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Searching for beyond-the-standard-model interactions has been of interest in quantum sensing. Here, we
demonstrate a method, both theoretically and experimentally, to search for the spin- and velocity-dependent
interaction with an atomic magnetometer at the centimeter scale. By probing the diffused optically
polarized atoms, undesirable effects coming along with the optical pumping, such as light shifts and power-
broadening effects, are suppressed, which enables a 1.4 fTrms=Hz1=2 noise floor and the reduced systematic
errors of the atomic magnetometer. Our method sets the most stringent laboratory experiment constraints on
the coupling strength between electrons and nucleons for the force range λ > 0.7 mm at 1σ confidence. The
limit is more than 3 orders of magnitude tighter than the previous constraints for the force range between
1 mm ∼ 10 mm, and one order of magnitude tighter for the force range above 10 mm.
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Introduction.—Exotic spin-dependent interactions that
beyond standard model of particle physics have been of
interest in the community of quantum sensing in the last
decade. These exotic interactions, which may be generated
by exchanging hypothetical bosons such as axions [1–3]
and axionlike particles [4,5], are introduced to resolve some
puzzling questions in fundamental physics, such as the
charge-parity (CP) violation in the strong interaction [1,6]
and dark matter [7–9]. There are 15 possible exotic spin-
dependent interactions between ordinary particles, and they
can be divided into two groups: static or velocity-indepen-
dent interactions, and velocity-dependent interactions [10].
Various approaches have been employed to search for

hypothetical spin-dependent interactions, such as torsion
balances [11], atomic magnetometers [12–15], nitrogen-
vacancy centers in diamond [16,17], magnetic microscopes
[18], etc. Recent developments and theoretical motivation
in tests of exotic spin-dependent interactions have been
reviewed in Refs. [8,19].
In this Letter, we explore a spin- and velocity-dependent

interaction for electrons at the centimeter scale with an
atomic magnetometer. As one of the most sensitive cryo-
gen-free sensors for measuring magnetic fields, atomic
magnetometers can achieve a sensitivity of sub-fT=Hz1=2

[20–22], and they have been adopted to search for various
exotic physics, such as spin-gravity interactions [23–25]
and dark matter [26]. Nearly all atomic magnetometers
working on gas or liquid atoms utilize the optical pumping
effect [27,28] to polarize atoms for strengthening the signal
amplitude. However, some undesirable effects, such as light
shifts [29,30] and power-broadening effects [31], coming
along with the optical pumping, are often the dominant
sources of systematic errors for atomic magnetometers.

By employing the diffusion optical pumping scheme
proposed in this Letter, to overcome these noise and
systematic errors, a Rb magnetometer with a sensitivity
of 1.4 fTrms=Hz1=2 is realized in the gradiometric mode.
Based on the magnetometer, a new constraint on a spin- and
velocity-dependent interaction for electrons is established.
Herein, we focus on the axial-axial interaction between
polarized and unpolarized particles [10], written as

V4þ5 ¼ −f4þ5

ℏ2

8πmpc
½σ̂ · ðv⃗ × r̂Þ�

�
1

λr
þ 1

r2

�
e−r=λ; ð1Þ

where f4þ5 is a dimensionless coupling strength, ℏ is
Planck’s constant, mp is the mass of the polarized electron,
c is the speed of light in vacuum, σ̂ is the spin vector of the
polarized electron, v⃗ is the relative velocity between the
polarized and unpolarized particles, r̂ ¼ r⃗=r is a unit vector
of their relative displacement, and λ is the force range. The
laboratory upper limits on the coupling strength f4þ5 are set
by works using spin-exchange relaxation-free (SERF)
atomic magnetometers [12,15] and slow neutron polar-
imeters [32].
The axial-axial interaction produces frequency shifts

