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Abstract

Simultaneous and continuous control over polarization and wavelength—two orthogonal and information-rich
degrees of freedom—remains a central challenge in metasurface photonics, long hindered by intrinsic dispersion
constraints and structural degeneracy. Here, we customize continuous polarization-wavelength mapping through a
nonlocal metasurface platform that decouples birefringent evolution from structural dispersion. We achieve
programmable, spectrally resolved polarization shaping across the broadband mid-infrared regime by introducing an
equivalent nonlocal Jones matrix formalism and a dimension-interlaced vectorial diffraction neural network. This
framework enables fully continuous and arbitrarily prescribed mapping across the joint polarization-wavelength space
—Dbeyond the capabilities of segmented or interleaved metasurface designs. We experimentally demonstrate non-
degenerate multicolor vectorial holography, broadband achromatic imaging, and arbitrary elliptical polarization
multiplexing with high fidelity and minimal crosstalk, maintaining strong channel isolation. Our results establish a
scalable route toward continuous-domain photonic encoding, offering a powerful foundation for ultracompact optical
communication, vectorial information encryption, and high-dimensional light-field processing.

Introduction

Encoding and manipulating optical information across
multiple physical dimensions is central to emerging
demands in quantum-secure communication, in-sensor
computing, and ultra-dense photonic interconnects.
Among the various degrees of freedom (DoFs) of light,
polarization and wavelength are particularly attractive:
they are intrinsically orthogonal, continuous, and highly
robust, making them ideal carriers for high-dimensional
photonic encoding. Their combined space defines an
infinite-dimensional Hilbert basis, perfectly suited to
support tasks ranging from quantum-secure key dis-
tribution to in-sensor neural inference and spatiotemporal
signal reconstruction'®. Jointly accessing and controlling
these DoFs, however, remains a formidable challenge.
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Existing strategies typically treat polarization and wave-
length independently, using cascaded components, seg-
mented zones, or multilayer assemblies. Such fragmented
architectures introduce loss, complexity, and crosstalk,
and fundamentally restrict modulation to discrete, pre-
defined states’ "',

In contrast to traditional optical systems that manip-
ulate photonic DoFs through segmented architectures—
splitting functions across different spatial regions, time
slots, or cascaded components—metasurfaces offer a
fundamentally different paradigm: simultaneous, co-
located, and loss-minimized control of multiple DoFs on a
single planar interface'* '”. This physical integration has
catalyzed a wave of breakthroughs in multifunctional
wavefront shaping, including multi-foci metalenses'®,
field-of-view tunable meta-systems'®?’, varifocal meta-
devices for augmented-reality displays®’, quantitative
phase imaging for meta-lenses and large-depth-of-field
imaging®>*® and vectorial holography®*~>°. By engineer-
ing meta-atoms with tailored phase and birefringent
responses, these works have demonstrated compact
optical systems with unprecedented functionality®*—?,

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adaptation, distribution and reproduction
in any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if

changes were made. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If
material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.


www.nature.com/lsa
http://orcid.org/0000-0003-4183-4629
http://orcid.org/0000-0003-4183-4629
http://orcid.org/0000-0003-4183-4629
http://orcid.org/0000-0003-4183-4629
http://orcid.org/0000-0003-4183-4629
http://orcid.org/0000-0002-2745-055X
http://orcid.org/0000-0002-2745-055X
http://orcid.org/0000-0002-2745-055X
http://orcid.org/0000-0002-2745-055X
http://orcid.org/0000-0002-2745-055X
http://orcid.org/0000-0003-0131-9454
http://orcid.org/0000-0003-0131-9454
http://orcid.org/0000-0003-0131-9454
http://orcid.org/0000-0003-0131-9454
http://orcid.org/0000-0003-0131-9454
http://orcid.org/0000-0001-9859-8394
http://orcid.org/0000-0001-9859-8394
http://orcid.org/0000-0001-9859-8394
http://orcid.org/0000-0001-9859-8394
http://orcid.org/0000-0001-9859-8394
http://creativecommons.org/licenses/by/4.0/
mailto:yufeilong@mail.sitp.ac.cn
mailto:ghli0120@mail.sitp.ac.cn
mailto:xschen@mail.sitp.ac.cn
mailto:luwei@mail.sitp.ac.cn

