) [UXX —Jy)* V Uxx _jyy)z +4jnyYX] (normal-

./yx

ized where

bi-orthogonal  eigen-form

i/ .
€)= JjjTK#),#j),
trf =/, +J,y is the trace and det) =/,,J,, —J,y/yx Shows the determi-
nant of the non-Hermitian matrix, superscript “1” presents the
perpendicular vector. i is the complex inhomogeneity parameter,
here |n|=1({;|{5)| € [0,1] is the amplitude purposely introduced to
denote the parallelism between two eigen-states, and /n presents the
phase response. Consequently, we can derive non-Hermitian Jones
matrices that sustains non-zero inhomogeneity in eigen-formalism:

e—izn
V1-nf?

When any arbitrary input polarization state |[E™) is supposed to
illuminate the polarizing element, the output polarization can be

O =J|E™) = 3’%@ + \";%m

p=({3|E™) and q=({; |[E™) denote the projections of input [E™) on
two eigen-states |{ fl), respectively. Herein, transformation efficiency

el‘n

1- |

J=K 1C)(C5 1+ Ky [etey o)

expressed by where

is measured by dividing the output light energy with preset polariza-
tion state relative to the input energy, comprising both polarization
conversion efficiency and transmission efficiency, as denoted by:

(E™E™) _ 11*IpP* + 1K, 1q 1
(E™|E™) 1-n?

©)

For conventional polarizing elements carrying orthogonal eigen-
states (| = 0), the elliptical shape and declination angle of possible
output polarizations are precisely dictated by corresponding eigen-
values, which inherently contributes to the transformation efficiency.
Although the efficiency can approach unity for specific input-output
polarization scenarios highly matched by orthogonal eigen-states of
homogeneous Jones matrices, these performances are only obtained
for a minority of configurations’. Studying now the expression of the
output signal obtained by passing through polarizing elements with
non-orthogonal eigen-states (| | > 0), the corresponding efficiency are
not anymore determined only by the eigen-values Ky, but also
depends on the degree of inhomogeneity Ing|. Such extra degree of
freedom (DOF) n releases the orthogonal restriction of eigen-states,
and provides tuning knob to theoretically approach efficiency limit for
any arbitrary polarization transformation.

To quantitatively analyze the arbitrary polarization transforma-
tion efficiencies, Jones matrices with physically accessible complex
coefficients are taken into consideration. By enforcing the strict eigen-
state condition |i | = 0, Jones matrices are then arranged and classified
into two groups: orthogonal and non-orthogonal libraries. We theo-
retically associate the transformation efficiency to any random col-
lection of input and output states, which are chosen as to be
representative to the average statistical distribution of polarization
states on the Poincaré sphere (SI). We then set an efficiency threshold
to evaluate the “effective output state” characterized by output effi-
ciencies exceeding a preset threshold value. For any randomly selected
input polarization state, we establish a concept of coverage ratio (R),
depicting the ratio of effective outputs constrained by the efficiency
threshold over the total number of all possible states in the polariza-
tion space (SI). Such coverage ratio R is used to directly show the
performance of polarization transformation under orthogonal and
non-orthogonal eigen-formalisms (Fig. 1C). By increasing the efficiency
threshold from O to 1 gradually, the coverage ratio of the output
polarizations obtained from orthogonal eigen-states significantly
decreases. Meanwhile, a strikingly different behavior is presented with
non-orthogonal eigen bases, where R is sustained close to unity with
the efficiency threshold approaching 1. Such comparison indicates
that by adopting the non-orthogonal eigen-state pairs of Jones
matrices, the efficiency from any given input polarization to various
output channels covering the entire Poincaré sphere can theoreti-
cally approach close to unity. Notably, reaching exactly the unity
efficiency requires lossless cases for polarization transformations,
however depending on the arbitrariness for polarization conversion,
non-homogeneity is required and this cannot be achieved with pure
lossless configuration (see Fig. S1 in SI). To compare the overall
performances of both schemes, we study the polarization transfor-
mation scenarios for all possible input polarization states
|EMy = {sinco?’f’?ziﬂi"}’ where ai € [0,%] and B  [-m,m] denote the
Jones variables. The choices of a” and " are uniformly sampled to
cover the whole polarization space. For orthogonal eigen-states
under variable input states (Fig. 1D), the coverage ratios of effective
output states are around 0.2 with efficiency threshold of 0.9. Com-
paratively, through non-orthogonal eigen-states, the coverage ratios
reach close to unity. These results encompass all possible input
output polarization transformation situations, elucidating that even
in the presence of slight losses, the non-orthogonality of the eigen-
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Fig. 2 | Characteristics of non-orthogonal meta-atoms. A Topological config-
uration of proposed non-orthogonal meta-atom with periodicity a = 0.33A, dis-
tinct rotation angles of rectangular patches 6, (n=1, 2, 3) are the dominant factor
for the non-orthogonal eigen-states implementation (other specific geometric
parameters are explained in SI). B Independent profiles of Jones variables a; and S;
(i=1, 2) in two eigen-states of meta-atom against variable 8, and 65 with fixed

