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Abstract 

Recent years have seen significant advancements in exploring novel light-matter interactions such as hyperbolic 
dispersion within natural crystals. However, current studies have predominantly concentrated on local optical 
response of materials characterized by a dielectric tensor without spatial dispersion. Here, we investigate the nonlo-
cal response in optically-active crystals with screw symmetries, revealing their lossless, super-dispersive properties 
compared to traditional optical response functions. We leverage this universal nonlocal dispersion, i.e. the dispersion 
of optical rotatory power, to explore a novel spectral de-multiplexing scheme compared to conventional gratings, 
prisms and metasurfaces. We design and demonstrate an ‘Nonlocal-Cam’ - a camera that exploits nonlocal dispersion 
through sampling of polarized spectral states and the application of computational spectral reconstruction algo-
rithms. The Nonlocal-Cam captures information in both laboratory and outdoor field experiments which is unavailable 
to traditional intensity cameras - the spectral texture of polarization. Merging the fields of nonlocal electrodynam-
ics and computational imaging, our work paves the way for exploiting nonlocal optics of optically active materials 
in a variety of applications, from biological microscopy to physics-driven machine vision and remote sensing.

1  Introduction
Recent advancements in the study of light-matter inter-
actions with natural crystals at the atomic scale have 
unveiled a variety of intriguing phenomena. These 
include the identification of hyperbolic polaritons in hBN 
[1–4], MoO3 [5–7], α-V2 O5 [8], WSe2 [9], and SnO2 [10], 
ghost polaritons in calcite [11], and hyperbolic shear 
polaritons in β-Ga2 O3 [12] and CdWO4 [13]. However, 
the majority of research has been confined to local opti-
cal responses characterized by spatially non-dispersive 

dielectric tensors, limiting the exploration to phenom-
ena exhibiting linearly polarized eigenstates. Addition-
ally, the temporal dispersion of local responses can be 
captured by the Drude-Lorentz model with damped har-
monic oscillators [14]. The Kramers-Kronig relations in 
the Drude-Lorentz model inherently suggests that the 
strong temporal dispersion of local dielectric functions is 
accompanied by large optical losses, further constraining 
the range of accessible phenomena.

The exploration of nonlocal responses is crucial for 
overcoming these limitations and unlocking new regime 
of light-matter interactions. Nonlocal responses extend 
the possible eigenstates of these interactions to include 
circular polarization, allowing many intriguing phenom-
ena especially those related to Weyl and Axion physics 
[15–21]. A notable category of nonlocal crystals is natu-
ral optically active crystals such as α-quartz. Recent X-ray 
scattering experiments have demonstrated that the screw 
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symmetry in α-quartz gives rise to exotic chiral phon-
ons [22], introducing an additional degree of freedom 
in condensed matter. In the realm of optics, the disper-
sion characteristics of nonlocal responses are intrinsi-
cally connected to photonic spin density and optical 
chirality density. This connection sets them apart from 
conventional birefringent or hyperbolic optical crystals. 
Crucially, the nonlocal optical response demonstrates 
‘super-dispersion’, manifested by significant frequency 
dependence in gyration constants and optical rotatory 
power, surpassing the typical frequency dependence of 
local dielectric functions. This super-dispersion in nonlo-
cal crystals is both universal and capable of spanning a 
broad spectrum while remaining lossless (Fig. 1). 

In this work, we exploit this nonlocal super-disper-
sion, i.e. the strong dispersion of optical rotatory power, 
to create as well as deploy an ‘Nonlocal-Cam’ beyond 
the laboratory environment: an imager which allows 
for simultaneous capture of spectrum and polarization. 
We achieve spectral demultiplexing in the polariza-
tion domain as opposed to the spatial domain routinely 
accomplished using conventional gratings and prisms. 
The Nonlocal-Cam exploits techniques from compu-
tational spectral reconstruction along with with natu-
ral optically active crystals to capture outdoor images. 
These real-world images encode a 4D data-tesseract (x, y, 
ω , polarization) and reveal a subtle variation of the par-
tially polarized radiation with spectrum. This is beyond 
the 2D/3D data from intensity images, spectral images 
or polarized images captured by other cameras [23–28]. 
The unique capability of the Nonlocal-Cam to unravel 
the information hidden in frequency dependent degree 
of linear polarization ( ω-DOLP) images in an outdoor 
environment opens up new avenues for physics driven 
machine vision [29, 30].

Furthermore, our theory and Nonlocal-Cam design are 
universal and applies to multitude of optically active and 
topological materials (Fig.  1 a-c), including Weyl semi-
conductor tellurium (Te) in the mid-infrared spectrum, 
selenium (Se), tellurium dioxide ( TeO2 ) in the near-infra-
red spectrum [31], and perovskite semiconductors [32], 
silver gallium sulfide(AgGaS2 ) [33] in the visible, etc. By 
employing the appropriate materials, our design provides 
a practical and efficient platform for spectral separation 
across a broad range of wavelengths.