Wang et al. Light: Science & Applications (2026)15:170 Page 2 of 11
Table 1 Comparison of different metasurfaces in high-dimensional multiplexing
Design method Polarization channels Wavelength channels  Arbitrary channels 1/0 form Refs

Multifocal plane 2 3

2 10
Interleaved 1 3
Pixelated 4 3

1 Continuous
Multilayer 9 2
Complex units 6 3
Neural networks 9 3

Continuous Reconstruction  Continuous Continuous

Nonarbitrary Fixed input, variable output 414246
Nonarbitrary Fixed input, variable output w
Arbitrary Fixed input, variable output 4748
Arbitrary

a4

Nonarbitrary Fixed input, variable output

29

Nonarbitrary Fixed input, variable output

28

Nonarbitrary Fixed input, variable output

Arbitrary Variable input, variable output  This work

Moreover, recent advances in active and hybrid meta-
surfaces have enabled quasi-continuous spectral control
through phase-change materials, carrier doping, electro-
optic modulation, and multi-resonant or BIC-assisted
coupling mechanisms®**°. These developments sub-
stantially expand the design freedom of dispersion engi-
neering. However, such approaches typically rely on
external stimuli or discrete resonant states, whereas there
have been no reports on intrinsic, passive, and physically
continuous modulation across the polarization-
wavelength domain. Recent advances in wavelength-
selective polarization digital metasurfaces have demon-
strated multiplexed encoding of polarization-dependent
holographic channels across discrete spectral bands,
offering an insightful exploratory effort to approach
continuous-domain multidimensional photon control*'.

Additionally, current metasurface designs remain fun-
damentally constrained to discrete or quantized modes of
control. This stems from two intertwined physical bottle-
necks: (1) the quasi-linear dispersion curvature inherent to
structural resonances, which restricts the degrees of free-
dom available for spectral control; and (2) the degeneracy
of the Jones matrix in symmetric or weakly anisotropic
structures, which binds the polarization and wavelength
channels into inseparable combinations. As a result, prior
efforts—no matter how sophisticated such as spatial
interleaving of unit cells, composite high-aspect-ratio
meta-atoms, or stacked diffractive layers—operate within
a fixed discrete grid of polarization and wavelength states,
fundamentally precluding continuous, independent, and
reconfigurable access to the full parameter space®* ™,

In this work, we present a nonlocal metasurface platform
that breaks this long-standing bottleneck and enables
physically continuous polarization—wavelength mapping.
By introducing an equivalent nonlocal Jones matrix form-
alism and a forward model linking structural perturbations
to far-field vectorial responses, we decouple polarization
evolution from spectral dispersion. A dimension-interlaced

vectorial diffraction neural network compresses the high-
dimensional design space from 4#° to 8n, enabling efficient
joint optimization of rotation angle and wavelength across
continuous-domains. This framework allows for pro-
grammable, high-fidelity manipulation of arbitrary
polarization—wavelength mappings, beyond the capabilities
of segmented or interleaved metasurfaces.

We experimentally validate this platform with multi-
color vectorial holography, continuous gradient-
polarization imaging, and arbitrary elliptical polarization
multiplexing in the mid-infrared. The demonstrated
fidelity, crosstalk suppression, and broadband robustness
confirm the viability of our approach. Table 1 shows the
comparison of different metasurface design in realizing
the high-dimensional multiplexing. It implies that our
work marks a meaningful step in metasurface photonics—
from discrete channel engineering to continuous-domain,
multidimensional light-field control—offering a scalable
foundation for future optical systems in communication,
encryption, and intelligent sensing.