6, =0°. C Evolution trends of Xa;=a; . ap and AB; = B; - B> for meta-atom with
variable 6, and 6; when 6, = 0°, 30°, 60° and 90°, indicating the non-orthogonality
between eigen-state pairs. Gray and black dotted lines separately present

! g
ZO <
50 7.5 10.012515.0 \5.0 7.5 10.012.515.0
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orthogonal requirements Xa;=1/2 and Af; = . Conventional orthogonal states
occur at the overlapping point, indicated by the red stars. D Degree of inhomo-
geneity with separately variable 6; as a function of the frequency, insets present the
evolution of the trajectories of corresponding eigen-state pair on Poincaré sphere
with frequency (5 GHz to 15 GHz) for the meta-atoms with (6;, 8,, 63) = (60°, 0°, 0°),
(0°,90°, 0°), and (0°, 0°,120°), respectively. E Amplitude and phase profiles of two
non-orthogonal eigen-values of meta-atom with variable 6, as the function of fre-
quency, where gray dashed lines show the baselines of |x|= 0 and Zx=0.

states (1> 0) would support the complete eigen-modes in polar-
ization space to match efficiently arbitrary input output polarization
transformations.

Meta-atom design for implementation strategies

The essential condition for implementing non-orthogonal eigen-
state pairs is the symmetry-broken configurations along both tan-
gential and normal directions, which simultaneously release con-
strains on the value of the coefficients in non-Hermitian Jones
matrix?*?®. Herein, we adopt a transmissive multilayered meta-
atom (Fig. 2A) with non-resonant characteristics in the microwave
band and consider realistic designs relevant for experimental
proof-of-concept demonstration (SI). The n birefringent patch

with independent twisting angle 6, (n=1, 2, 3) is dominant factor
for breaking in-plane and out-of-plane symmetries, where n=3 is
the minimum guarantee for full coverage of inhomogeneity para-
meter || € [0,1] (derived and verified in SI). Notably, this stacking-
twisted configuration for non-orthogonal eigen-formalism could
be replaced by any other structure according to the operation
wavelength of interest. For instance, the L-shaped element can be
conducted in optical region (Note 9 in SI), and minimum layers for
Ig| € [0,1] can be reduced down to only two layers when relying on
in-plane complexity (Note 5 in SI).

To achieve formal description of this stacking and twisted con-
figuration, we exploit wave matrix cascading model and calculate the
non-Hermitian Jones matrix of the compound meta-atom* (SI). The

Nature Communications | (2024)15:6682
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corresponding eigen-state pairs of such meta-atom, in Jones vector
formalism, are expressed with distinct rotation of patches (6;, 85, 63):

3
—T, Y cos(26) — T, cos(26,) =P
j=1

3 3
=T, > sin(26)) + T, >~ sin(2A6;) — T, sin(26,)
j=1 j=1

“@)

