
This journal is © The Royal Society of Chemistry 2026 Nanoscale Horiz., 2026, 11, 899–908 |  899

Cite this: Nanoscale Horiz., 2026,

11, 899

Linear-to-circular cross-polarization differential
detection for atomic co-magnetometers based
on polarization-multiplexed metasurfaces

Kun Huang,abcdef Xu Xiao,abcdef Zhibo Cui,abcdef Liangsong Peiabcdef and
Zhen Chai *abcdef

Atomic co-magnetometers, serving as high-precision magnetic

field sensors, find broad applications in autonomous navigation

for unmanned systems and fundamental physics. However, their

conventional optical detection modules relying on bulky compo-

nents suffer from limited miniaturization and integration. Metasur-

faces offer a promising route toward optical path miniaturization.

Nevertheless, most existing metasurface designs focus on homo-

geneous polarization beam splitting, such as separating linear

polarization states, which can introduce additional optical noise

and energy loss. To overcome this limitation, we propose a linear-

to-circular polarization differential detection scheme utilizing a

polarization-multiplexed metasurface. Through phase-encoded

amorphous silicon meta-atoms fabricated on fused silica, this device

integrates dual functional zones: a polarization-retaining deflector

(PRD) and a polarization-converting deflector (PCD), enabling simul-

taneous beam splitting and independent manipulation of linearly

polarized (LP) and circularly polarized (CP) light. At the operational

wavelength of 795 nm, the meta-atoms exhibit over 80% transmit-

tance. The PRD and PCD zones achieve deflection angles of +24.18 and

�23.88, respectively, with deviations below 1.5% from theoretical

predictions. Experimental characterization demonstrates an optical

rotation sensitivity of 5.9184 � 10�6 rad at 70 kHz, while the micron-

scale thickness significantly enhances integration capability. This work

establishes a novel paradigm for chip-scale atomic co-magnet-

ometers and advances the convergence of nanophotonics with

atomic sensing technologies.

1. Introduction

Atom co-magnetometers are high-precision magnetic measure-
ment instruments based on atomic spin interactions.1,2 Owing
to their ultra-high sensitivity to weak magnetic fields and the
advantage of not requiring a low-temperature environment,
they have become crucial tools in autonomous navigation for
unmanned systems,3–5 inertial navigation,6–8 and fundamental
physics research.9–11 Such sensors achieve magnetic measure-
ment by accurately detecting the precession of atomic spins
under the action of an external magnetic field, and the core of
their performance lies in the high-precision analytical capabil-
ity of the optical detection module for weak optical rotation
signals. Conventional differential detection schemes predomi-
nantly rely on bulk optical components,12 such as polarizing
beam splitters (PBSs) and quarter-wave plates (QWPs), to ana-
lyze variations in orthogonally polarized linear light. While
effective in suppressing source noise, the inherent millimeter-
scale thickness of these components, complex optical alignment
requirements, and low integration level pose significant barriers
to sensor miniaturization and chip-scale implementation.
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New concepts
This represents a significant breakthrough over existing metasurface
designs, which predominantly perform homogeneous polarization beam
splitting (e.g., separating linear polarizations). Such conventional
approaches often introduce extra optical noise and energy loss. In
contrast, our metasurface integrates two distinct functional zones, a
polarization-retaining deflector and a polarization-converting deflector,
onto a single, micron-thick chip. This allows for simultaneous beam
splitting and independent manipulation of linear and circularly polarized
light, a capability not achieved by prior metasurfaces. For nanotechnology
and nanoscience, this work provides a new paradigm for ultra-compact,
multi-functional photonic integration. It demonstrates that complex
optical operations, crucial for high-precision systems like atomic sensors,
can be miniaturized onto a nanophotonic platform without compromis-
ing performance, thereby advancing the convergence of nanophotonics
with quantum-enabled sensing technologies.
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Achieving miniaturized integration of high-precision magneto-
meters thus necessitates overcoming the fundamental limitations
of bulk optics in terms of size and integration compatibility.
Recently, metasurfaces,13–15 as a planar optical platforms
composed of subwavelength structures, have demonstrated
remarkable capabilities for precise manipulation of light field
amplitude, phase, and polarization at the nanoscale, providing
a revolutionary new approach for miniaturizing optical paths in
atomic sensors. Functions such as polarization beam splitting,
focusing, and modulation based on metasurfaces have been
preliminarily validated in atomic magnetometers. For instance,
silicon-based metasurface polarization beam splitters on sap-
phire substrates have achieved nanotesla-level magnetic field
measurements,16 and silicon-rich SiNx metalenses have enhanced
detection efficiency in integrated systems via polarization multi-
plexing strategies.17 Additionally, recent breakthroughs in meta-
surfaces have enabled more sophisticated polarization-decoupling
control.18–20 Notably, Nan et al. demonstrated a spatial-trajectory-
based dynamic polarization manipulation strategy, where the
polarization state evolves programmably along the propagation
path through the strategic spatial distribution of meta-atoms.
This approach establishes a novel paradigm for signal detec-
tion within intricate polarization environments.18 The design
methodology presented here draws inspiration from advances
in multi-functional metasurfaces across the electromagnetic
spectrum. Recent work in the terahertz regime has demonstrated
how polarization-multiplexed meta-atoms can enable complex
wavefront manipulation with minimal cross-talk between
channels.21 Similarly, the development of high-efficiency di-
electric metasurfaces operating at terahertz frequencies has
established design principles for maximizing transmittance
while maintaining precise phase control.22 These cross-spectral
insights inform our approach to polarization multiplexing at
optical frequencies, highlighting the transferability of nano-
photonic design strategies across wavelength regimes. However,
existing research primarily focuses on implementing beam-
splitting functions for homogeneous polarization states23,24