Results

To overcome the inherent limitations in controlling
photonic degrees of freedom—particularly the degeneracy
between polarization and wavelength imposed by local
dispersion—we propose a dimension-interlaced continuous
design framework as illustrated in Fig. 1. As shown in
Fig. 1a, we construct a nonlocal metasurface capable of
generating continuous gradient polarization holography
across the mid-infrared spectrum (2.7-4 pm), with each
polarization state smoothly evolving with wavelength.
Unlike conventional multiplexing strategies that discretely
combine polarization—wavelength pairs, this design realizes
continuous-domain modulation by reconstructing the far-
field response from a nonlocal equivalent Jones matrix.

In Fig. 1b, we illustrate how conventional metasurface
designs are constrained by the nearly constant group
delay of structural eigenmodes (depicted by yellow and
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Fig. 1 Conceptual framework and modeling pipeline of continuous information domain reconstruction. a Schematic illustration of a nonlocal
metasurface enabling continuous-polarization-wavelength holography. Each input polarization state, corresponding to a specific wavelength, is
mapped via a continuous polarization channels on the Poincaré sphere across the metasurface, producing a broadband gradient polarization
hologram. b The proposed dimension-interlaced continuous design framework. Due to the nearly constant group delay of local resonant modes
(yellow/purple dashed lines), conventional metasurfaces are limited to quasi-linear dispersion, leading to discrete and degenerate Jones responses.
By introducing a nonlocal equivalent Jones matrix and perturbation-driven dispersion modeling, we enable the far-field reconstruction of arbitrary
polarization-wavelength responses. The left side shows the physical limitation of local metaatoms under first-order dispersion. The right side
illustrates how the reconstructed nonlocal response (blue dashed line) achieves precise field matching across continuous spectral and polarization

purple dashed lines on the left insert), which results in
quasi-linear phase dispersion and limits the curvature
(%*¢p/ 01%) needed for broadband, arbitrary modulation.
The dispersion Jones matrix of such local structures can
be expressed as:

£o(1) - e 0
0 tg(A) - o)

(1)

Here, 0 is the rotation angle of the meta-atom, and t,g,

@q,p represent the amplitude and phase responses of the
two eigen-polarization channels. Under the traditional

70 (xv Y 97/1) - R(_e) <

C2-symmetrical structure with linear phase dispersion, 8
becomes wavelength-invariant, precluding complex polar-
ization evolution across spectrum.

To overcome this, we define a nonlocal equivalent Jones
matrix by incorporating the spatial diffraction kernel
f(x’, y', z, \), yielding:

7.y, 60).0) = / / Jo (%, 3,6,0) £ — 2,5 — y,2,A)dxdy
Xy
(2)

This formalism introduces spatial-frequency dispersion
and enables phase modulation beyond the local
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approximation, effectively unlocking an additional DoF
associated with eigenvector evolution across the
polarization—wavelength manifold. To link these respon-
ses to designable structural parameters, we construct a
forward analytical model that relates the birefringent
phase retardation Ag = @g — @, to the target polarization
path defined by ellipticity P;(\) and azimuth P,()):

m”<_Aﬂ”§::

This expression allows us to extract the optimal rotation
angle B(\) needed to reproduce any desired polarization
trajectory on the Poincaré sphere (see Supplementary
Note 3 and 4 for details). Using this perturbative mapping,
we then define the far-field projection intensity along the
conjugate polarization state as:

-]

flx' —x,y —

tan(2P,(1))
sin2(Py(A) + 6(1))

(3)

V1Jo (5, 2.6,2) - [PV )

y,2,A)dxdy
(4)

vy = [[ (e Tote s 0n - pw)

'f(x/ - xvy/ - ZvA)dxdy
(5)

These fields form the basis of the nonlocal Jones
response in the focal plane. To represent the dispersion
behavior of the metaatoms, we further introduce a third-
order polynomial model for both amplitude and phase:

En(n,0,0) = [a-(1/A)° +b-(1/A)* +c-1/A +d|

.ez\ [ap»(I/A)3+bp»(1/A)z+cp»l/A+dp]

(6)

Each meta-atom is characterized by a discrete set of
coefficients [a, b, ¢, d, ap, bp, cp, dp]. By combining this
model with the polarization path projection, we construct
two hierarchical optimization layers—one for polarization
channel matching and one for phase-dispersion pertur-
bation fitting. This reduces the data complexity from 4n®
to 8n, enabling fast and globally optimal inverse design
across a continuous polarization—wavelength parameter
space (see Supplementary Note 5 for details). Together,
this framework enables the first metasurface design
strategy capable of simultaneously and densely sampled
continuous controlling of polarization and wavelength,
marking a transition from discrete channel manipulation
to continuous-domain optical field engineering. Notably,
the continuity here does not refer to an infinite number of
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experimentally resolvable states, but rather to a mathe-
matically continuous mapping between input and output
polarization—wavelength states defined by the nonlocal
Jones-matrix formalism (Eq. 4). The Supplementary Note
2 provides more details.

The complete design and implementation flow of our
dimension-interlaced continuous design framework is
illustrated in Fig. 2. As shown in Fig. 2a, we integrate a
continuous polarization—wavelength analytical model
with a dimension-interlaced vectorial diffraction neural
network, enabling inverse design of nonlocal metasurfaces
over high-dimensional parameter spaces. Compared to
conventional diffraction neural networks that rely on
discrete pixel-wise phase targets, our approach introduces
continuous variables in both wavelength and polarization
domains, which allows the network to learn the projection
relationship between conjugate polarization channels and
nonlocal structural responses.

A key methodological innovation lies in the pre-
compression of the meta-atom database and the trans-
formation of the design problem into the conjugate
polarization basis. Specifically, the effective “feature angle”
of each meta-atom is extracted based on its birefringent
response, and the projection intensity onto the conjugate
polarization channel is computed. This compressed and
polarization-aligned representation is then used as the
input for the neural network, while the target Jones matrix
in the focal plane—also expressed in the conjugate basis—
serves as the excitation function. Additionally, a rotation
angle perturbation layer is introduced to reflect the
polarization-path-dependent phase response, enabling
joint optimization over continuous 6 and A dimensions.
This formulation not only reduces the optimization
parameter space from cubic to quadratic complexity but
also facilitates global convergence across the metasurface.
The compressed dual-layer neural network architecture
captures both the local phase-dispersion matching and
global polarization trajectory customization. As a result,
the design process becomes highly efficient, scalable, and
physically interpretable.

To validate the platform’s physical feasibility, we con-
struct a silicon-based meta-atom library using numerical
simulations. As shown in Fig. 2b, the library is built over
five representative wavelengths between 2.7—4 um, cov-
ering structures with a fixed period of 1.5 pum and a height
of 7 um. Silicon (n=~3.43) is chosen as the structural
material due to its low loss in the mid-infrared and strong
birefringent potential. With a mature deep reactive ion
etching process, we achieve aspect ratios exceeding 20,
which is essential for broadband dispersion engineering.
Figure 2c presents the optimized phase profiles over the
five spectral channels. These phase targets are weighted
according to the laser energy attenuation at each wave-
length to ensure uniform holographic fidelity across the
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Fig. 2 Implementation pipeline of the dimension-interlaced continuous design framework. a Schematic flowchart of the proposed
metasurface inverse-design strategy, combining a continuous polarization-wavelength analytical model with a dimension-interlaced vectorial
diffraction neural network. b Simulated phase library of silicon meta-atoms at five representative wavelengths. The unit cell has a period of 1.5 um
and a height of 7 um. ¢ Optimized multi-wavelength phase profiles under different weighting factors, accounting for broadband loss compensation.
d SEM image of the fabricated metadevice (lateral size: 600 um), demonstrating high-aspect-ratio structures. e Optical setup for broadband
polarization-resolved holographic characterization. LCVR: liquid crystal variable retarder and polarizer for polarization generation and analysis