where p= \/T‘Zl 3371 COS(46)) +(2T2 + T7) Y7 COS(2A6)) + T2 cos(46;)+2T,T, 577, cos 2(6; +6)
is the decoupling factor for two eigen-states, T, . represents coeffi-
cients as functions of scattering parameters of a single patch that vary
with the area and aspect ratio, and Ag; shows the rotation offsets
between distinct patches, including 6; - 65, 6; - 83, and 0, - 05, while
6,=0; - 0,+6;. To visualize the decoupling effects of stacked config-
uration on eigen-states, we track the evolution of eigen-state pairs as
functions of twisting angles. Here, we adopt Jones variables a«;
(ai: arCtan(‘Ziyl/Izixl)' € [0'”/2]) and ;Bi (ﬁi :é(iy - ézixr € [_”'”])
to present the relative trajectory of i (i=1, 2) eigen-state (Fig. 2B).
When the top-layered patchis fixed to 0° and the other two patches are
rotated from 0° to 180° separately, the profiles of a; and a, (8; and f35)
show completely different coverages and tendencies. This indicates
that two eigen-states own distinct responses to the twisting config-
urations, and can be decoupled and co-modulated by changing 6, and
6s. Increasing 6; from 0° to 90°, evolution of Xa; and Af; vary
continuously (Fig. 2C), suggesting that the top-layered patch has an
overall modulating effect on both eigen-states. Here the black dotted
lines separately represent orthogonal conditions of Xa;=m/2 and
AB;=1"°, and the overlaps illustrating the orthogonal cases are labelled
by red stars. We see that such twisting meta-atom would basically
support the required non-orthogonal eigen-states except for the
configurations with a high-level rotational symmetry. Then we evaluate
the degree of inhomogeneity as a function of twisting angles within a
broad bandwidth (Fig. 2D). Each separate 6, changing from 0° to 180°
is used to explore the full range | | =[O, 1]. It is seen that the mapping
of |l of meta-atoms with only rotating 6, or 85 are in same tendency,
whichis attributed to the reciprocal feature of configurations. Here, we
illustrate the evolution of eigen-state pairs of some specific meta-atom
configurations on Poincaré sphere, where the centroid (a)symmetry
trajectories effectively prove the (non-)orthogonality eigen-
performances. When a meta-atom has an in-plane rotationally
symmetric pattern, the eigen-states are orthogonal and linear
polarized, characteristic of widely reported birefringent meta-
structures®>', However, working with non-orthogonal modes, with
adjustable amplitude and phase responses of eigen-values, can instead
be used to define the desired output polarization performances, as
shown in Eq. (3) (Fig. 2E). Non-resonant band-pass properties achieved
through non-orthogonal eigen-values guarantee the high efficiency
and stability of polarization conversion performances. By varying
geometric configuration of patch elements, controllable amplitude
diattenuation and phase retardance needed for arbitrary input output
polarization matching can be obtained (SI). These results effectively
prove that such meta-atom can support the entire polarization space
to discretionarily tailor unrestricted eigen-formalism, paving solid
foundation for implementing extremely-high efficient polarization
transformations.

Non-orthogonal metasurfaces for on-demand high-efficient
polarization transformation

We experimentally verify the non-orthogonal metasurfaces, acting
as polarization transformers with near unity efficiency perfor-
mances. Here, we randomly select 8 input states expressed in

S cos(2a’m) in .
Stokes parameters |E")= [52} = [sin(zai")cos(ﬂ"”)} { o e 03

S5 sinQai) sin(8™) B" el-mm
under each input polarization, we preset 13 corresponding target
output polarization states along the separate longitudinal path on
Poincaré sphere. That is to say, 8 x 13 pairs of input-output polar-
ization combinations in total are adopted to verify the arbitrariness
and efficiency performances. Figure 3A displays an elliptical map-
ping of series of calculated (solid lines) and simulated (dotted
lines) output polarization states under variable input states, where
the gradual changes in elliptical geometries reveal the full coverage
and arbitrariness of sampling in polarization space. Meanwhile, the
agreement between simulated and ideal output states initially
proves the feasibility of the non-orthogonal scheme. Besides, we
also conducted multiple-input to single-output, single-input to
multiple-output polarization conversions in SI, to verify the near-
unity efficiency of arbitrary polarization conversion scheme.