We note that spectral imaging techniques have evolved 
considerably, with approaches that can be broadly cat-
egorized into four main strategies: multi-filter [34, 35], 
spatial separation [36], interferometry [37–40], and 
computational spectroscopy [41–45]. Multi-filter meth-
ods include mechanical filter wheels and color mosaic 
sensors. The spectral resolution of this approach is con-
strained by the limited number of filters these systems 

can accommodate. Mosaic sensors, although capable 
of snapshot spectral imaging, often require advanced 
micro/nanofabrication to integrate pixelated filters 
directly onto imaging sensors. It also significantly reduces 
spatial resolution of the imaging system. This limitation 
is particularly severe for sensors with a limited number of 
pixels, such as those used in mid-infrared thermal imag-
ing. Spatial separation techniques often utilize diffractive 
elements like prisms, gratings to achieve high spectral 
resolution. However, these methods typically require 
line-scanning (or ‘push-broom’ scanning) to generate 2D 
images, which restricts their applicability especially in 
dynamic environments. Interferometric methods-includ-
ing Michelson, Fabry-Perot, and Sagnac interferometers 
[37, 38]offer high spectral resolution but demand pre-
cise moving parts, strict alignment and calibration, and 
often involve rare materials and complex micro-electro-
mechanical systems (MEMS) fabrication. We also note 
that liquid crystal technology has significantly matured 
and offers notable advantages in spectral separation, par-
ticularly due to its ability to achieve tunability without 
the need for mechanical components. Recently, liquid 
crystals have been combined with metasurfaces to cre-
ate electrically reconfigurable photonic devices [45–49], 
presenting an exciting avenue for spectroscopy applica-
tions. However, it is important to note that liquid crystal 
devices generally require complex fabrication processes, 
including the integration of transparent electrodes and 
precise alignment of liquid crystal molecules, which 
can lead to higher production costs and challenges in 
scalability.

In contrast, our experimental demonstration exploited 
α-quartz single crystals, one of the most abundant and 
cheapest materials as the enabling element, which can 
dramatically reduce the cost of spectral imagers. Our 
approach does not require nanofabrication processes or 
precise mechanical/electrical control parts. The material 
choice and simple design also enhance the system robust-
ness, making it well-suited for applications in off-road 
navigation, space exploration, and extreme environment 
operations (high temperature, high pressure, and intense 
vibration). Additionally, our design is compact, portable 
and scalable, as the system can be assembled in various 
sizes with varying spectral resolutions, admitting flexible 
configurations in diverse working conditions and making 
it easy to be integrated with drones, hand-held cameras, 
or even smartphones.

Additionally, computational spectral imaging has 
recently emerged as a powerful alternative, leveraging 
advanced computational techniques to extract high-
dimensional information, including both spectral and 
polarization data [43]. Compressive sensing [50] and 
machine learning algorithms [43] have played a crucial 
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Fig. 1  Universal nonlocal dispersion in optically active materials. a–c Left panels: optical rotatory power of a α-quartz, b TeO2 , and c Te 
single crystals along their optical axes (z-axis). The black dots represent the measured data, while the solid line shows the fitted results 
with a coupled-oscillator model. Right panels: measured tunable transmission of Z-cut a 3 mm α-quartz, b 5 mm TeO2 , and c 2 mm Te single 
crystals under linearly polarized input light and an output polarizer rotated at different polarization angles. (d-g) Distinction of the dispersion 
characteristics in nonlocal optically active crystals and birefringent crystals: d A schematic illustrates the dispersion of refractive indices in standard 
birefringent crystals. When a linearly polarized light oriented at 45◦ to the crystal’s slow-axis traverses the birefringent medium, it undergoes 
a transformation through linear, elliptical, and circular polarization states (and then reverses the sequence). This transformation varies in speed 
with different wavelengths, �1 and �2 , as depicted on the left and right, respectively. The inset highlights that birefringence microscopically 
originates from the anisotropic nature of the crystal lattice. e A schematic captures the evolution of polarization states on the Poincaré sphere. Blue 
and red trajectories correspond to �1 and �2 in (d), respectively. In birefringent crystals, these pathways trace the sphere’s meridian. Due to dispersive 
effects, different wavelengths reach different states along the meridian after traversing the crystal. f A schematic illustrates the nonlocal dispersion 
in optically active crystals. As linearly polarized light traverses an optically active medium, it retains its linear polarization but experiences a rotation 
in orientation. For different wavelengths, �1 and �2 , the rate of polarization rotation per unit length is different. The inset shows that the polarization 
rotation microscopically arises from the screw symmetry of the lattice. g A schematic represents the evolution of polarization states on the Poincaré 
sphere. For nonlocal optically active crystals, evolution paths are along the equator. Dispersion causes different wavelengths to reach different states 
along the equator after traversing the crystal, allowing a linear polarizer to select between these wavelengths effectively
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role in these advancements. In our work, we build on 
these computational innovations and combine it with 
novel light-matter interactions in nonlocal optically 
active materials. Our approach not only minimizes opti-
cal complexity of current systems but also reduces the 
heavy computational demands and extensive data train-
ing typically required by traditional computational 
methods, providing a new and efficient platform for 
spectro-polarimetric imaging.