band. Compared with the intrinsic quasi-linear behavior
of raw meta-atom dispersion, the optimized phase profiles
exhibit enhanced wavelength nonlinearity after projection
into the conjugate polarization space, validating the effi-
ciency of our compression strategy. The fabricated
metadevice is shown in Fig. 2d. The 600 pm-sized sample
contains over 160,000 anisotropic meta-units patterned
with high fidelity. Tolerance analysis shows that devia-
tions in sidewall angle (<0.5°), etch depth (+200nm),

and linewidth ( + 20 nm) introduce minimal influence on
birefringent dispersion and overall holographic perfor-
mance. These findings confirm that the proposed meta-
surface design is well within the capability of current
nanofabrication technologies. The detailed tolerance
analysis of fabrication errors can be found in Supple-
mentary Note 6. Figure 2e depicts the optical measure-
ment setup used for verifying holographic and
polarization  performance. A  broadband mid-IR
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Fig. 3 Achromatic characterization of multicolor continuous-domain polarization holography metasurface. a Polarization-wavelength
mapping on the Poincaré sphere. Five elliptical polarization states (color-coded by wavelength) evolve quasi-continuously along a conjugated path,
with input (blue) and output (red) polarizations mirrored about the equator. b Measured focal lengths for each polarization-wavelength channel.
Error bars indicate deviation from the designed 700 um focal plane. ¢ Holographic patterns (target, simulation, and measurement) for five
wavelength-polarization channels, demonstrating high fidelity and achromatic performance

supercontinuum source is collimated, filtered via band-
pass elements, and polarization-modulated using a liquid
crystal variable retarder and wire-grid polarizers. The
holographic output is then captured by an MWIR camera,
enabling spatial and polarization-resolved imaging.

To verify the feasibility of our proposed framework, we
designed a non-degenerate metasurface hologram that
maps a densely sampled continuous set of polarization
states onto distinct wavelengths. As shown in Fig. 3a, the
five channels are represented on the Poincaré sphere, where
each colored ellipse denotes a specific elliptical polarization
state assigned to a particular wavelength. The input (blue)
and output (red) states are designed to be conjugate pairs,
symmetrically mirrored about the equator to maximize
birefringent contrast and satisfy polarization-path coupling

conditions. These polarization—wavelength mappings are
not arbitrarily selected, but rather aligned along a physically
realizable, continuously evolving dispersion trajectory
enabled by our dimension-interlaced design model.

The broadband achromatic performance is summar-
ized in Fig. 3b, where focal length deviations across
channels are quantitatively evaluated. All five channels
converge near the 700 pum focal plane, with acceptable
variation, even under practical fabrication and material
dispersion conditions. The slight deviation at 3.055 pm is
attributed to atmospheric absorption near water vapor
resonance and its underweighted contribution in the
optimization process.

The designed holographic patterns are shown in Fig. 3c
for each channel, including the target, simulation, and
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measured results. All outputs exhibit high fidelity, with
minimal distortion, defocus, or image degradation. These
results confirm that our metasurface achieves robust
achromatic holography across both spectral and polar-
ization channels, even under non-degenerate conditions.
Importantly, this result cannot be achieved using con-
ventional spatial interleaving or focal-plane-based holo-
graphy, which fundamentally rely on discrete channel
separation and local DoF control. Here, we demonstrate
for the first time that a single-layer metasurface with
nonlocal design and continuous-domain reconstruction
can simultaneously realize (i) multicolor channel isola-
tion, (ii) polarization selectivity, and (iii) broadband
achromatic focusing—all in a co-encoded fashion. The
effectiveness of this approach stems from our precise co-
optimization of intrinsic meta-atom dispersion and non-
local field propagation, alongside our data-compressed
neural modeling strategy, which allows high-dimensional
polarization—wavelength control to be mapped into a
realizable structural design.