while

To verify the practical polarization controlling performances, we
fabricate a series of prototypes (13 individuals) to experimentally
achieve desired high-efficient input-output arbitrary polarization
transformations, as outlined by black dotted box in Fig. 3A (top row).
The photograph of a fabricated meta-array sample is shown in Fig. 3B
and the measurement setups and efficiency analyses for arbitrary
input-output polarization conversions are specifically detailed in SI.
Here, polarization transformation efficiencies (7;) of each 8 x 13
customized input output polarization conversion are calculated with
Eq. (3) and displayed in Fig. 3C, where efficiencies are always reaching
close to the unity. Meanwhile, the measured efficiency properties of all
fabricated non-orthogonal metasurfaces are shown in the inset of
Fig. 3C. The simulated average efficiency of the 13 samples reaches 96%
(with maximum as 99%), and the measured average efficiency is over
92% (with maximum as 97%). Such deviation of measured efficiency is
primarily caused by diffractions and noises in practical experimental
setups. To validate the fidelity of output polarization responses, Stokes
parameters (S, S> and Ss) of ideally preset, simulated, and measured
output states, which are transformed from corresponding scattering
parameters under horizontal linearly polarized illumination, are dis-
played in Fig. 3D. We adopt root-mean-square error (RMSE) qualifying
the deviations from the pre-settings to quantitatively evaluate the
polarization transformation effect. The simulated and measured RMSE
of elliptical Stokes parameters are 0.04 and 0.05 (S;), 0.03 and 0.08
(52), 0.05 and 0.05 (S3), respectively. It is worth noting that the simu-
lated output elliptical polarization states, constructed using full-wave
metasurface modelling, are designed according to the geometrical
parameters given by the corresponding fabricated samples. There
exist some deviations between the simulated and measured Stokes
parameters from the ideal pre-settings, especially for S; and S, of case 1
and 13 for circular polarizations, which are attributed to the finite
geometric size of metasurface samples and the unavoidable inter-
ferences during measurement processes. Nevertheless, the barely
undistorted polarization responses, measured experimentally, suc-
cessfully validate the polarization modulation ability of the proposed
non-orthogonal metasurfaces scheme.

Besides, we explored the bandwidth performance of proposed
non-orthogonal eigen-formalism for arbitrary polarization conver-
sions. We observed that the efficiency (transmittance) within the
operating bandwidth ranges from 8 GHz to 12 GHz, i.e., with relative
bandwidth of 40% of three representative samples (117, 12, 13%). When
illuminated by linearly polarization incidence, measured transmittance
profiles are displayed in Fig. 3E, and insets schematically present the
configurations of three meta-devices and target input-output states.
Transformation efficiency can be maintained approaching unity and
peak values in measured profiles reaches to 95.1%, 94.2%, 95.6%,
respectively. The error bars of efficiency profiles present the
interference-induced noises and fluctuations within the measurement
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Fig. 3 | Demonstrations of the non-orthogonal metasurfaces for high-efficient
arbitrary polarization transformations. A An elliptical mapping of variable ideal
(solid line) and simulated (dotted line) output states under different preset input
polarizations (8 x 13 pairs in total) to illustrate sampling arbitrariness. B Photograph
of a fabricated sample, where the inset shows the locally enlarged meta-atom.

C Simulated efficiencies of each input-output polarization transformation process,
inset shows the comparison between simulated and measured efficiencies of fab-
ricated non-orthogonal metasurface samples. D Calculated, simulated, and mea-
sured Stokes parameters (Sy, S,, S3) of output elliptical polarizations, which are
transformed from scattering parameters under the horizontal linear polarization
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state. E Measured efficiency within the bandwidth of 8 GHz-12 GHz for the meta-
surface samples (11%, 12%, 13*). The error bars present the corresponding noisy
fluctuations in the measurement processes, and the insets present the target input-
output polarization conversions. F Simulated and (G) measured polarization
transformation efficiencies (Tjs) of 13 representative prototype samples under
oblique incidence from —-60° to 60°, and the insets show simulated and measured
output polarization states of the representative 11 sample under tilting incidence
excited with linearly polarized beam, where the black dots pointed by arrows on
Poincaré sphere denote the preset output polarization states.

processes. These efficiency performances indicate that the effective
polarization conversion of fabricated meta-devices can be achieved
within the entire bandwidth ranging from 8 GHz to 12 GHz. Note that
our metasurfaces are composed of multiple metallic and dielectric
layers, which bring unavoidable frequency dispersions, resulting in
polarization variations within the operating bandwidth, as specifically
analyzed in SI. Additionally, we have verified dependence properties of
13 prototypes under oblique incidence within —60° to 60° (Figs. 3F and
3G). The transmission performances can be maintained over 90%
within the range of [-45°,45°] and slight degradations occur for

incident angles from 45° to 60°. Figure 3G summarizes the corre-
sponding measured efficiencies, indicating average efficiencies around
90% within tilting input angle 45°, and around 87% for incident angle
60°. To characterize the response of our system under oblique inci-
dence excitation, we measure the response of the 11* metasurface
(taken randomly as an example), excited with a horizontally polarized
beam for incident angles ranging from -60° to 60°. The corresponding
simulated and measured output polarizations are displayed on Poin-
caré sphere (inset of Figs. 3F and 3G), indicating only slight deviation
from the target state with fluctuation RMSEs in Stokes parameters of
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0.03 and 0.07 (Sy), 0.13 and 0.16 (S,), 0.07 and 0.08 (S3), respectively.
These experiments verify that our non-orthogonal metasurfaces
designed for arbitrary polarization conversions own angle-insensitivity
responses for non-normal incidence within [-45°, 45°].

