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Abstract

In nuclear magnetic resonance (NMR) co-magnetometers, the non-uniform transverse energy distribution of the
pumping Gaussian beam can result in substantial optical pumping inhomogeneity and decoherence of atomic spins,
which hinder the improvement of the precision and sensitivity of the sensor. One of the most significant recent
technological advances for laser beam homogenization is the utilization of the microlens array system. However, the
homogenized characteristics of the microlens array system vary with the propagation distance of the pumping light
and are not suitable for chip integration, which will affect the sensitivity and compactness of the NMR system. To solve
this issue, a metasurface homogenizer is demonstrated for encoding intensity information into the polarization profile
of an incident Gaussian beam by combining the geometric phase and Malus' law with the transverse intensity
distribution independent of the propagation distance. Compared to Gaussian beam pumping at identical input power,
the metasurface homogenizer enhances the measured optical magnetic sensitivity by 23%. The proposed metasurface
homogenizer not only realizes the higher precision and sensitivity in NMR co-magnetometers, but also highlights how
metasurface-based technologies can contribute to the integrated quantum sensing regime.

Introduction

The nuclear magnetic resonance (NMR) co-
magnetometer is constituted by a coupled spin ensem-
ble of alkali metal atoms and inert gas nucleons. Based on
a highly sensitive atomic magnetometer, it utilizes two
inert gas nucleons with distinct gyromagnetic ratios to
sense and suppress errors resulting from magnetic field
fluctuations in the common mode, thereby making it a
sensitive sensor of rotational angular velocity'. In an NMR
system, the pumping light with the designed wavelength
can polarize alkali metal electrons, and the electrons pass
through spin-exchange hyperpolarized inert gas
nucleons, which has significant applications in inertial
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measurement® >, geophysical research®, and biological
neural activity monitoring”®.

Uniformity in magnetic-optical systems is one of the key
factors influencing resolution. Several studies have
addressed the challenges in magnetic resonance by
improving magnetic field uniformity, thus achieving bet-
ter magnetic resonance results’''. In most NMR co-
magnetometer systems, the transverse light intensity of
the pumping beam typically follows a Gaussian distribu-
tion with the maximum light intensity at the center,
decreasing radially outward. However, the non-uniform
transverse energy distribution of the pumping beam will
inevitably lead to optical pumping inhomogeneity and
atomic spin decoherence'®'?, and further restrains the
improvement of the sensitivity of atomic sensors'*™’. To
eliminate the uneven polarization caused by the pumping
light, it is significant to shape the Gaussian beam into a
flat-topped beam'®'®. Currently, numerous types of
optical field homogenization methods, such as diaphragm
interception'®, aspherical lens group®?!, microlens
array22’23, top-hat diffractive optical element (DOE)24,

@@@@ Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International License, which permits any non-commercial
CAITETE  Use, sharing, 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 you modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it.
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-nc-nd/4.0/.


www.nature.com/micronano
http://orcid.org/0000-0001-5036-7095
http://orcid.org/0000-0001-5036-7095
http://orcid.org/0000-0001-5036-7095
http://orcid.org/0000-0001-5036-7095
http://orcid.org/0000-0001-5036-7095
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:zhenchai@buaa.edu.cn
mailto:jinmingke@westlake.edu.cn
mailto:lijianli@buaa.edu.cn

Xu et al. Microsystems & Nanoengineering (2025)11:225

spatial light modulator (SLM) homogenization'***?°, and

beam integrator”’. Although these methods have made
some progress in different application scenarios, they each
have their own limitations. While microlens arrays and
DOEs can achieve beam homogenization at the micron
scale through geometric optics principles, such as
refraction or diffraction, their performance is often related
to the propagation distance. Specifically, to achieve a
uniform light intensity distribution, these methods
require a fixed propagation distance to realize beam
overlap or interference patterns. This requirement may
adversely affect the polarization quality of the atomic
ensemble in three-dimensional space, thus impacting the
sensitivity of the sensor. Moreover, the use of additional
collimating elements further increases the system’s
volume and complexity. In contrast, SLMs offer sig-
nificant advantages in terms of real-time adjustability and
flexibility. However, their relatively large volume makes it
more challenging to integrate them into chip-level atomic
sensors. Additionally, SLMs have the drawback of addi-
tional power consumption, and their refresh rate may
affect the stability and continuous operation of atomic
sensors. Therefore, although some beam shapers cur-
rently exist, they suffer from issues such as large volume,
difficulty in integration, and poor performance, which
limit their effectiveness in light field homogenization for
practical applications. With the increasing demand for
high-precision on-chip NMR co-magnetometers>®>°, it is
a major issue to develop a miniaturized and easy-to-
integrate optical field homogenizer for alleviating optical
pumping inhomogeneity.