To further validate the versatility of our theoretical
framework, we extend the metasurface design to support
arbitrary polarization dispersion paths beyond the linear
trajectories. As illustrated in Fig. 4a, each wavelength is
mapped to an elliptical polarization state selected freely
on the Poincaré sphere, unconstrained by equatorial
symmetry or linear interpolation. This represents a non-
degenerate polarization—wavelength mapping, where
input (blue) and output (red) polarization states form
conjugate elliptical pairs, distributed arbitrarily across the
polarization manifold.

The target holographic image in Fig. 4b consists of five
spatially distinct lobes, each encoding a different
polarization—wavelength channel. Achieving this arbitrary
dispersion mapping poses significant challenges due to the
need for precise, channel-specific birefringence control
under a shared metasurface structure. Moreover, the
orthogonality among channels must be maintained despite
their non-monotonic dispersion behavior and abrupt var-
iations in polarization state. Such requirements exceed the
capability of conventional interleaved metasurfaces or
focal-plane multiplexing methods, which rely on spatial
segregation or linear dispersion approximations.

In Fig. 4c, both simulation and experimental results
confirm the successful reconstruction of each vectorial
channel with minimal distortion or crosstalk. The high
isolation among channels is attributed to our dual-DoF
engineering approach, which simultaneously exploits
wavelength-selective and polarization-selective responses
within the nonlocal metasurface design. To quantitatively
assess the inter-channel uniformity, Fig. 4d presents the
relative efficiency for each channel, normalized to the
maximum measured value. The achieved balance across
channels highlights the effectiveness of our design in
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equalizing energy distribution even under asymmetric
dispersion conditions. And the nonlocal optimization
ensures that all functional modes lie within the sub-
wavelength scale, thereby eliminating higher-order leak-
age and confining optical energy to the Oth order, which
defines the reconstructed holographic field. Slight devia-
tions at 3.055 pm and 3.35 um are primarily attributed to
atmospheric absorption and etching-induced structural
variations, respectively.

Furthermore, to evaluate the polarization conversion
fidelity, we compute the polarization contrast (PC) matrix
shown in Fig. 4e. This metric compares the measured

o _ ; 51T .
polarization vector |k~ > = [Alel‘Sl,Aze“sZ] to the ideal
target state |k+ ), using the contrast formula PC =

|(K‘)T . 1<+|2 / [k*]>. The PC between target polarization
channels exceeds 0.95 and low off-diagonal leakage con-
firm that the metasurface accurately distinguishes and
reconstructs the intended elliptical states, even across
varying wavelengths. The correlation coefficients and
crosstalk metrics are provided in Supplementary Note 7.
These quantitative results verify that the proposed non-
local metasurface enables spectrally resolved and
polarization-distinct reconstruction with minimal mutual
interference. Additionally, although our experimental
demonstration is limited to five discrete channels with
~200-300 nm channel spacing for visualization, the same
nonlocal framework is scalable to tens or more
polarization—wavelength states. Supplementary simula-
tions confirm that by modestly relaxing isolation
requirements, distinct holographic channels can be
designed across sub-100 nm intervals, illustrating the
pathway toward practically continuous modulation. Sup-
porting simulations demonstrating these scalability path-
ways are provided in Supplementary Fig. S7.

It is worth noting that the current number of demon-
strated channels is limited not by the physical framework
as proved in previous content but by the finite sampling
density of the meta-atom database. In principle, as the
meta-atom library becomes denser, the neural network
learns a higher-order interpolation between eigen-
polarization and spectral response, enabling the design
of densely spaced channels approaching a continuous
mapping. We also provide a detailed discussion in the
Supplementary Note 8 on the three key physical para-
meters (group-delay, eigen-polarizations, and spatial-
frequency bandwidth) that fundamentally limit the infi-
nite interpolation of holographic channels, along with an
analysis of the challenges encountered in practical fabri-
cation and optimization strategies.