Unrestricted eigen-states enabled C’, gating of circular polar-
ization channels and independent hologram manipulation

To demonstrate the extremely versatility achievable with non-
orthogonal metasurfaces, we take an additional step further by rout-
ing multiple input signals towards multiple output ports with selection
and modulation effects. Here we experimentally take circular polariza-
tion base as demonstration, to conduct C, gating effects on all four CP
channels, namely L-L, R-L, L-R and R-R (left-handed circularly polarized
(LHCP) output - LHCP input, right-handed circularly polarized (RHCP)
output - LHCP input, LHCP output - RHCP input, and RHCP output -
RHCP input) channels. Any non-orthogonal pair of eigen-states | ,) can
be decomposed into LHCP state |L) and RHCP state |R) with two distinct
coefficients. According to the inherent steadiness associated to eigen
polarization states passing through the analogue-chiral non-Hermitian
element J, the transmission process can be depicted with circular
polarization base. We define and derive CP transmission complex
coefficient F,,, (the subscript u and v represents output and input state
as LHCP or RHCP) as detailed in SI. Therefore, we can deliberately select
i (i=1, 2, 3, 4) and suppress the other (4 - i) channels by manipulating
amplitude responses F,,, approaching 1 or O, defined as CQ routing of CP
channels, as schematically illustrated by shining on or off bulbs in
Fig. 4A. To give an insight into the relationship between the routed
channels and the inhomogeneity of the two eigen-polarizations, we set
selected threshold as |F|> 0.7 and suppressed threshold as |F|<0.1.
Considering arbitrary inhomogeneous Jones matrices with F,, satisfying
the threshold condition of Cﬂ routing (i=1, 2, 3, 4), respectively, the
distributions of theoretically calculated eigen-states are displayed on
Poincaré sphere in Fig. 4A. For C, gating effect of L-L channel with
coefficient threshold |F;; | > 1, [Fr | > O, IFir|~> O, [Frr | > O, the eigen-
vectors of satisfactory Jones matrices are distributed around north and
south poles, indicating that such single-channel routing can be guar-
anteed by quasi circular eigen-polarizations. With the number of
selected channels increasing, the distributions of eigen-states on Poin-
caré sphere get widen. Especially for Ci effect, the corresponding eigen-
states can uniformly distribute almost full sphere, further demonstrat-
ing the high degree of non-orthogonality. Notably, the routing effects
on CP channels only involve amplitude threshold of F,,, without any
limitations on phase response of F,,. Thus, based on the degree of
freedom of non-orthogonality between eigen-states, we can addition-
ally impose premeditated phase distributions in gated channel F,, to
fulfill independent holographic images.

To demonstrate the phase modulation, independent hologram
images of characters “17, “2”, “3”, “4” are imposed to L-L, R-L, L-R and
R-R channels, respectively. For the simplicity of illustration, we exhibit
four representative analogue-chiral metasurfaces for Cﬂr routing and
one fabricated sample is displayed in Fig. 4B. Under normal illumina-
tion of LHCP or RHCP beams propagating along +z-axis, measured
energy intensities (Fig. 4C) of image projecting properties at pre-set
plane with z=5], indicate successfully produced CP transmitting
channel gating with holographic manipulation. Despite the rough
quality of the holographic projections (detailed analyzed in SI), the
gating effect using phase-only metasurfaces can be validated. For more
experimental details, the readers can refer to the SI. To evaluate the
performance of holographic projection, we calculate the efficiency

/R L/R
Ty = % in each separate CP channel of the fabricated
sample, where |EX/R(x,y)) and |E¥/®(x,)) express respectively the out-
put and the input electric fields selected as |L) or |R) state at specific
coordination (x, y) in measured plane. Figure 4D displays the measured

Ty in each CP channel of four fabricated samples with CQ effect. The
effective energy in gated CP channel(s) are obviously higher than the
suppressed channel(s), attributing to the inhomogeneity degree sup-
ported in non-orthogonal metasurfaces. In addition, when just one

channel is selected (e.g. C} for L-L channel), the measured efficiency
reaches 83%, while efficiencies in other three channels are 11% (R-L),
22% (L-R), 7% (R-R), respectively. When more than one channel are

selected (i.e. Ci,i>1), the efficiencies in distinct selected channels
are obviously reduced. This is due to multiple ports working
simultaneously, and evenly distributed energy in separate selected
channels guarantees the quality of multiple output holographic
projections.