Recent advancements in metasurfaces have enabled the
design of spatial distributions for amplitude®"*? phase™,
and polarization®® at subwavelength scales, facilitating the
development of a wide variety of ultrathin devices with
abnormal optical properties®~>’. For instance, many func-
tional components such as lenses, polarizers, modulators,
and detectors have already used metamaterials as inde-
pendent structures and achieved integration with various
materials and devices to implement these functions®.
Compared to traditional beam shapers, metasurfaces not
only enable subwavelength optical operations with superior
control precision but also, due to their planar structure,
offer higher chip integration potential compared to the
curved structures of microlenses and DOEs. This makes
them particularly suitable for applications where volume is
sensitive. Additionally, the passive nature of metasurfaces
eliminates the power consumption and refresh rate limita-
tions associated with SLMs, giving them a clear advantage
in atomic sensor applications that require stable, con-
tinuous operation. This is a key factor in enhancing sensor
sensitivity. Some studies show that metasurfaces have been
particularly effective in controlling light intensities and
homogenization. One of the metasurface-based strategies
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for obtaining a flat-top beam is achieved by modulating the
spatial phase distribution of the incident Gaussian beam™.
However, this method can produce a divergent output
beam and require an extended propagation distance, ren-
dering it unsuitable for integrated optical systems. Another
method obtains the homogenized Gaussian beam at the
focal plane of the metasurface based on the theory of geo-
metric transformations®, significantly reducing the beam
spot size but altering the propagation angle, which limits its
application in collimated optical paths.

In this paper, we propose a polarization-encoded
metasurface homogenization strategy that maintains
beam collimation while enabling easy integration. Based
on Malus’ law and the geometrical phase, a dielectric
metasurface is employed to encode the intensity infor-
mation into the polarization profile of an incident Gaus-
sian beam, and the homogenized characteristics of the
transmitted light remain consistent regardless of propa-
gation distance. Our approach successfully facilitates the
homogenization and collimation of the Gaussian beam.
As shown in Fig. 1, the incident linearly polarized Gaus-
sian light is transformed into homogenized light by the
combination of a dielectric metasurface and an analyzer,
subsequently converted to circularly polarized light by a
quarter-wave plate (QWP) before the atomic vapor cell.
The proposed metasurface homogenizer not only can
achieve effective optical field homogenization and
enhance the precision and sensitivity of the NMR co-
magnetometer, but also underscores the potential of
metasurface technologies in advancing integrated quan-
tum sensing applications, characterized by a compact
structure and seamless on-chip integration for both NMR
co-magnetometers and other atomic sensing devices.

Results and discussion
Principle and design

The interaction between light and atomic ensembles in
an NMR co-magnetometer can be effectively modeled and
analyzed by using the Bloch-Torrey equations (SI Section
1). Figure 2a, b illustrate the spatial distribution of elec-
tron polarization in a cubic vapor cell with an inner dia-
meter of 3 mm under the incidence of both Gaussian and
homogenized light pumping. For the Gaussian beam
scheme, the uneven light distribution results in regions of
both over-polarization and under-polarization, and
marked inhomogeneity in electronic polarization within
the x-y plane. This disparity adversely affects the overall
performance of the system and restricts the polarization
transfer efficiency between alkali metal atoms and inert
gas nuclei. In addition, the homogeneity of the pumping
beam is crucial for enhancing the quality of atomic
polarization, as it minimizes the discrepancies caused by
variations in light intensity. The improvement in polar-
ization distribution enhances the coupling between the
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Fig. 1 Schematic diagram of the beam homogenization method based on polarization-encoded metasurface. QWP quarter-wave plate, PD
photoelectric detection. The inset in the upper right corner illustrates the NMR co-magnetometer configuration implemented using this approach
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spins of the alkali atoms and the inert gas nuclei, which
contributes to the improvement of the sensor accuracy.
Therefore, optimizing the beam profile is essential for
achieving efficient polarization processes.

To achieve a homogenized beam, we calculated the
intensity difference between the target output plane and
the known input plane based on the principle of energy
conservation. The ratio of the transverse two-dimensional
optical field of the homogenized beam to the transmitted
intensity of the input Gaussian beam is given by:

ST v

where x and y are the coordinates on the beam plane,
I(x,y) is the input Gaussian beam, I5(x,y) is the output
homogenized beam, and k; has a size between 0 and 1.