As shown in Fig. 5a, we design a densely sampled
continuous polarization trajectory from —30° to 60° linear
polarization, conjugated across the Poincaré sphere. This
path is projected onto nine representative wavelengths
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spanning the mid-infrared regime (2700-3920 nm), under
a numerical aperture of 0.43. The resulting vectorial
hologram shows consistent high-fidelity reconstructions
across both dimensions without image deformation or
spatial scaling artifacts. To quantitatively assess the
broadband and polarization robustness, Fig. 5b presents
the correlation coefficients between experimental and
target images across all sampled channels. The high
correlation values confirm the device’s achromatic and
vectorially adaptive behavior, validating the effectiveness
of our compressive forward model under continuous
dual-DoF variation. As previously mentioned, the analy-
tical form (Eq. 4) allows smooth spectral-polarization
evolution that can be densely sampled in both simulation
and experiment to verify continuity. In Supplementary
Note 9, we further performed dense interpolation simu-
lations and supplementary experiments for the
continuous-gradient achromatic hologram. The system
was sampled at 1° polarization and 15nm wavelength
intervals. The simulated Stokes parameters exhibit
monotonic evolution on the Poincaré sphere, confirming
smooth polarization rotation with wavelength. Experi-
mentally interpolated channels using additional band-

pass filters show consistent behavior, validating that
intermediate states are physically reconstructable rather
than extrapolated. These results substantiate the concept
of continuity as a smooth, differentiable mapping in the
polarization—wavelength space.

In contrast to previous metasurface holography works—
where broadband achromaticity was typically limited to
circular polarization channels, or polarization multi-
plexing was achieved only via pixel-level interleaving—our
platform offers fully continuous polarization tuning across
a broad infrared spectral band within a single-layer, non-
pixelated metastructure. The progress from discrete to
continuous control is summarized in Fig. 5c, which
benchmarks the polarization and wavelength channel
control of our metadevice against leading reported
designs. Colored regions highlight whether independent
polarization—wavelength ~ decoupling was achieved.
Detailed quantitative comparisons of fidelity, crosstalk,
and efficiency among different design methods are pro-
vided in the Supplementary Note 10. Our method
uniquely supports both continuous-domain variation and
decoupled encoding, distinguishing it from state-of-the-
art alternatives. These results establish a metasurface
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platform capable of continuous gradient polarization
control with broadband achromatic fidelity, setting the
stage for high-dimensional information encoding, secure
optical communication, and wavelength-adaptive imaging
systems across diverse photonic applications. Addition-
ally, by replacing Si with low-loss, high-index dielectrics
and leveraging advanced high-aspect-ratio nanofabrica-
tion, our nonlocal metasurface design can be directly
extended to the visible range. The key challenges lie in
maintaining fabrication precision and suppressing scat-
tering losses, both of which are being progressively
addressed by recent developments in visible-band
dielectric metasurface technology®>°.

Discussion

Combining polarization and wavelength unlocks a vast
encoding space for high-dimensional optics, yet practical
metasurface implementations have remained constrained
by intrinsic dispersion curvature and DoF entanglement. In
this work, we establish a nonlocal metasurface framework
that enables independent and densely sampled customize
over polarization—wavelength states across a broadband
spectrum. By introducing an equivalent nonlocal Jones
matrix formalism and integrating a dimension-interlaced
vectorial diffraction neural network, we achieve program-
mable vectorial holography beyond the discretized limits
of conventional designs. Although independent phase



Wang et al. Light: Science & Applications (2026)15:170

modulation is implemented for different preset polariza-
tion states at a single wavelength, the continuous mapping
relationship between different wavelengths and polariza-
tions is deterministic, thereby enabling wavelength-driven
continuous polarization evolution. In practical applica-
tions, the holographic image and the output polarization
states encoded thereon can be switched by varying the
incident wavelength and the input polarization states. Our
approach supports arbitrary elliptical polarization map-
ping, non-degenerate multicolor holography, and achro-
matic operation from 2.7 to 4 pm. These results
demonstrate a shift from static DoF segmentation to
continuous-domain optical field design, offering a scalable
foundation for high-capacity light-field encoding, reconfi-
gurable metasystems, and next-generation vectorial com-
munication technologies.