2 � Results
2.1 � Nonlocal electrodynamics of natural optical activity
To understand the fundamental physics of the nonlocal 
interaction in optically active crystals, we obtain optically 
active Lagrangian LOA,

where δij is the Levi-Civita symbol and gij is known as 
the gyration pseudotensor (see Supplementary Section I 
for detailed derivation). We see that the gyration tensor 
gij couples directly to the electromagnetic pseudotensor 
Cij = δijḂ · E− 2ḂiEj . As a consequence, variations in the 
magnetic field induce electric dipoles in the medium and 
vice versa. Natural optical activity, therefore, introduces a 
sense of chirality through nonlocality in matter.

The Nonlocal-Cam relies on dispersion to operate, 
therefore, we include frequency dependence of the non-
local term in the response functions. At optical frequen-
cies, the gyration tensor gij is highly dispersive which has 
important implications on dynamical variables like the 
energy and momentum densities. We derive the energy 
density u in dispersive optically active media as the sum-
mation of the electromagnetic contribution uEM and the 
striking additional component arising from the gyration 
uOA:

where ε̄ij = ∂ω(ωεij) and ḡij = ∂ω(ωgij) . In this case, q is 
the photon momentum and S = −iE∗

× E/(16πω) is the 
photonic spin density, which characterizes the circular 
Stokes parameter along each direction. The projection 
of the momentum q and spin S onto the gyration tensor 
gij helps us build the connection to the concept of opti-
cal chirality density [51]. We define it as χ = ḡijqiSj for 
the optically active medium. In Fig. 2a, we plot the chi-
rality density of right and left circular polarization on 
their isofrequency surfaces. The rapid change in chirality 
density near the optical c-axis indicates the strong angle 
dependence of natural optical activity, a key factor affect-
ing the field-of-view (FOV) of the Nonlocal-Cam. We 

(1)L
OA

= −

gij

8πc

(

δijḂ · E− 2ḂiEj
)

(2)

u = uEM + uOA =

1

16π

(

ε̄ijE
∗

i Ej + |B|2
)

+ ωḡijqiSj

develop generalized Fresnel equations (see Supplemen-
tary Section III D for details) to obtain the angle-resolved 
parallel transmission ( Tss ) in α-quartz and confirm the 
results with experimental measurements. As shown 
in Fig.  2b, the narrow-band transmission is observed 
within an approximate angular range of 20◦ . This angular 
dependence primarily originates from the birefringence 
( no  = ne ) in α-quartz crystals, causing the ellipticity of 
the eigenmodes to rapidly drop from 1 (circularly polar-
ized light) to near-zero values (linearly polarized light). It 
is worth noting that natural optical activity can also exist 
in isotropic (cubic) crystals with point groups 432 and 
23. These crystals are expected to exhibit much weaker 
angular dependence, enabling the realization of signifi-
cantly larger FOV imaging systems.

2.2 � Nonlocal dispersion
We note that this nonlocal dispersion is different from 
the dispersion of waves occuring in prisms, gratings, or 
metasurfaces. Its spectral separation occurs in the polari-
zation dimension, i.e. linearly polarized light of various 
wavelengths is rotated by different angles while propagat-
ing through a crystal (Fig.  2c), quantitatively character-
ized by the wavelength-dependent optical rotatory power 
ρ . This nonlocal dispersion has two crucial advantages 
compared with the conventional dispersion of permittiv-
ity. First, nonlocal dispersion can be almost lossless since 
the phenomenon occurs within the bandgap spectrum 
of α-quartz (Fig. 2d). On the contrary, strong dispersion 
of the real part of permittivity is often accompanied by 
a large imaginary part and thus with significant opti-
cal loss. This accompanying loss of rapid dispersion has 
been a long-standing limitation in applications, such as 
slow light [52, 53], fast light [54], and electromagnetically 
induced transparency (EIT) [55]. It can be observed in 
Fig.  2e that the dispersion of permittivity εo and εe in α
-quartz is much weaker in the transparent spectral region 
of the crystal, compared with dispersion in the opaque 
spectral region. This is generally true for the vast majority 
of materials and can be justified by the Kramers-Kronig 
relations in the Drude-Lorentz model of the response 
functions. Optical transparency, i.e. a near-zero imagi-
nary part ℑ(ε) ≈ 0 , only occurs at frequencies far away 
from the resonant frequency (bandgap energy). In such 
an off-resonant region, the derivatives of the real part 
∂ωℜ(ε) are also close to zero leading to weak dispersion.