According to Malus’ law and the optical intensity
modulation mechanism (SI Section 2), the angle 6
between the optical vibration direction of linearly polar-
ized light on the target output plane and the optical
vibration direction of linearly polarized light on the input
plane is:

% = arccos \/kl(Ty) (2)

0(x,y) = arccos

For any given two-dimensional planar coordinate, the
corresponding 6(x,y) can be calculated to determine the

two-dimensional polarization encoding strategy required
for the homogenized optical field. To achieve polarization
encoding of the beam at the micro-nanoscale, we
employed rectangular meta-atoms as the fundamental
polarization encoding elements, facilitating control over
optical intensity. When incident circularly polarized light
interacts with these rectangular meta-atoms, the scattered
light contains a component of circular polarization that
opposes the chirality of the incident light and introduces a
phase factor related to the rotation angle of the meta-
atoms, termed the geometric phase*'. Under illumination
by right-handed circularly polarized (RCP) or left-handed
circularly polarized (LCP) light on the rectangular meta-
atoms, the electric field expressions for the scattered light,
as derived from Jones matrix theory, are given by**:

ER/L _ Lo+ L. ER/L

Lo — ¢, . L/R
ot =g B el 20)E T (3)

where ¢, and t. represent the complex scattering
coefficients of light along the fast and slow axes of
the meta-atom, respectively, and ¢ is the spatial
orientation angle of the meta-atom. The transmitted
light consists of two components: the first is co-
directed circularly polarized light with a modulation
amplitude of 3% the second is orthogonal circularly
polarized light with a modulation amplitude of “3* and
a phase factor of 2¢. This additional phase factor,
defined as ¢ = +2¢, indicates the phase shift sign
under LCP or RCP light incidence conditions, allowing
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Fig. 2 Design of metasurface homogenizer. The spatial distribution of electron polarization rate in the cubic vapor cell under the pumping of
a Gaussian light and b homogenized light, with cross-sectional intensity profiles at z=—1, 0, and T mm shown on the right; ¢ the calculated

polarization conversion efficiency of Si meta-atom set to be 190 nm (length) x 120 nm (width) x 620 nm (height) with the period of 370 nm; d linear
polarization results from the coherent superposition of two plane circularly polarized light beams with opposite handedness and same propagation
direction; e under the illumination of linear polarized light, the transmitted light is still linear polarized light and introduce an phase of 2¢; f a side-

view SEM image of the central region of the metasurface

for continuous modulation of the incident light phase
from 0 to 2m by adjusting the spatial orientation angle
of the anisotropic meta-atoms.

The dielectric metasurface consists of a layer of spatially
variant Silicon (Si) meta-atoms, which can efficiently
convert the circularly incident light into the transmitted
wave with opposite spin state. The proportion of circu-
larly polarized light in the transmitted beam that opposes
the chirality of the incident circularly polarized light is

referred to as the cross-polarization conversion effi-
ciency®. And the geometrical parameters of the Si meta-
atoms are optimized at the designed wavelength of
795 nm of the D1 line for Rb (SI Section 3). Figure 2c
shows that the geometrical parameters of the Si meta-
atoms optimized to be 190nm (length) x 120 nm
(width) x 620 nm (height) with the meta-atom spacing
P=370nm can achieve high cross-polarization conver-
sion efficiency at 795 nm.
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For a linearly polarized beam oriented along the x-axis,
it can be regarded as a superposition of LCP and RCP with
equal amplitude and an initial phase difference of 0, as
illustrated in Fig. 2d. Under the illumination of RCP light
onto a meta-atom with rotation angle of ¢, the electric
field of the transmitted LCP component can be described

V2
transmitted RCP component with the incident of LCP is

b= evor |

as E; = e i L [”, Similarly, the electric filed of the

1,]. Thus, the total electric field for the

transmitted light is:

—i20 ['1 20 [ 1 1Y [cos2
EOUt:E1+E2:e {b}—‘re_{ }:ﬁ<'>{ i (p}
V2 i i sin 2¢

(4)

Equation 4 indicates that the transmitted light retains
linear polarization light with its polarization angle of 2¢.
As shown in Fig. 2e, the linear polarization direction of
the beam undergoes a counterclockwise rotation of 2¢
after passing through a meta-atom with the rotation angle
of ¢.

The rectangular meta-atoms are arranged periodically
in the x-y plane, with the spatial orientation angle defined
as ¢(x,y) = 30(x,y), where each position corresponds to
a specific polarization state 8(x,y) (SI Section 4). Thus,
the metasurface can effectively transform the intensity-
uneven Gaussian beam into an output beam exhibiting
the desired encoded polarization states.