Materials and methods
Sample fabrication and details

The samples were fabricated on a double-side polished
silicon wafer. A 100 nm-thick chromium layer was first
deposited via electron-beam evaporation. Negative pho-
toresist was spin-coated at 3000 rpm for 30s and soft-
baked. The patterns were exposed using JEOL electron-
beam lithography. After exposure, the sample was devel-
oped, rinsed and dried. The silicon was subsequently
etched using inductively coupled plasma. The process
achieved a minimum feature size of 300 nm and a mini-
mum inter-feature spacing of 350nm, enabling the
fabrication of high-aspect-ratio (~20:1), 7 pm-deep
nanopillars essential for broadband birefringent disper-
sion control. The fabricated device occupies a
600 x 600 um area and comprises a 400 x 400 meta-unit
array, with a designed focal plane at 700 um. Each of the
five operating wavelengths (2.7 um, 3.055 pm, 3.35 pm,
3.6 um, and 3.92 pm) is mapped to a unique polarization
channel characterized by principal axis angles from 0 to
1/2, under a fixed phase retardation A =m/2, thereby
satisfying the conjugate elliptical polarization modulation
condition derived in Eq. (4).

Measurement procedure

The experimental characterization setup consisted of
six primary components: (i) a broadband laser source, (ii)
wavelength filters, (iii) polarization generation, (iv) the
metadevice under test, (v) polarization analysis, and (vi)
the imaging module. A supercontinuum mid-infrared
laser (Electro-MIR) served as the broadband source. Nine
bandpass filters (Thorlabs and Edmund Optics; FB-2700-
110 nm, FB-2950-110 nm, FB-3055-155 nm, FB-3250-500
nm, FB-3350-120 nm, FB-3460-140 nm, FB-3600-140 nm,
FB-3750-200 nm, FB-3920-179 nm) were used to select
discrete wavelengths across the 2.7-3.9 um spectral range.
Polarization states were generated and analyzed using
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linear polarizers and liquid-crystal variable retarders
(LCC1113-MIR). The optical response was captured using
a mid-infrared imaging system consisting of a 4 mm
aspheric lens, a 25 mm relay lens, and a mercury cadmium
telluride (MCT) focal-plane-array camera.

Metasurface design and simulation

The numerical simulations were conducted using the
finite-difference time-domain (FDTD) method. Periodic
boundary conditions were applied along the x and y
directions, and perfectly matched layers (PMLs) were used
along the z direction to prevent nonphysical reflections.
The metasurface unit cell consisted of a silicon nanopillar
with a height of 7 um and a period of 1.5 pum. To construct
the design library, the phase and transmission responses
under x- and y-polarized incident light were calculated by
sweeping the pillar length and width from 350 to 1450 nm
in 10 nm increments. The illumination was introduced as
a normally incident plane wave from the substrate side.
Here, a dimension-interlaced vectorial-diffraction neural
network (DVNN) was developed in a Python v3.8.13 and
PyTorch v1.12.1 (Facebook Inc.) to design the hologram
by embedding our compressed analytical model within a
differentiable pipeline. Each meta-atom neuron is defined
by its complex Jones matrix, and the forward—backward
propagation follows the vectorial diffraction equation
(Eq. 4) rather than stochastic sampling of a dataset. The
equivalent nonlocal Jones matrix at the observation plane
is reconstructed by solving for a global diffraction field
that satisfies both the spectral and polarization con-
straints, with polynomial coefficients optimized by Adam.
The algorithm does not rely on external training data, the
effective “dataset” corresponds to the meta-atom library
used to parameterize the Jones matrix space. The
continuous-dimension overlap formalism compresses the
computational complexity from 4n® to 8n, ensuring con-
vergence and scalability with negligible accuracy loss.
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