Second, the optical rotatory power along the c-axis of 
α-quartz crystals demonstrates a ‘super-dispersion’ 
behavior in the visible transparency window (Fig.  2e). 
This super-dispersion can be explained through a cou-
pled-oscillator model [56, 57] (see Supplementary Sec-
tion IV for details). According to the model, the 
dispersion relation for the optical rotatory power ρ 
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along the c-axis is given by ρ = A||

�
2

(

�2−�
2
0

)2 . Conversely, 

the ordinary refractive index is given by 
n2o − 1 = B0

�
2

(

�2−�
2
0

) , where � is the wavelength, A|| , B0 
and �0 are parameters determined by the atomic struc-
ture. As shown in Fig. 2e, the model of ρ fits the meas-
ured dispersion of optical rotation power in α-quartz 
well and accurately describes the ‘super-dispersive’ 
characteristics. To clarify this advantage, in Fig. 2f, we 
directly compare ρ and no as a function of wavelength 
normalized with their corresponding values at 200 nm. 
As predicted by the model, the optical rotatory power 
decays as ρ ∼ 1/�2 , whereas the refractive index 
approaches a constant value ( no ∼ 1 ) at large wave-
lengths � ≫ �0 . This super-dispersion of the gyration 
tensor (Fig.  2g) and optical rotatory power, combined 

with the polarization-based spectral separation, offers a 
unique advantage for spectral imaging applications.

We emphasize that our deep understanding of non-
local interactions in optically active crystals forms the 
foundation of our Nonlocal-Cam design. This knowledge 
also provides critical insights into key imaging charac-
teristics, such as transmission efficiency, spectral separa-
tion capability, and field-of-view. More importantly, our 
integrated theoretical and experimental framework offers 
valuable guidance for discovering and designing new 
non-local optical materials and metamaterials tailored 
for spectroscopy applications. It is worth mentioning that 
natural optical activity can exist in 15 classes among the 
total 32 crystal classes, in which four of them are non-
chiral (m, mm2, 4 and 42 m) [33]. While α-quartz in the 
visible spectrum serves as a proof-of-concept demon-
stration for a specific spectral range, this comprehensive 

Fig. 2  Unraveling super-dispersion and non-locality of α-quartz crystals. a The chirality density projected onto the isofrequency surface 
(not to scale) of RCP (+) and LCP (-), respectively. The concentration near the optical c-axis and the difference between RCP and LCP 
illustrates the fundamental nonlocal mechanism of the natural optical activity. b Simulated (left) and measured (right) angular dependence 
of the transmission for a 5 mm Z-cut α-quartz crystal between two linear polarizers with parallel polarization orientations ( Tss ). The angular range 
with narrow-band transmission (approximately 20◦ ) determines the field of view of a spectral imaging system. c Left: crystal structure of α-quartz 
exhibits a screw structure along the c-axis. Right: illustration of the polarization rotation as light travels through the crystal along the c-axis. 
We exploit the spectral dependence of this polarization rotation to design the Nonlocal-Cam. d The electronic bandstructure of α-quartz 
obtained from DFT calculations. We function in the bandgap region to exploit super-dispersion in a broadband lossless way. e Comparison 
between the dispersion of conventional permittivity and optical rotatory power. Top panel displays the calculated real (solid lines) and imaginary 
(dashed lines) components of the permittivity along both the ordinary axis ( ǫo and ǫ′o ) and the extraordinary axis ( ǫe and ǫ′e ). The regions of high 
dispersion in the real part of the permittivity (highlighted by the blue-shaded areas) are accompanied by significant values in the imaginary part, 
indicating substantial optical loss. Bottom panel illustrates the optical rotatory power within the same spectral region. The measured optical 
rotatory power of a 5 mm α-quartz crystal (red dots) and a 3 mm α-quartz crystal (blue dots) aligns well with the theoretical predictions derived 
from a coupled-oscillator model (solid black line). Notably, the blue-shaded areas also mark the regions of high dispersion in the optical rotatory 
power, which occur in the transparent region of the crystal. f The super-dispersive behavior of the optical rotatory power ρ (along the c-axis) in α
-quartz is compared with the slow dispersion of the ordinary refractive index in the transparent spectral region. ρ and no are normalized with their 
corresponding values at 200 nm. g Spectra of the non-zero components of the gyration tensor ( g33 and g11 ) in α-quartz (solid lines: calculated result, 
dots: experimental data). The gyration tensor displays the broadband traceless relation, Tr(gij) = 0
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framework paves the way for extending beyond α-quartz, 
enabling the development of spectral filtering platforms 
across a broad electromagnetic spectrum.