The polarization-encoded optical field homogenizer for
atomic sensors comprises a dielectric metasurface and an
analyzer aligned with the initial polarization direction of
the laser. The analyzer selectively transmits light based on
its polarization, thereby smoothing intensity variations
and eliminating non-uniform light distribution, resulting
in a homogeneous intensity across the x-y plane. The
QWP converts the homogenized linearly polarized beam
into circularly polarized light, facilitating the pumping of
atomic ensembles within the atomic sensor vapor cell. We
fabricated the Si metasurface with a diameter of 4 mm on
a silicon dioxide substrate with a thickness of 500 um by
using electron beam lithography (EBL) process (SI Section
5). Figure 2f presents a side-view scanning electron
microscopy (SEM) image of the central region of the
metasurface.

The optical properties of the metasurface homogenizer
To visualize the intensity distribution of both the input
and output beams, a beam profiler (Thorlabs BC207VIS)
was employed to measure the light intensity distribution
of the pumping Gaussian beam and the homogenized
beam, as illustrated in Fig. 3a. The incident beam is a
collimated Gaussian beam with a diameter of 3.4 mm, and
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the diameter of the homogenized spot is designed as
2.3 mm, corresponding to an intensity level of 40% above
the peak. Figure 3b illustrates the simulation and mea-
sured two-dimensional intensity distributions of the
Gaussian beam and the homogenized beam in the x-y
plane. Figure 3c shows the corresponding intensity pro-
files along the x-axis. These results affirm the efficacy of
the polarization-encoded homogenization scheme,
achieving a notable degree of uniformity. To quantita-
tively evaluate the spatial intensity distribution char-
acteristics and the uniformity of the homogenized output
beam, we employed beam flux contrast as a metric. This
contrast serves as a comprehensive descriptor of light
intensity distribution, and the lower values indicate better
uniformity (SI Section 6). Specifically, the flux contrasts
for the Gaussian beam and the homogenized beam were
0.51917 and 0.28837 with standard deviations of 45.7153
and 31.6265. The power utilization efficiency is defined as
the ratio of the output light power before and after pas-
sing through the homogenization device. Simulation cal-
culations predict that the diameter of the output
homogenized beam spot is 67.6% of the incident Gaussian
beam diameter, yielding a predicted power utilization
efficiency of 36.67%. This prediction is rooted in the
optical properties of Gaussian beams, which are char-
acterized by their specific intensity distribution and the
behavior of light as they interact with the metasurface
homogenizer. Experimentally, we measured an efficiency
of 32.97%, showing good agreement with simulations
while revealing a modest 3.7% discrepancy. This minor
difference can be attributed to practical considerations
including fabrication tolerances (SI Section 5), inherent
substrate reflections from the 500 um fused silica sub-
strate, and slight deviations from ideal Gaussian beam
profiles as shown in Fig. 3c. These experimental factors,
typical in nanophotonic device implementation, explain
the observed efficiency difference while maintaining
results within expected tolerances, with theory and
experiment showing excellent agreement.

The metasurface encodes intensity information into the
polarization profile of the incident Gaussian beam, estab-
lishing a one-to-one correspondence between the original
polarization direction and its spatial position following
encoding. To elucidate the relationship between light
intensity uniformity and the orientations of the metasurface
and the analyzer’s polarization axis, we demonstrated the
alignment conditions among the incident beam’s polariza-
tion direction, the metasurface orientation, and the analy-
zer’s polarization axis. Since the homogenization effect of
the metasurface depends on the precise alignment among
the components of each part, we ensure precise alignment
through measures such as mechanical structure and optical
path alignment. By systematically changing the angles
between these components, we observe periodic changes in



Xu et al. Microsystems & Nanoengineering (2025)11:225

Page 6 of 13

a
Beam Profiler
b Sim. Input Exp. Input (o]
— 1
_ —_ 109 >
£ £ ]
£ E 108 §
> > E
10.7
-2 -10 1 2 -2 -10 1 2
x (mm) X (mm)
Sim. Output Exp. Output
2
-~ 1 -
E £ £
E 0 E g
> 4 > e
-2
-2 -10 1 2 2 -10 1 2
x (mm) x (mm)
d 36 e

Efficiency (%)

376.8 376.9 377.0 377.1
Frequency (THz)

377.2 3773

] Sim. Input 1 Exp. Input
2
0.5 g 05
£
0 0
-2 -1 0 1 2 -2 -1 0 1 2
x (mm) x (mm)
Sim. Output Exp. Output
1 1
2
0.5 g 05
£
0 0
-2 -1 0 1 2 -2 -1 0 1 2
X (mm) x (mm)