(e.g., splitting linear-to-linear or circular-to-circular polariza-
tion). This single-mode splitting paradigm cannot be directly
adapted to the complex optical response characteristics inher-
ent in atomic co-magnetometers, particularly those arising
from spin-exchange coupling. The inability of existing metasur-
face schemes to effectively compatible with such composite
polarization states has become a key challenge restricting their
application in differential detection of atom co-magnetometers
and the realization of high-performance miniaturization.
Therefore, developing novel polarization-multiplexing architec-
tures capable of simultaneously processing both linear polarized
(LP) and circular polarized (CP) light to achieve highly compatible
and high-precision differential detection is a core problem
urgently demanding solution in advancing the chip-scale integra-
tion of atomic co-magnetometers.

Addressing the limitations of traditional bulk optics integra-
tion and the polarization compatibility shortcomings of existing
metasurface approaches, this paper proposes a novel high-
precision differential detection scheme based on an innovative

polarization-multiplexing metasurface. Different from the limita-
tion of traditional PBS that can only handle orthogonal linearly
polarized light, this design realizes the synchronous beam split-
ting and independent regulation of linearly polarized light and
circularly polarized light for the first time, perfectly matching the
inherent composite polarization characteristics in the detection
optical path of atom co-magnetometers. Through precise phase
encoding of amorphous silicon meta-atoms on a fused silica
substrate, the device integrates dual-functional regions acting as
a polarization-retaining deflector (PRD) and a polarization-
converting deflector (PCD), exhibiting performance superior to
existing beam-splitting solutions based on liquid crystals or
dielectric metasurfaces. This unique dual-channel LP/CP differ-
ential working mechanism not only significantly simplifies the
optical topology but, more critically, completely circumvents the
introduction of additional optical noise and energy losses asso-
ciated with multiple polarization state conversions in conven-
tional schemes.24 Consequently, it enhances the dimensionality of
information processing for the optical signal, enabling the extrac-
tion of richer atomic magnetic signal features. Experimental
results demonstrate that the polarization-multiplexing metasur-
face device based on this scheme achieves an optical rotation
angle detection sensitivity of 5.9184 � 10�6 rad at 70 kHz.
Concurrently, the overall device thickness has been successfully
reduced to the micrometer scale, thereby effectively addressing
the inherent limitations of traditional PBSs, such as bulkiness and
limited integrability.13,15 This work not only confirms the signifi-
cant potential of metasurface technology in the deep conver-
gence of atomic precision sensing and nanophotonics, but also

Fig. 1 Schematic of the proposed novel metasurface-enabled differential
detection scheme for atomic co-magnetometers. (a) Optical layout of the
linear-to-circular polarization differential detection scheme employing a
polarization-multiplexing metasurface. HWP: half-wave plate; PD: photo-
detector; LP: linearly polarized light; CP: circularly polarized light; PRD:
polarization-retaining deflector; PCD: polarization-converting deflector.
(b) Illustration of the cross-deflected propagation of light beams after
passing through the metasurface. (c) Unit cell configuration of the two
functional regions of the metasurface, PRD and PCD, which constitute the
metasurface through periodic arrangement.
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establishes the proposed novel paradigm of LP/CP hybrid polariz-
ation beam splitting as a more universal approach, extendable to
co-magnetometer systems incorporating various atomic species.