2.3 � Design of nonlocal‑cam
Next, we describe our design and the performance of the 
α-quartz-based ‘Nonlocal-Cam’. We exploit the broad-
band chirality of the optically active crystal and estab-
lish a unique system architecture as shown in Fig.  3a. 
Here, two z-cut α-quartz crystals with the same thick-
ness (3 mm) but distinct chirality (left-handed and right-
handed) are used. Two fixed linear polarizers are placed 
at the input end and the output end with the same orien-
tation. A rotating linear polarizer is placed between the 
two chiral crystals for spectral tuning. As shown in the 
figure, the spectrum of the input light is initially filtered 
by the first three components consisting the input polar-
izer, the left-handed crystal, and the rotating polarizer. It 
is filtered a second time in the same manner by the right-
handed crystal and the output polarizer. The advantage 
of this architecture is that we achieve two-stage filtering 

with just a single rotating part. We note that this two-
stage filtering provides narrower spectral bands and 
reduces correlations between the transmission spectra at 
different rotation angles - achievements not possible with 
single-stage filtering, even when using a thicker crystal 
(see Supplementary Section V for details). The polari-
zation-controlled transmission spectra of the system is 
shown in Fig. 3b, where a tunable transmission band can 
be observed. We emphasize that this design also makes 
the system easily scalable, as both the first element and 
the last element of the spectral filtering unit are fixed 
linear polarizers. One can repeat the unit multiple times 
to achieve narrower spectral bands and higher spec-
tral resolution according to the requirements of desired 
applications.

We emphasize a critical distinction between our 
demonstration and traditional Lyot or Solc filters, as 
well as emerging methods using spinning metasurfaces 
[58]. These analogous designs utilize anisotropic crys-
tals placed between polarizers, relying on the difference 
in local dielectric functions of two linearly polarized 

Fig. 3  Design of the Nonlocal-Cam. a Schematic of the prototype Nonlocal-Cam based on α-quartz crystals. b Observed transmission spectra 
at different polarization angles. c Simulated spectral reconstruction results with a different number of spectral filtering units. The ground truth 
spectra are Gaussian peaks with 25 nm HWHM at different wavelengths (400 nm, 550 nm, and 700 nm). The accuracy of spectral reconstruction 
increases as the number of units is increased. d The calculated spectral resolution of the Nonlocal-Cam with a different number of units (1–6 units). 
The spectral resolution is defined as the HWHM of the Gaussian peak that can be reconstructed with MSE less than a defined threshold. By merging 
the fields of nonlocal electrodynamics and computational imaging, Nonlocal-Cam design provides a platform for low size, weight, and power 
(SWaP) spectro-polarimetric imaging system
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eigenstates, and are unrelated to the phenomena of 
super-dispersion and non-locality. As illustrated in 
Fig.  1e, the wavelength-dependent polarization states 
produced by the anisotropic crystals align along the 
meridian of the Poincaré sphere. Consequently, tuning 
the filter through a single rotating polarizer is not fea-
sible. Traditional designs often depend on alternative 
tuning methods, such as the incorporation of broad-
band waveplates or liquid crystals with electrically 
controlled birefringence. In contrast, our design lever-
ages the super-dispersion of optical rotatory power to 
enable direct spectral tuning through the selection of 
linear polarization, providing a compact and robust 
spectro-polarimetric imaging system.

Subsequently, to obtain the spectra from the meas-
ured signals of the Nonlocal-Cam, we adopt a ‘learn-
ing - sampling - reconstruction’ scheme [58–64]. The 
measured signal I can be expressed as a function of 
the polarization angle p of the rotating polarizer, as 
I(p) =

∫

�max

�min
R(p, �)S(�)d� , where S(�) is the ground 

truth spectrum we want to obtain, and R(p, �) is the 
spectral response function. After discretizing the spec-
tral range of interest, we employ compressive sensing 
and dictionary learning techniques [65–68] to recon-
struct spectrum from sampled signal I(p) and pre-cal-
ibrated response function R(p, �) . This increases the 
reconstruction accuracy of the Nonlocal-Cam, making 
it more robust and less sensitive to noise (Methods).

To quantitatively show the increased spectral resolu-
tion as the system scales up, we simulate the spectral 
reconstruction result. Figure  3c is a direct illustration 
of the reconstructed spectra, where Gaussian peaks of 
24  nm half-width at half minimum (HWHM) are the 
ground truth. We demonstrate that the accuracy of 
the reconstruction increases as the number of spectral 
filtering units increases from 1 to 3. Similarly, we run 
Gaussian-peak-based reconstruction trials with differ-
ent HWHM at different wavelengths (380–700 nm) and 
with a different number of units (1–6 units). We define 
the minimum HWHM of the Gaussian peak that can be 
reconstructed with mean square error (MSE) < 10−3 as 
the spectral resolution. The result displayed in Fig.  3d 
demonstrates the spectral resolution as a function of 
wavelength and the number of units. The resolution 
show significant improvement from 1 to 4 units and it 
eventually converges to a constant level because of the 
decreased SNR. The minimum achievable spectral res-
olution itself is wavelength-dependent and arises from 
the nature of the optical activity in α-quartz, i.e. the 
optical rotatory power is stronger toward shorter wave-
lengths and results in higher spectral resolution.