Fig. 3 The optical properties of the metasurface homogenizer. a The experimental setup; b simulation and measured intensity distributions of
the input Gaussian beam and the output homogenized beam in the x-y plane; ¢ simulation and measured intensity distributions of the input
Gaussian beam and the output homogenized beam along the x-axis; d power utilization efficiency across various frequencies; e the propagation
properties of the homogenized beam with a propagation length of 12 mm in free space
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the output beam profile (SI Section 7). When the polar-
ization axis of either the polarization-encoded metasurface
or the analyzer is misaligned with the incident polarized
light, insufficient homogenization or complete failure of the
homogenization process may occur. Adjustments can be
made by rotating either the polarization-encoded meta-
surface or the analyzer. Additionally, the designed

metasurface device operates effectively within a defined
tuning frequency range near the pumping light frequency
for the NMR co-magnetometer. Figure 3d summarizes the
power utilization efficiency test results across various fre-
quencies, with efficiencies consistently around 33%. A dis-
tinctive feature of this method is its ability to accomplish
beam homogenization while maintaining collimated
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propagation. We further characterized the homogenization
properties in free space at different propagation distances
with a measurement interval of 0.05 mm. Figure 3e illus-
trates the axial propagation of the output beam over a
distance of 12 mm in free space, maintaining good colli-
mation and stable homogenization effects over sufficiently
long distances. The polarization-encoded metasurface only
modifies the polarization angle of the beam without
affecting its propagation direction. Therefore, the homo-
genized beam maintains highly collimated propagation (SI
Section 8).

Experimental demonstration of the atomic signals from
the NMR co-magnetometers

To evaluate the impact of polarization-encoded
homogenization technology on the performance of
NMR co-magnetometers, we utilized the Gaussian and
homogenized beam for polarizing alkali metal electrons,
and the spot diameter of the incident light is consistent
with the light power. We compared the atomic polariz-
ability and relaxation with a pumping power profile
ranging from 0.5 to 4.5 mW. As illustrated in Fig. 4a, the
measured electron amplitude response reveals that the
homogenized pumping light significantly enhances the
amplitude of the electron signal at the same pumping
power. The electron amplitude response peaks when the
radio frequency (RF) magnetic field frequency matches
the electron Larmor frequency, and Fig. 4b illustrates the
measured electron resonance amplitudes at different
pumping powers. Under the pumping of the homo-
genized light, the electron response peak increased by
approximately 8%—-22%. At lower pumping powers, an
increase in light power markedly enhances the electron
resonance amplitude, and a further escalation in light
power will result in a saturation of the electron reso-
nance amplitude. In compact NMR co-magnetometers,
nuclear spin magnetic moments are typically on the
order of a few nT. To measure NMR signals, we
employed an in situ atomic magnetometer based on Rb
atomic electron paramagnetic resonance. The presence
of spin-exchange hyperfine coupling factors facilitates
the detection and amplification of nuclear resonance
signals, enabling effective capture and analysis. The
output of the in situ magnetometer is proportional to the
polarization of Rb atoms, highlighting the critical role of
high atomic spin polarization in achieving sensitive
magnetic field measurements. Using the nuclear fre-
quency shift method, we also measured electron spin
polarizability, as shown in Fig. 4c. Figure 4d illustrates
the scale factor of the in situ magnetometer with dif-
ferent light powers, showing the relationship between
the magnetic field perceived by the atoms and the output
signal. The findings indicate that the homogenized light
beam can effectively increase the average electron
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polarizability and the scale factor, and both increase with
the intensity of the pumping light. Polarized electrons
engage in spin-exchange interactions with inert gas
atoms, leading to hyperpolarization of the nuclei. These
inert gas atoms serve as the primary sensitive species for
inertial measurements in NMR co-magnetometers, with
their polarizability directly correlated with the signal-to-
noise ratio (SNR) of the co-magnetometer’s measure-
ments. Figure 4e shows the polarizability of '*’Xe and
131X e nuclei, both of which are significantly lower than
the electron polarizability. With increasing light power,
the rate of increase in nuclear polarization levels off,
and the polarizability of '*Xe is higher than '*!Xe,
which can obtain in a stronger hyperpolarization signal.
Compared to the Gaussian light, homogenized light
pumping can effectively enhance the polarization rates
of the atomic nuclei.

Another key parameter of atomic spin is the relaxation
rate, defined as the inverse of the time required for atomic
spin polarization to decay to 1/e of its initial value. A
lower relaxation rate indicates better atomic spin coher-
ence. The transverse relaxation rate I" of inert gas atoms
characterizes the relaxation of atomic spins in the plane
perpendicular to the quantization axis, directly influen-
cing the angle random walk (ARW) of NMR co-
magnetometers“:

r
V= NRyaT ®)

where Afis the bandwidth of phase noise. It is evident that
reducing the transverse relaxation rate of inert gas atoms
can mitigate the ARW.