2. Results and discussion
2.1 Theoretical analysis of optical rotation angle detection
based on polarization-multiplexed metasurfaces

Under an external magnetic field, atoms undergo polarization
and exhibit spin precession. Precise measurement of the mag-
netic field is achieved by detecting this atomic spin precession
signal. In atomic co-magnetometers, differential detection is
routinely employed to enhance measurement precision and
sensitivity while suppressing common-mode noise and other
interferences. Currently, linearly polarized light is commonly
used as the detection light, which enables precise measure-
ment of small optical rotation angles through differential
detection. When linearly polarized light passes through a vapor
cell in a magnetic field, its polarization plane rotates; the
magnetic field strength can be indirectly measured by detecting
this rotation angle (i.e., the optical rotation angle).25–27 The
working principle of optical rotation detection using LP light is
grounded in light-atom interactions. According to the funda-
mentals of optics, an incident linearly polarized probe beam
entering the vapor cell can be decomposed into left-circularly
polarized (LCP, s+) and right-circularly polarized (RCP, s�)
components. At the atomic level, when the atomic polarizability
in the detection direction changes, the optical properties of the
atoms also vary, specifically manifested as corresponding
changes in the refractive indices n+ and n� for LCP and RCP,
respectively. These changes in refractive indices depend on the
number densities r(�1/2) and r(+1/2) in the ground state.28

For the D1 transition, the refractive index is given as follows:

n� nð Þ ¼ 1þ 2r þ1=2ð Þ nrec
2fD1

4n

� �
Im V n � nD1ð Þð Þ (1)

nþ nð Þ ¼ 1þ 2r �1=2ð Þ nrec
2fD1

4n

� �
Im V n � nD1ð Þð Þ (2)

For the atomic D2 transition, the refractive index is given
analogously by:

n� nð Þ¼ 1þ2
3

4
r �1=2ð Þþ1

4
r þ1=2ð Þ

� �
nrec

2fD2

4n

� �
Im V n�nD2ð Þð Þ

(3)

nþ nð Þ¼ 1

þ2
1

4
r �1=2ð Þþ3

4
r þ1=2ð Þ

� �
nrec

2fD2

4n

� �
Im V n�nD2ð Þð Þ

(4)

where fD1 and fD2 denote the oscillator strengths for the D1 and
D2 transitions, respectively; nD1 and nD2 represent the center
frequencies of the D1 and D2 transitions in the alkali metal
atom, both being constants; V denotes the Voigt profile func-
tion; and n is the frequency of the probing light.

Following optical pumping of the atoms, we have r(�1/2) a
r(+1/2), rendering the vapor cell birefringent. Considering the
detection direction aligned with the z-axis of the magnetometer
coordinate system, a non-zero atomic polarization Pz = r(+1/2)
� r(�1/2).

After sufficient interaction between the probe light and the
atoms within the vapor cell, the polarization state of the out-
going light undergoes a significant alteration. Specifically, the
polarization axis of the initially linearly polarized light experi-
ences rotation, resulting in an optical rotation angle. Research
has established that a strictly proportional relationship exists
between this optical rotation angle and the atomic polarization
along the detection direction. This fundamental property
enables us to deduce variations in the atomic polarization by
precisely measuring the magnitude of the optical rotation angle.
Under conditions of high-pressure broadening, the optical rota-
tion angle y is expressed as:

y ¼ p
2
rec lnRb Pex �fD1Im V n � nD1ð Þð Þ þ 1

2
fD2Im V n � nD2ð Þð Þ

� �
(5)

where Pex denotes the transverse electronic polarization.
In this study, we propose a novel method of linear-to-

circular polarization differential detection to address the issue
of low-frequency noise. Under the balanced differential detec-
tion scheme, the light propagation process can be described
using the Jones matrix formalism. Assuming the probe light is
linearly polarized after passing through a polarizer from
the laser output, its optical field can be represented by the
following Jones matrix:

E ¼ E0
cos a
sin a

� �
(6)

When the transmission axis of the polarizer is oriented at
451 with respect to the x-axis in the xy-plane (perpendicular to
the propagation direction z), the incident linearly polarized
light forms an angle a = 451 with the horizontal reference (e.g.,
the x-axis), and the incident optical field can be expressed as:

Ein ¼
ffiffiffi
2
p

2
E0

1
1

� �
(7)

Furthermore, the vapor cell containing alkali metal atoms
can be modeled as a Faraday rotator. When the probe light
traverses this cell, it experiences an optical rotation character-
ized by an angle y. Consequently, the Jones matrix representing
the vapor cell is given by:

Jcell ¼
cos y � sin y

sin y cos y

 !
(8)

A horizontal polarizer with its transmission axis aligned
along the x-direction is employed, which can be expressed as:

JH ¼
1 0

0 0

 !
(9)
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The output light intensity after the linearly polarized light
traverses the vapor cell is given by:

E0LP ¼ Jcell � Ein ¼
ffiffiffi
2
p

2
E0

cos y � sin y

sin y cos y

 !
1

1

 !
(10)

After passing through the polarization analyzer, the Jones
matrix of the output light is:

ELP ¼ JH � E0LP ¼
ffiffiffi
2
p

2
E0

cos y� sin y
0

� �
(11)

The light intensity detected by photodetector 1 is consequently:

I1 = EH
LP�ELP (12)

When linearly polarized light is first converted to left-
handed circularly polarized light (LCP) by a quarter-wave plate,
then propagates through the vapor cell and horizontal polar-
izer, its output Jones matrix becomes:

ECP ¼ JH � Jcell � Jl=4 � Ein ¼
ffiffiffi
2
p

2
E0

cos y� i sin y
0

� �
(13)

The corresponding light intensity at photodetector 2 is then:

I2 = EH
CP�ECP (14)

The expression for the optical rotation angle is obtained as:

y ¼ 1

2
arcsin

2 I2 � I1ð Þ
I1 þ I2

(15)

Hence, the optical rotation angle can be calculated from the
intensity difference between the two photodetectors, thereby
enabling the detection of optical helicity.

2.2 Design, fabrication, and characterization of
polarization-multiplexed metasurfaces

Simulation and optimization were performed using the finite-
difference time-domain (FDTD) method. The key structural
parameters for the dielectric metasurface meta-atoms were
defined as follows: nano-block height h = 500 nm, operating
wavelength l = 795 nm (corresponding to the Rb D1 line
transition),29–31 and lattice period P = 388 nm. Fig. 2a illustrates
the configuration of the proposed dielectric metasurface meta-
atom. It comprises a rectangular amorphous silicon (a-Si)
nanopillar fabricated on a fused silica substrate. This material
exhibits a high refractive index and low extinction coefficient
(n = 3.746 + 0.013i) at the target wavelength, ensuring efficient
optical manipulation at the subwavelength scale. Within the
polarization-multiplexing metasurface, the polarization-dependent
response is achieved through anisotropic rectangular meta-atoms
sharing identical height and lattice periodicity. Variations in
the lateral dimensions of meta-atoms locally modify the trans-
mission and phase distribution for each independent polariza-
tion component. This control mechanism enables spatially
variant phase modulation, which is precisely tailored to the
specific polarization state of the incident beam.