2.4 � Spectro‑polarimetric imaging
To demonstrate the potential of our prototype Non-
local-Cam, we test the spectral imaging performance 
with an ‘AXION’ imaging target. As shown in the RGB 
image of Fig.  4a, each letter in the target is assigned a 
different color, producing distinct reflection spectra. As 
a result, the reconstructed spectral frames at different 
wavelengths exhibit varying spatial patterns (Fig.  4b-f ). 
In Fig. 4g, we present the reconstructed spectra (orange 
solid line) at four representative pixels, which match well 
with the ground truth spectra (blue dashed line).

As the spectrum is intimately tied to polarization in 
nonlocal dispersion, a unique feature of Nonlocal-Cam is 
its ability to simultaneously capture both the spectral and 
polarimetric information. To show this, a pair of plas-
tic goggles with linear polarized background illumina-
tion was chosen as the imaging target. Figure 4h depicts 
the image of Stokes parameter S0 , which represents the 
total light intensity at each pixel. Since the polarimet-
ric information is unavoidably lost in S0 , the image is 
of low contrast. Figure  4i shows the image of degree of 
linear polarization (DoLP), where spatial dependence of 
the DoLP can be observed. The spatial feature originates 
from the stress-induced birefringence in plastics: the 
stress distribution on a curved plastic surface converts 
linear polarized light into different amounts of circularly 
polarized light. Such information is completely lost in 
conventional intensity images. At the same time, Nonlo-
cal-Cam generates the spectral dependence of the DoLP 
as shown in the inset of Fig.  4i. The DoLP spectrum 
reveals the wavelength-dependence of the stress-induced 
birefringence in the goggles. Such a four-dimensional 
spatial-spectro-polarimetric data-tesseract provides sig-
nificantly more insight associated with an imaging target, 
proving Nonlocal-Cam can be employed as a powerful 
tool in a wide range of imaging applications.

More importantly, the simplicity and robustness of 
our design provides the opportunity for building a port-
able spectro-polarimetric imaging system without strict 
alignment and environment requirements. To demon-
strate this, we carried out spectro-polarimetric imaging 
experiments in outdoor fields using the Nonlocal-Cam. 
The scenes are displayed in the visible RGB images of 
Fig. 5a–c. Some objects in the scene show strong con-
trast in the spectral frames at certain wavelengths 
(point A versus point B in Fig.  5d, as well as point C 
versus point D in Fig.  5e). The contrast is due to the 
objects’ distinct spectra at these wavelengths, which is 
quantified in Fig. 5g–h. We note that the black regions 
observed in Fig. 5d and e primarily result from artificial 
errors in data collection during outdoor experiments. 
These errors are likely due to two main factors: move-
ment in the scene, such as swaying grass or shifting 
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shadows during the 10-second detection period, and 
the limited dynamic range of the camera, which causes 
pixel saturation in bright areas with strong sunlight. 
Due to the correlation between transmission spectra 
at different polarization states, measurement errors 
in outdoor settings can cause breakdowns in spectral 
reconstruction, resulting in unphysical negative values 
that appear as black areas in the image. These chal-
lenges can be addressed by enhancing the robustness 
of spectral reconstruction algorithms or by increasing 
the number of spectral filtering units to reduce spectral 
correlation.

In addition to spectral details, we note that polarimet-
ric imaging can also reveal substantial information asso-
ciated with the objects’ material or surface properties. As 
shown in Fig. 5f, artificial objects like cars often express 
higher contrast DoLP features than natural objects like 
trees and grass. Remarkably, we can also capture the sub-
tle wavelength dependence of the DoLP ( ω-DOLP) as 
shown in Fig.  5i. We emphasize that these results indi-
cate the Nonlocal-Cam can provide a new platform for 
improving the performance of object detection, recog-
nition and ranging. We anticipate this high-dimensional 
spatial, spectral and polarimetric information will enable 
automatic annotation of image data and accelerate the 

development of physics-aware deep neural networks. 
[30].

3 � Discussion and conclusions
We have shown that optically active materials encode 
features of nonlocal electrodynamics, and their cor-
responding nonlocal dispersion couples the spectrum 
and polarization in a super-dispersive manner. The 
nonlocal term in the Langrangian of the optically active 
crystals leads to an additional contribution to energy 
density and Poynting vector arising from the photonic 
spin density, which does not exist in a conventional 
birefringent media. It is well-established that magnetic 
and magneto-electric (chiral) effects can be viewed as 
forms of spatial dispersion of permittivity [69]. Our 
study aims to provide a more nuanced understanding 
by distinguishing between chirality, magnetic responses, 
and natural optical activity. Unlike traditional chiral-
ity, which involves magnetic responses and unpaired 
spins, our focus is on optical active materials where no 
magnetic response is required. Additionally, our deriva-
tion highlights the ‘super-dispersive’ nature of gyration 
components, advancing the understanding of nonlocal 
electrodynamics in optically active materials. Moreover, 
our theory provides a general framework for exploring 