Given that '*Xe nuclei generate a stronger signal, we
focused on measuring its relaxation rate. Figure 4f shows
the variation of the transverse relaxation rate of '**Xe as
a function of pumping power, indicating that an increase
in pumping power correlates with an increase in the
nuclear transverse relaxation rate and a corresponding
decrease in atomic coherence. Considering the influence
of pumping power on atomic polarization, achieving an
optimal balance in the actual system is crucial to avoid
either excessively low or high pumping power. When the
pumping power is insufficient or excessive, atomic
polarization may become saturated or inadequate, which
results in a similar relaxation rate for both the homo-
genized beam and the Gaussian beam. However, in the
optimal pumping power range from 1 to 4mW, the
homogenized light can significantly reduce the trans-
verse relaxation rate of inert gas atoms. To quantitatively
verify the effect of homogenized light, we calculated the
variations of electron polarizability, nuclear polariz-
ability, scaling factor, and nuclear relaxation rate under
the pumping of the homogenized and Gaussian beam (SI
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Section 9). Compared to Gaussian light, the homo-
genized light utilized for pumping can improve the
electronic and nuclear polarization, as well as scaling
factors, ranging from 5% to 40%. Additionally,
enhancements are generally greater at lower pump
powers than at higher pumping powers. These mea-
surements collectively demonstrate that the homo-
genized beam effectively improves atomic polarization
uniformity within the vapor cell space, providing robust
validation of its performance.

The transverse relaxation rate of nuclei is influenced by
various factors and can be described as follows*>*¢:
F:[coll+rwall+r/+FAB (6)
where Iy denotes the relaxation rate caused by collisions
between inert gas nuclei and alkali metal atoms, which is
directly proportional to the density of Rb. I',,,; represents

relaxation resulting from collisions with the vapor cell
walls, and I” represents the gas-phase relaxation rate due
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to inert gas atom self-collisions, typically negligible
compared to other influences in the NMR system.
Additionally, I'yp describes the relaxation rate arising
from magnetic field inhomogeneity. Under conditions of
stable temperature within the vapor cell, the total
transverse relaxation rate of the inert gas atoms can be
approximated as*:

9B\ >
~a|l— 7
rea(%) +o )
where % denotes the first-order magnetic field gradient,

and [ refers to the distance along the x, y, or z axes. In a
three-dimensional space, the inhomogeneity of the alkali
metal vector magnetic field can be attributed to the
uneven spatial distribution of electron spin polariza-
tion'”*”. When electron polarization is inhomogeneous,
the resultant inhomogeneity of the equivalent magnetic
field can increase the relaxation rate of inert gas atoms.
To evaluate the magnitude of the magnetic field gra-
dients in the three axial directions within the vapor cell,
we incorporated a triaxial gradient magnetic field coil,
with its symmetry center aligned with the center of the
atomic cell (SI Section 10). The results indicate that the z-
axis corresponds to the direction of the pumping light
propagation, where absorption effects create a discernible
magnetic field gradient. The lowest points on the
relaxation rate measurement curves occur at nearly the
same location, indicating minimal differences under the
influence of the Gaussian and homogenized pumping
light. In the x-y plane, the homogenized pumping light
can reduce the magnetic field gradient within the cell
compared to Gaussian light. Furthermore, the magnetic
field gradient along the y-axis is somewhat larger than
that along the x-axis, attributed to the y-direction aligning
with the gas handle of the cell. During the blowing pro-
cess of the cell, removal from the inflation tubing can
easily lead to thermal deformation of the cell, resulting in

the retention of a tail tube, which often fuses to form a gas
handle. This can cause atomic diffusion into the handle
space, consequently increasing the magnetic field gra-
dient. Overall, these findings highlight the importance of
understanding homogenized beams, especially in their
role in reducing magnetic field gradients within atomic
vapor cells. The transverse magnetic field gradient, which
arises from the non-uniform polarization of atoms, is
significantly mitigated by the use of homogenized
pumping light.