Through numerical simulations, the transmittance (Fig. 2b)
and phase (Fig. 2c) of a square lattice composed of rectangular
nanopillars were obtained under illumination with linearly

Fig. 2 Simulation results of the meta-atoms and small-scale metasurface structure. (a) Left: 3D illustration of the meta-atom with height h of 500 nm.
Right: 2D illustration of the meta-atom with a lattice constant P of 388 nm. Full-wave simulations of (b) normalized transmittance and (c) phase shift for
incident 451-polarized plane waves, based on square-lattice silicon nanorod arrays with fixed lattice constant (P = 388 nm), pillar height (h = 500 nm), and
swept transverse dimensions Lx and Ly. (d) and (e) Simulated transmittance and phase shift of the meta-atoms within the unit cell in (c), corresponding
results for PRD and PCD marked, respectively. (f) Far-field deflection angles for incident 451-polarized light.
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polarized (LP) light oriented at 451 (p-LP light), as also detailed
in SI Section I. To achieve polarization multiplexing function-
ality for normally incident light along the z-axis, the meta-
surface was partitioned into two distinct functional regions: a
polarization-retaining deflector (PRD) and a polarization-
converting deflector (PCD). These regions were designed to
generate deflection angles of equal magnitude but opposite
sign. The phase profiles for the PRD and PCD were set to

jPRD ¼ þ
2p
l
x sin y and jPCD ¼ �

2p
l
x sin y, respectively. As illu-

strated in Fig. 1b, a deflection angle of 24.21 was selected. The
metasurface construction was realized by optimizing the geo-
metric parameters of the meta-atoms to satisfy these specified
phase distributions. The design exhibits translational invar-
iance along the y-direction. The fundamental unit cells for both
the PRD and PCD comprise 5 meta-atoms and are periodically
arranged along the x-direction (Fig. 1c). Fig. 2d and e depict the
transmittance (480%) of the PRD and PCD meta-atoms, along-
side the corresponding polarization-resolved phase distribu-
tions obtained above the units. The red curves represent the
phase difference between the x- and y-polarized components.
Evidently, the phase difference for the PRD unit cell remains
stable near 0, while for the PCD unit cell, it stabilizes around
p/2. Furthermore, the transmission coefficients for each unit
cell are plotted in Fig. S2, confirming an amplitude ratio close
to unity. Additional insight into the influence of individual
meta-atom structures on the polarization-multiplexed metasur-
face performance is provided in SI Section III. These results
align with our design, demonstrating that the output light from
the PRD retains linear polarization (matching the incident

state), while the PCD converts the incident light into circularly
polarized light. Subsequently, full-structure simulations of both
the PRD and PCD regions were performed to validate the overall
performance of the polarization-multiplexed metasurface
device. Fig. 3a displays the distribution of the transmitted
phase under p-LP illumination, clearly showing beam deflec-
tion at an angle y. Among them, the phase distributions in the
two directions simulated for PRD are basically the same,
i.e., the phase delay is essentially zero. This indicates that the
transmitted light is converted into LP light. Similarly, the phase
distributions in the two directions simulated for PCD differ by
p/2, indicating that the transmitted light is CP light. Fig. 2f
presents the deflection angles and normalized energy distribu-
tions for the PRD and PCD in their respective target directions.
The simulated deflection angles are +24.11 and �23.81,
respectively. According to the generalized Snell’s law32,33 (y =
arcsin(l/Np), where N is the number of meta-atoms per unit
cell), the theoretically predicted deflection angle is y = �24.21.
The simulation results exhibit excellent agreement with the
theoretical calculations, with deviations less than 1.5%.
In addition, we conducted simulations to characterize the far-
field electric field profiles and polarization states for both the
PRD and PCD regions. Quantitative analysis via far-field inte-
gration reveals that the energy proportions for the two channels
are B85% and B83%, resulting in a power distribution ratio
of approximately 1.02 : 1. These results confirm that a well-
balanced optical power distribution is realized between the two
detection channels (Fig. S4). Collectively, these simulation
results confirm the successful design of a high-efficiency
polarization-multiplexing metasurface.

Fig. 3 (a) Spatial phase distributions transmitted through the PRD and PCD under 451 linearly polarized light incidence. (b) Optical image of the
polarization-multiplexed metasurface sample. Top-down (c) and (d) and side profile (e) and (f) scanning electron microscopy (SEM) images of the
fabricated polarization-multiplexed metasurface, with (c, e) and (d, f) corresponding to PRD and PCD, respectively.
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Our fabrication process employed electron-beam litho-
graphy (EBL) to pattern the metasurface, followed by silicon
layer etching using a chromium (Cr) hard mask, as schemati-
cally illustrated in Fig. S5 (see Methods section for details).
Fig. 3b illustrates the fabricated polarization-multiplexing
metasurface sample. The functional regions, corresponding to
the PRD and PCD sections, each feature a footprint of 800 mm�
800 mm with a center-to-center spacing of 1 mm. Additionally,
to prevent interference from transmitted light through the non-
functional regions, a continuous layer of amorphous silicon
(a-Si) thin film was deposited across these areas. This design
effectively suppresses additional optical crosstalk caused by
stray light during the detection process. Scanning electron
microscopy (SEM) images of the fabricated polarization-multi-
plexing metasurface are presented in Fig. 3c–f. Analysis of the
fabricated sample revealed two primary deviations from the
ideal structure: (1) the silicon etch depth was approximately
10 nm less than the target value, and (2) individual meta-atoms
exhibited slightly tapered sidewall profiles, with an estimated