Fig. 4  Demonstrations of spectro-polarimetric imaging using the Nonlocal-Cam. a RGB image of the ‘AXION’ imaging target. b–f False color 
representations of reconstructed spectral frames at 450 nm, 490 nm, 530 nm, 585 nm and 605 nm, respectively. The reconstruction is based 
on 100 raw imaging frames acquired over a 10-second duration. g Normalized reconstructed spectra (solid) and the corresponding ground-truth 
(dashed) of four representative pixels (M, N, P, Q) as marked in a. h S0 (intensity) image of a pair of plastic goggles. Inset: normalized S0 spectrum 
at pixel K. i Degree of linear polarization (DoLP) image of the plastic goggle at 450nm. Inset: DoLP spectrum at pixel K. The DoLP spectrum reveals 
the wavelength-dependence of the stress-induced birefringence in the goggles unavailable to conventional spectral imagers
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new materials and metamaterials with tailored nonlocal 
properties, expanding the potential of nonlocal optics for 
future photonic applications.

Our current Nonlocal-Cam design has certain limita-
tions that warrant further improvement. Firstly, the use 
of a mechanical rotating polarizer imposes constraints 
on the compactness and robustness of the system. This 
issue could potentially be addressed by incorporating 
electrically tunable optically active materials [70] or met-
amaterials [71] (electro-gyration), which would eliminate 
the need for mechanical components and enhance the 
device’s overall durability and miniaturization. Secondly, 
the system is not yet capable of real-time imaging, as the 
current data collection process requires approximately 
10  s (involving 100 raw frames). This limitation could 

be mitigated by improving synchronization between the 
rotating mounts and the camera, as well as by optimizing 
the reconstruction algorithms to reduce the number of 
raw frames needed. Thirdly, there is a trade-off between 
spectral resolution and signal-to-noise ratio; increasing 
the number of spectral filtering units enhances spectral 
resolution but reduces the signal. This challenge could 
also be overcome by advancing spectral reconstruction 
algorithms, enabling effective spectrum reconstruction 
with fewer spectral filtering units. These improvements 
would make the Nonlocal-Cam more practical and effi-
cient for a wide range of applications.

In conclusion, we design a spectro-polarimetric 
imaging system based on the nonlocal super-disper-
sion in optically active materials, and experimentally 

Fig. 5  Outdoor spectro-polarimetric imaging using the Nonlocal-Cam. a, b, c RGB images of outdoor scenes. d, e False color representations 
of reconstructed spectral frames at 600 nm and 450 nm, respectively. The reconstruction is based on 100 raw imaging frames acquired 
over a 10-second duration. f Degree of linear polarization (DoLP) image of the scene in c (at 540nm). g, h Normalized reconstructed spectra 
(solid) of four representative pixels (A, B, C, D) as marked in the spectral images. i DoLP spectrum of two representative pixels (M and N in f ). These 
real-world images encode a 4D data-tesseract (x, y, ω , polarization) and reveal a subtle variation of the partially polarized light with spectrum
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demonstrate the performance of Nonlocal-Cam to cap-
ture a 4D data-tesseract beyond a lab environment. We 
believe that the Nonlocal-Cam merges two distinct fields 
of nonlocal electrodynamics and computational imaging, 
and can be a powerful tool in physics-driven machine 
vision.

4 � Methods
4.1 � Material characterizations
All α-quartz single crystals used in this work were pur-
chased from Crystran Ltd. and Knight Optical Ltd. The 
crystals were cut along the (0001) plane (z-cut) to make 
the optical axis perpendicular to the crystal surface. The 
spectra of optical rotatory power ρ along the c-axis were 
characterized by measuring the polarized transmission 
spectra using a standard dual-beam spectrophotometer 
(PerkinElmer Lambda 950). The crystals were placed 
between two broadband linear polarizers, where the ori-
entation of the input polarizer was fixed at 0◦ , and the 
orientation of the output polarizer φ was rotated from 0◦ 
to 180◦ . The local maxima and local minima in the trans-
mission spectra are corresponding to polarization rota-
tion angles � of φ + nπ and φ + (n+ 1)π/2 (n=0, 1, 2, 
3...), respectively. The optical rotatory power was calcu-
lated by normalizing the polarization rotation angles � 
with the crystal thickness L, i.e ρ = �/L , and g33 of the 
gyration tensor was obtained through ρ =

π
�no

g33 . For 
the angle-resolved transmission spectra Tss , a custom-
built rotation stage was used. A 5 mm crystal was placed 
between two fixed broadband linear polarizers with the 
same polarization orientation of 0◦(vertical), where the 
surface normal of the crystal was rotated horizontally 
from −20◦ to 20◦.