Based on the fundamental principles of NMR co-mag-
netometer, the in situ atomic magnetometer is sensitive to
nuclear spin precession, modulating the rotation angle of
the probing light at the precession frequency, which is
subsequently extracted using a phase-locked loop. To
evaluate the overall performance of the NMR co-mag-
netometer, we conducted a spectral analysis of the output
signals from the in situ magnetometer to obtain the
sensitivity of the magnetic measurement. A calibration
magnetic field with a frequency of 80 Hz and an amplitude
of 2.3 nT was applied along the x-axis, and the magnet-
ometer’s response was recorded over approximately 20s.
The power spectral density of the response was calculated,
averaged, and normalized against the frequency response
to derive the noise spectral density. Figure 5a shows the
measured sensitivity curves for three different pumping
light powers at varying frequencies. Notably, the 50 Hz
noise peak is attributable to power line interference, while
other sharp noise peaks correspond to harmonics of the
calibration magnetic field. The 50 Hz interference origi-
nates from the alternating current power line, which
introduces a sinusoidal noise component into the mea-
surement system. Since the co-magnetometer incorpo-
rates several core components, including optical, thermal,
magnetic, and detection elements, all connected to the
circuitry, various solutions can be implemented to miti-
gate these spikes. Potential measures include using metal
shielding enclosures or shielded cables to cover sensitive
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circuits and equipment, with a single-point grounding of
the shielding layer. Furthermore, isolation transformers
can be employed to block ground loop noise, or advanced
filtering techniques can be incorporated into the signal
processing to effectively suppress both the mains fre-
quency and its harmonics in real-time. To further com-
pare the sensitivity levels of the homogenized light with
Gaussian light, we calculated the average values of eight
points closely surrounding the calibration signal, provid-
ing a measure of the baseline noise level. Figure 5b details
the magnetic measurement sensitivities at various opera-
tional points of the pumping light. At lower pumping light
powers, the sensitivity becomes worse obviously; however,
within the range of 2-4 mW, sensitivity levels remain
similarly good. In the NMR co-magnetometer, when the
pumping light power is low, the homogenized beam
improves the uniformity of atomic polarization within the
atomic vapor cell, thereby enhancing the sensitivity of the
system. However, when the pumping light power is too
high, atomic polarization within the cell may experience
saturation effects. These saturation effects mask the
improvement in beam uniformity provided by the
homogenized beam, thereby reducing the advantage of
the homogenized beam over the Gaussian beam. Addi-
tionally, as the light power increases, the sensitivity curves
for both beams gradually stabilize. This occurs because,
with increasing pump power, the signal strength increa-
ses, but noise also increases, causing the sensitivity to level
off. Quantitative comparisons revealed that the applica-
tion of homogenized pumping light can significantly
enhance magnetic measurement sensitivity, further
achieving a minimum sensitivity of approximately 600 fT/
Hz'? at 35mW—an enhancement of 23% over the
Gaussian light condition. This improvement effectively
elevates the SNR of the resonant signal and enhances the
overall performance of the sensor.

Conclusion

In summary, we have developed a miniaturized optical
field homogenization scheme based on polarization-
encoded metasurfaces, effectively addressing the issue of
optical pumping non-uniformity caused by the inhomo-
geneous transverse energy distribution of Gaussian beams
in conventional NMR co-magnetometers. A metasurface
homogenizer is designed for encoding intensity informa-
tion into the polarization profile of an incident Gaussian
beam by combining the geometric phase and Malus’ law
with the transverse intensity distribution independent of
the propagation distance, while overcoming the limita-
tions of conventional homogenization techniques, which
struggle to maintain uniformity during propagation and
suffer from issues related to large volume and integration
difficulties. Experimental results demonstrate that our
proposed homogenization method significantly can obtain
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higher atomic polarization and lowers relaxation rates
compared to traditional Gaussian light pumping config-
uration.Quantitative comparisons reveal that the utiliza-
tion of uniform pumping light can markedly improve
magnetic measurement sensitivity. When the pumping
power is the same at 3.5 mW, the magnetic measurement
sensitivity is increased by 23% relative to the Gaussian
beam baseline.This study opens up new directions for the
application of optical metasurfaces, which can greatly
improve the for optical pumping homogenization system
in atomic sensors. The method is compact and easy to
integrate on the chip, highlighting its application potential
in atomic sensor technologies such as on-chip NMR co-
magnetometer, and illustrating the contribution of
metasurface-based technologies to integrated quantum
sensing systems. Looking ahead, structures with the same
homogenization function have the potential to explore the
use of single-layer metasurfaces to further simplify the
design, reduce volume, and streamline the integration
process, providing new pathways for compact and effi-
cient integration in future atomic sensor applications.

Methods
Sample fabrication

Firstly, a double-polished fused silica substrate with a
thickness of 500 pm was cleaned. A 620 nm thick a-Si thin
film was deposited onto the substrate via the plasma-
enhanced chemical vapor deposition process. Following
this, the electron resist (ZEP520A) was spin-coated to a
thickness of 200 nm onto the a-Si thin film and baked on a
hotplate at 180 °C for 3 min. The resist was exposed using
a JEOL JBX-9500FS EBL system with an exposure dose of
150 pC/cm?® and an electron beam current of 2nA at
100 kV. The exposed resist was developed to transfer the
metasurface pattern. After that, the Cr hard mask layer
was evaporated on top of the resist pattern by using the
electron beam evaporation technique and immersed in
the corresponding solution for the lift-off process. Finally,
the a-Si thin film was etched by using an ICP etching
system (OXFORD PlasmaPro 100 Cobra) with an etching
rate of 10 nm/s, and the metasurface optical chip was
obtained after the removal of the Cr hard layer and
photoresist.