Furthermore, we adopt a correlation coefficient po between the
measured and calculated images to characterize the hologram quality,

as calculated by po;geardmen) = —2llideadne) 18 where COV (Iigeas,

/Dl igeat) /Dl )
I.eq) is the covariance of theoretically calculated hologram intensity
Ligeqs and measured energy intensity Iyeq, and D(ligeq) and Dl eq)
shows the variances of corresponding intensities, respectively. The
measured correlation coefficient po within the bandwidth of 9 GHz -
11 GHz are illustrated in Fig. 4E. The contrast ratio of po profiles in the
selected and suppressed channels verifies the proposed CP routing
scheme. The holographic imaging quality reaches its optimal value
around the center operating frequency at 10 GHz, and accordingly
degraded when deviating from nominal operating frequency. Never-
theless, the holographic image rendering is clearly produced at other
frequency points (SI). This imaging resolution limit can be further
optimized by neural network-based amplitude-phase holographic
algorithms in future research. We have also analyzed the crosstalk
between different CP channels. Correlation coefficient p,,, is adopted
to evaluate the interference between measured holographic intensities
in selected m"® and n"™ channels, as expressed by

COVln) 15 \here detailed calculations are expressed in

pmn(’m”n)= /D) /DT
SI. Measured p,,,, of these four metasurface samples at 10 GHz are
illustrated in Fig. 4F. The gray area indicates invalid value under such

conditions. For metasurface with Ci gating of L-L channel, the cross-
talks produced by imaging “1” in R-L, L-R and R-R channels are 6%,
38.5% and 36.6%, respectively. The high cross-talks in L-R and R-R
channels are due to the phase errors from discretization and amplitude
sacrifices of meta-atoms, which can be further suppressed through
configuration optimizations to provide eigen-formalism with higher
matching degree. Meanwhile, the other cross-talks in multiple channel
selections are all lower than 10%. Hence, our strategy provides a direct
and convenient method for channels expansion and modulation in
optical and wireless communication systems.

Discussion

To summarize, we have proposed leveraging new framework for rea-
lizing arbitrary polarization transformations with near unity efficiency,
essentially relying on the non-orthogonality of eigen-state pairs of non-
Hermitian Jones matrices. Using multilayered metasurfaces to relax the
orthogonality between polarization eigen-states, we provide an addi-
tional DOF of inhomogeneity parameter, which is used to achieve close
to unity arbitrary polarization transformation efficiency in a broad-
band and angle-insensitive manner. We further extend the light mod-
ulation capabilities of our scheme to enable gating and independent
wavefront modulation in quadplex transmitting channels. With
respect to the existing polarizing devices relying on orthogonal eigen-
bases, non-orthogonal metasurfaces provide exciting application
opportunities, including but not limited to photonic polarizing devi-
ces, polarimetric imaging, polarization multiplexing in communication
systems.
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Fig. 4| Cf‘ gating of CP channels and independent hologram manipulation. (A)
Schematic of the proposed mechanism for different Ci (i=1, 2, 3, 4) gating effects.
The schematics representing on and off light bulbs are used to illustrate the gated
and suppressed channels. Insets also display the corresponding distributions of
theoretically calculated eigen-state pairs on the Poincaré spheres. B Photograph of
fabricated sample for C, gating for L-L channel, where H denote the total thickness
(about 0.154¢) of the sample. C Measured energy intensity inxy plane with z = 51, of

L-L RLL-R RR

four representative non-orthogonal metasurfaces for C; gating with hologram
image “1” in L-L channel, C? gating with “1” in L-L channel and “2” in R-L channel, C3
gating with “17, “2”, “3” in L-L, R-L and L-R channel, C} gating with “1”, “2”, “3”, “4” in
all four channels, respectively. D Measured efficiencies in all CP channels of four
fabricated samples. E Measured correlation coefficient p, of four representative
samples within the bandwidth. F Measured p,, for cross-talk characterization

at 10 GHz.

Methods

There exist methods for sample fabrication and the experimental
setups, which have been specifically discussed in Note 7 of Supple-
mentary Information.

Data availability
The main data supporting the findings of this study are available within
the article and its Supplementary Information.
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