taper angle of 51 � 11. These effects are attributed to aniso-
tropic etching behavior and etch rate drift, likely caused by
charge accumulation at the amorphous silicon (a-Si)/fused
silica substrate interface.16 Fig. S6–S8 provide a detailed quan-
titative analysis of the fabrication defects in the samples arising
from the micro-nanofabrication process.

2.3 Optical characterization

Following the fabrication of the polarization-multiplexing
metasurface, its optical performance was characterized experi-
mentally. The measurement setup is illustrated in Fig. 4a.
Metasurface properties were probed using a 795 nm distributed
Bragg reflector (DBR) laser under near-normal incidence.
To ensure linear polarization with variable orientation, the
laser light was first linearly polarized by a polarizer, and its
polarization angle (c = 451) was set by rotating a subsequent
half-wave plate. The sample was mounted on a rotational three-
axis translation stage. Precise alignment was optimized to
achieve uniform transmission for the two beams generated by

Fig. 4 Experimental characterization of the optical properties of the polarization-multiplexed metasurface. (a) Experimental setup for testing the optical
properties of the fabricated metasurface. (b)–(d) and (e–g) correspond to the PRD and PCD functional regions, respectively. (b) and (e) Normalized
optical power in the far-field versus polarization angle of incident linearly polarized (LP) light. (c) and (f) Normalized transmitted optical power as a
function of incident angle. (d) and (g) Quantitative relationship between output polarization state and incident LP polarization angle, where polarization
state values of 0 and 1 represent LP and circularly polarized (CP) light, respectively.
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the metasurface. As designed, the PRD and PCD functional
regions of the metasurface split the incident 451 linearly
polarized beam into two separate paths. These beams propa-
gate at distinct angles to ensure effective spatial separation.
Specifically, the beam transmitted through the PRD region
retains its original linear polarization, while the beam from
the PCD region is converted into circular polarization. Fig. 4b
and e demonstrate that the transmitted light intensity through
each region follows a cosine-squared dependence on the inci-
dent polarization angle. This behavior strictly adheres to Mal-
us’s law, characteristic of a linear polarizer.34 To characterize
the sensitivity of the polarization-multiplexing metasurface for
detecting optical rotation angles, we further evaluated the PRD
and PCD performance, focusing on the normalized optical
power and the polarization state of the transmitted light under
varying incident angles. These parameters directly influence
the fundamental optical properties of the metasurface and
consequently determine the sensitivity and accuracy of the
detection system. Misalignment between the probe beam,
vapor cell, and metasurface axis can induce transmission
deviations, critically impacting the signal-to-noise ratio. There-
fore, we analyzed the normalized optical power over an incident
angle range of �51 to +51 (Fig. 4c and f). The results indicate
that the normalized power remains within an acceptable range
for both PRD and PCD. Even under the most extreme condition
(incident angle = �51 for PRD), the transmitted power exceeds
70% of its value at normal incidence, demonstrating the
metasurface’s strong resilience to incident angle variations.
Nevertheless, precise axial alignment between the incident
light, vapor cell, and metasurface must be ensured during
routine operation. This investigation confirms the stability of