NMR co-magnetometer experimental setup

The experimental setup is illustrated in Fig. 6. The
pumping light is emitted from a distributed Bragg
reflector (DBR) semiconductor laser and coupled into a
polarization-maintaining fiber (PMF). The pumping light
is centered at the Rb D1 resonance wavelength and pro-
pagates along the z-axis. The optical path of the pumping
light encompasses an adjustable collimator, a polarizing
beam splitter (PBS), and a noise absorber (Thorlabs
NELO3) to stabilize the optical intensity. Before entering



Xu et al. Microsystems & Nanoengineering (2025)11:225

Page 11 of 13

Noise eater

\ QWP\

Pump laser

/

Fiber collimator

I

HWP Sample

Analyzer
XI
Z
y

Magnetic Shield

Probe laser

quarter-wave plate

\

Fig. 6 NMR co-magnetometer experimental setup. PMF polarization-maintaining fiber, PBS polarization beam splitter, HWP half-wave plate, QWP

PD S

Signal processing
Coil

ﬁ/ | L} Cell

-

!

Oven

PBS

HWP
I Noise eater

PBS

Fiber

PFM collimator

J

the vapor cell, the light subsequently passes through a
metasurface and an analyzer, ultimately achieving circular
polarization with a QWP. The vapor cell, fabricated from
cubic glass with an inner diameter of 3 mm and an outer
diameter of 4 mm, is encased within a four-layer magnetic
shielding. Under typical conditions, the cell is filled with a
drop of naturally abundant Rb atoms, along with 2 Torr of
129% e, 15 Torr of *'Xe, 200 Torr of N, as a quenching
gas, and 10 Torr of H, serving as a buffer gas. The vapor
cell is heated to 120 °C by using two 220 kHz AC heaters
located in a boron nitride ceramic oven, with temperature
monitored via platinum resistors, which work in concert
to maintain the desired thermal conditions. The probing
light is also sourced from a DBR laser diode and is
introduced into the vapor cell through PMF. This probing
light propagates along the x-axis and utilizes optical
components like those in the pumping light path. The
wavelength of the probing light is tuned to the vicinity of
the Rb D2 line, delivering approximately 1.6 mW of lin-
early polarized light. The probing signal is demodulated
and processed through a balanced detector (Thorlabs
PDB210A) and lock-in amplifiers to extract information
regarding atomic spin dynamics. Additionally, a set of
triaxial coils is integrated within the magnetic shielding,
controlled by the lock-in amplifiers, and powered by a
precision current source to generate the magnetic field
while compensating for residual magnetic fields. A static
bias magnetic field of B,, =10 uT is applied along the z-
axis to establish the quantization axis, with an RF mag-
netic field amplitude of B, = 6.4 uT. The RF magnetic field

frequency w,, is in resonance with the Larmor frequency
of Rb, while also applying a RF magnetic field along the x-
axis, which resonates with the Larmor frequency of Xe.

Atomic polarization and relaxation rate measurement

To determine the magnitude of the electron polariz-
ability, we transitioned the pumping light from ¢* to o~
and measured the frequency difference Avx. of the inert
gas atoms’ resonance before and after the transition. This
yields the Rb electronic spin polarizability Py, which can
be described as follows™*®:

2 1
Avxe = 2y xeBrb = 2y x, 'gKOﬂoﬂBgs”Rb 'EPRb (8)

where yy. is the gyromagnetic ratio of Xe, ko is the
enhancement factor of Rb-Xe, y, is the permeability in
free space, yz is the Bohr magnet, and g, is the g-factor of
the electron.

The spin polarizability and transverse relaxation time of
the nucleons are measured by using the free induced
decay (FID) method®. A m/2 pulse was applied along the
x-axis in resonance with the magnetic field acting on the
inert gas atoms, and the resulting FID signal was collected
by a NI DAQ card. Given that the pumping light propa-
gates along the z-axis, the spin magnetic moment of the
inert gas atoms also aligns along this axis, with no pro-
jection in the x-y plane. When a magnetic field is present
in the x-y plane, it will cause a deviation of the spin
magnetic moment from the z-axis, leading to a projection
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within the x-y plane that is subsequently reflected in the
probe signal. We fitted the decay curve of the FID signal
by using an exponential model f = Ae /" which can
obtain the extraction of the transverse relaxation time and
rate. The nuclear polarizability Px. can be calculated from
the initial amplitude Vpp of the FID signal:

2
Vip =K -Bxe =K - 3 KoHotxeMxePxe 9)

where 4, is the magnetic moment of Xe, and K is the
magnetometer scale factor obtained from the calibrated
signal. nx, is the number density of Xe.
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