4.2 � Nonlocal‑cam and spectro‑polarimetric imaging
The spectro-polarimetric module of the prototype Non-
local-Cam consists of three broadband linear polarizers 
(400–750nm) and two 3 mm α-quartz single crystals with 
distinct chirality. We note that a 3 mm crystal thickness 
was used in our demonstration to generate a single-band 
transmission spectrum within the working spectral range 
of 400–750 nm. The clear aperture of crystals is 1 inch 
(25.4mm). A 2.8-megapixel monochromatic visible cam-
era (Blackfly S-PGE-27S5M-C) with a 16  mm lens and 
74.29 dB dynamic range was placed closely behind the 
spectro-polarimetric module to collect image data. We 
note that our computational algorithm processes the 
image uniformly on a pixel-by-pixel basis and is entirely 
linear, thus it does not affect the spatial resolution or the 
overall dynamic range of the imaging system. The central 
rotating linear polarizer was synchronized with the cam-
era to generate 100 raw imaging frames for spectral 
reconstruction, resulting in a total collection time of 

around 10 s. For polarimetric imaging, the entire module 
in front of the camera was collectively rotated, selecting 
four different input polarizations, while maintaining the 
same spectral transmission band. The polarimetric infor-
mation associated with each pixel was quantitatively 
characterized through the Stokes parameters: 
S0 = I0 + I90 , S1 = I0 − I90 , S2 = I45 − I−45 and 
DoLP =

√

S21 + S22/S0 . In this case, I0 , I90 , I45 and I−45 are 
the light intensity at polarization angles of 0◦ , 90◦ , 45◦ and 
−45◦ , respectively. We note that our Nonlocal-Cam is 
designed to collect information related to linear polariza-
tion and does not capture the Stokes parameter S3 , which 
quantifies circular polarization. However, most real-
world images exhibit vanishing S3 characteristics in a 
broad spectrum (visible to infrared regime). Hence, the 
ability to capture S0 , S1 , and S2 parameters are sufficient 
to completely capture the polarimetric data for most 
imaging applications.

4.3 � Spectrum reconstruction
For the spectral reconstruction, we discretized the polar-
ization angle p and defined each angle corresponding to a 
‘polarized spectral state’ of the system. By further discre-
tizing the spectral range of interest, the signal equation 
I(p) =

∫

�max

�min
R(p, �)S(�)d� can be rewritten in a tensor 

form as Ip = Rp�S� . To obtain S� , we first calibrated the 
camera’s spectral response function Rp� using uniform 
imaging targets with known ground truth spectra in the 
‘learning’ phase. Then, after collecting the raw data Ip in 
the ‘sampling’ phase, the spectrum was obtained in the 
‘reconstruction’ phase based on the learned Rp� and the 
measured Ip.

Specifically, in the learning process, we had

We first used several different calibration targets (m 
is the index of the calibration targets) and obtained the 
ground truth spectra Sm� with a spectrometer. Then we 
measured each of the targets by rotating the linear polar-
izer, generating raw signals Imp . The spectral response 
function R�p was thus obtained by solving the systems 
of linear equations Eq.  (3) at each of the fixed polarized 
spectral states p.

Note that the FOV of images in the current experi-
ments were small (around 10 degrees). For computational 
simplicity, we ignored the angular dependence of the 
spectral response function in calibration and treated all 
pixels from the center to the edges of the sensor equally, 
i.e. Rp� are the same for all the pixels. For large FOV sys-
tems, the same process can be implemented separately 
for each pixel, generating spatially dependent spectral 
response functions Rp�(x, y).

(3)Imp = Sm�R�p
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Afterwards, we collected the raw data Ip at each pixel of 
an unknown scene in the sampling phase. We had

In our system, the performance of spectral reconstruc-
tion is limited by two main factors. Firstly, when the num-
ber of discretized spectral bands is large, the problem 
becomes under-determined due to correlations between 
the response functions (transmission spectra) of different 
polarized spectral states p. Secondly, the noise in both 
Ip and Rp� leads to unstable reconstruction results. To 
address these challenges, we utilized compressive sensing 
and dictionary learning algorithms, which proved to be 
effective in solving these under-determined linear equa-
tions. Specifically, in the reconstruction phase, we found 
sparse representations θk of the spectra S� by first obtain-
ing a basis matrix D�k using dictionary learning [67, 68]. 
Spectra extracted from a real-world hyperspectral images 
database [72] were used to generate the basis matrix D�k 
for outdoor imaging. We had,

Then, the reconstruction problem can be converted to,

where Apk = Rp�D�k and ǫ is the residual error. Then, 
θrecon was obtained by solving Eq. (6) using CVX [73]. We 
note that the size of the discretized wavelength � , polar-
ized spectral state p, and sparse representation basis D 
are crucial in this reconstruction scheme, and they can 
be optimized to achieve the best reconstruction perfor-
mance. Finally, the spectra at each pixel of a scene can be 
reconstructed by
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