the detection sensitivity for the atomic co-magnetometer under
practical alignment tolerances. Furthermore, by varying the
polarization angle of the incident LP light, we characterized
the polarization state of the output beams from the PRD and
PCD. Fig. 4d and g show the evolution of the output polariza-
tion states. At the design polarization angle (c = 451),
the output states align with our design specifications: linear
polarization for the PRD beam and circular polarization for the
PCD beam. We also examined the polarization state depen-
dence on the incident angle for different input polarization
angles; the results show consistent behavior compared
to normal incidence (Fig. S9). Additionally, the diffraction
efficiency for different orders under varying input polarization
angles was investigated (Fig. S10). The results confirm that the
transmitted energy from the PRD is predominantly concen-
trated in the +1st diffraction order, while the PCD output is
concentrated in the �1st order, consistent with the design. The
relatively low diffraction efficiency observed in the target order
likely stems from the discrete phase sampling of the meta-
atoms. In future work, adopting continuous-shaped metasur-
face architectures could effectively suppress background stray
light and minimize phase abruptness, thereby significantly
improving the overall diffraction efficiency.19

The beam quality of the transmitted light was monitored
using a beam profiler (BC207VIS/M). Representative beam
profiles for the PRD and PCD outputs are presented in Fig. 5a
and b, respectively. To verify the deflection angles, a small-
diameter (1 mm) probe beam was successively incident on the
PRD and PCD regions, and the propagation of the output
beams was tracked. As shown in Fig. 5c and d, the beam
spot position was recorded at intervals of 0.1 mm along the

Fig. 5 Performance characterization of the polarization-multiplexed metasurface. (a) and (b) Diffraction patterns of incident light transmitted through
the PRD and PCD, respectively. (c) and (d) Beam propagation diagrams for diffracted light passing through the PRD and PCD, respectively.
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propagation direction (z-axis) using the three-axis stage. Stitching
80 images revealed the distinct propagation paths and confirmed
the deflection effect. The experimental results demonstrate that
our polarization-multiplexing metasurface successfully generates
the corresponding LP and CP beams from the PRD and PCD
regions, respectively, deflected at the designed angles. Crucially,
the mutually converging deflection paths of the two beams are
advantageous for reducing the integrated volume with the photo-
detectors. This characteristic provides an essential experimental
foundation for the further integration of miniature atomic co-
magnetometers.

2.4 Optical rotation angle detection and sensitivity

The sensitivity of the optical rotation angle signal was mea-
sured using the fabricated polarization-multiplexing meta-
surface device. As depicted in Fig. 6a, the experimental setup
is schematically illustrated; details regarding the connections
between the actual optical path and the signal detection
module are available in Fig. S11. A probe beam generated by
a DBR laser was delivered via polarization-maintaining fiber
and collimated using an appropriate collimator to match the
sample size. To simulate minute optical rotation angles for
sensitivity testing, a terbium gallium garnet (TGG) magneto-
optic crystal (Verdet constant = 60 rad T�1 m�1@795 nm)
replaced the alkali vapor cell. The Faraday effect induces a
rotation of the linear polarization plane when light propagates

parallel to an applied magnetic field. The rotation angle y is
given by y = VBL, where V is the Verdet constant, B is the
magnetic flux density, and L is the crystal length. A 20-mm-long
TGG crystal was housed inside a cylindrical magnetic shield
(permalloy) to attenuate ambient fields. An external AC
magnetic field was generated by a 120-turn solenoid coil driven
by a sinusoidal current at 70 kHz from a function generator
(Keysight 33500B). When the laser traversed the crystal within
the magnetic field, the Faraday effect induced by the axial field
variation produced an optical rotation angle y. This rotation
signal was detected and demodulated using a low-noise current
amplifier (SRS 570) and a lock-in amplifier (MFLI, Zurich
Instruments). Finally, the system yielded a photocurrent signal
directly proportional to the rotation angle.

The differential amplified signal was demodulated using the
70 kHz reference signal. The demodulated output underwent
low-pass filtering with a cutoff frequency of 100 Hz. The
amplitude of the output signal was measured under varying
drive current amplitudes. Fig. 6b shows the system output
voltage responding to the AC current amplitude, effectively
generating signals proportional to minute rotation angles.
Linear regression analysis of the data yields DV = 0.06405DI,
indicating a strong linear correlation. When the drive current
is increased by 100 mA, there is an effective polarization
rotation of 4.55 � 10�4 rad and a 6.405 mV increase in the
output signal. This scaling relationship links the spectral

Fig. 6 Resolution characterization of optical rotation angle via differential detection using polarization-multiplexed metasurfaces. (a) Experimental
setup for angular resolution measurement using the metasurface. PDB: balanced photodetector. (b) Theoretical optical rotation angle and the measured
output signal versus coil drive current. (c) Measurement of optical rotation angle sensitivity achieved with the polarization-multiplexed metasurface.
The inset shows the sensitivity around 70 kHz.
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signal, output voltage, and optical rotation angle, as illustrated
in Fig. 6c. Under steady-state conditions, the noise voltage
at the lock-in amplifier output was approximately 7.384 mV.
Comparing this noise level to the signal amplitude change per
radian allows calculation of the minimum resolvable rotate on
angle. Additionally, we utilized Power Spectral Density (PSD)
to analyze the signal components and quantify the signal
amplitude at the 70 kHz operating frequency (see Fig. S12).
Analysis shows the system achieves a minimum measurable
rotation angle of 5.9184 � 10�6 rad (corresponding to the
noise voltage), demonstrating impressive angular measure-
ment sensitivity. In atomic sensors, the optical rotation angle
depends on the applied magnetic field, probe wavelength,
vapor pressure within the cell, and operating temperature.
Detection typically requires resolving minimum rotation
angles on the order of E10�6 to 10�8 rad.24,35 Consequently,
this polarization-multiplexed metasurface can be employed
for the detection of optical rotation angles in conventional
atomic comagnetometers.

3. Conclusion

In summary, we propose a novel high-precision differential
detection scheme based on a polarization-multiplexing meta-
surface, addressing the critical limitations of bulky optics and
limited integration in atomic sensor detection modules. Fabri-
cated by patterning amorphous silicon (a-Si) on a fused silica
substrate according to phase distributions derived from the
generalized Snell’s law, the device comprises two functional
regions: the polarization-retaining deflector (PRD) and the
polarization-converting deflector (PCD). A meta-atom database
exhibiting transmittance exceeding 80% at the target opera-
tional wavelength of 795 nm was established through
simulation-driven design. Subsequent rigorous optical charac-
terization via simulations confirmed that the PRD and PCD
deflect incident light at +24.11 and �23.81, respectively, while
simultaneously generating linearly polarized (LP) and circularly
polarized (CP) output states. These results demonstrate excel-
lent agreement with theoretical predictions, exhibiting devia-
tions of less than 1.5% in deflection angle and matching the
designed polarization states. Furthermore, the device exhibits
robust angular tolerance; even under the most extreme incident
angle condition (�51 on the PRD), the transmittance remains
above 70% of its normal-incidence value. Experimental valida-
tion of the metasurface’s sensitivity for optical rotation angle
detection achieved a remarkable angular sensitivity of 5.9184 �
10�6 rad@70 kHz. This performance overcomes the inherent
constraints of conventional polarization beam splitters (PBS),
namely their large volume and integration challenges. More-
over, as the polarization-multiplexing metasurface is fabricated
from dielectric materials, it is compatible with on-chip silicon-
on-insulator (SOI) processes. This compatibility holds promise
for the future development of metasurface-based atomic
sensors featuring ultra-high sensitivity, compact size, and high
portability.

4. Methods
4.1. Metasurface fabrication

Fabrication of polarization-multiplexed metasurfaces was per-
formed on 500-mm-thick fused silica substrates. Initially, the
substrates underwent standard cleaning procedures, followed
by deposition of a 500-nm-thick amorphous silicon (a-Si) layer
via plasma-enhanced chemical vapor deposition (PECVD).
A positive-tone electron beam resist (ARP6200.09) was then
spin-coated onto the a-Si film. Electron beam lithography
(EBL) was conducted at 4 nA beam current with a dosage of
325 mC cm�2 to pattern the metasurface design. Post-EBL
development, a 50-nm chromium (Cr) hard mask was deposited
at 4 nm min�1 using a high-vacuum evaporation system. Lift-
off processing was subsequently carried out in N-methyl-2-
pyrrolidinone (NMP) solvent to remove residual resist. Pattern
transfer to the a-Si layer was achieved through inductively
coupled plasma reactive ion etching (ICP-RIE) using C4F8/SF6

gas chemistry, selectively removing unmasked a-Si regions.
Finally, the samples were immersed in a chromium etchant
solution to strip remaining Cr residues.
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