ΔΩ ¼ V4þ5=ℏ of atomic levels and can also be viewed
as an effective magnetic field that can tilt the electron
spins, which can be sensitively detected by the atomic
magnetometer.
Experiments.—The experimental setup of our scheme to

search for exotic spin-dependent interactions is depicted
in Fig. 1(a). Since atomic magnetometers with higher
sensitivities and fewer systematic errors can set a tighter
constraint on the coupling strength f4þ5, the atomic
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magnetometer is operated in the SERF regime and further
adopts the diffusion optical pumping scheme proposed in
this Letter.
For the atomic magnetometer setup, a 795 nm pump light

is expanded with a lens to have a diameter of ∼6 mm and
passes through a 3 mm diameter disc-shaped aperture to
make a ring-shaped light. After passing through a linear
polarizer and a quarter-wave plate, the ring-shaped light
becomes circularly polarized and is employed to optically
pump the atoms. The atomic spin polarization is detected
with a linearly polarized light based on the optical rotation
method [33]. To suppress the intensity noise of the probe
light, its power is stabilized with an acousto-optic modu-
lator (AOM). The frequency of the probe light is red
detuned about 60 GHz away from the center of the Rb D1
line and the diameter of the probe light is ∼1 mm. To
separate the pump region and the probe region, the probe
light is coaxial to the pump light. In this case, only the
atoms in the central region of the ring-shaped pump light
that do not directly interact with the pump light can be
detected and contribute to the magnetometer signal. The
optical rotation of the light after the cell is measured with a

balanced photodiode (PD). The 87Rb vapor cell, filled with
600 Torr of N2 as a buffer gas and a quenching gas, is
heated to 153 °C and placed inside a cylindrical magnetic
shield. The Helmholtz coils inside the shield generate a
parametric modulation field B1 cosωt along the y axis. The
magnetic field can be extracted by demodulating the
balanced PD signal with a lock-in amplifier.
Although the atomic spin polarization decays as they

diffuse, which leads to a lower polarization in the center
region than that in the pump region, such an indirect optical
pumping scheme also results in the suppression of power-
broadening effects and light shifts. Since the sensitivity of
the magnetometer is related to the ratio between the spin
polarization and its linewidth, the sensitivity will be
improved when the suppression effect of the linewidth
broadening is greater than the effect of the decreased
polarization. Finally, we find that the polarized atoms in
this pumping scheme are more sensitive to the magnetic
field, and the sensitivity is increased by a factor of 2–3
compared with the traditional direct optical pumping
scheme.
To suppress the thermal magnetic noise generated by the

innermost layer of the magnetic shield (μmetal), we need to
develop a two-channel magnetometer to suppress the
common mode magnetic-field noise from the background.
We use the polarizing beam splitter (PBS) to split a beam
from the pump (probe) light as the light source of the
reference magnetometer (see Supplemental Material [34]
for details, which includes Refs. [35,36]). The gradiometer
achieves a common-mode rejection ratio (CMRR) of about
30 at 10 Hz. Figure 2(a) shows the performance of the
magnetometer, where the magnetic gradiometer achieves a
noise floor of 2 fTrms=Hz1=2 with a baseline of 10 mm.
Assuming that the remaining noise of the magnetometer is
uncorrelated, it implies a sensitivity of 1.4 fTrms=Hz1=2 for
each magnetometer. The inset of Fig. 2(a) shows the
amplitude-frequency response of the magnetometer, and
the −3 dB bandwidth of the magnetometer is measured to
be 56 Hz. Furthermore, the magnetometer shows less
dependence on the pump light. Figures 2(b) and 2(c) show
the dependence of the power-broadening effects and light
shifts on the pump light. As a comparison, we further
measure the linewidth and the light shift with the aperture
that generates the ring-shaped light removed. It can be
observed that the undesirable effects from the pump light
are largely suppressed when employing the ring-shaped
pump light.
With the magnetometer, we conduct a high-sensitivity

experiment to search for the exotic frequency shift pro-
duced by the exotic interaction V4þ5. As shown in Fig. 1(a),
the exotic frequency shift is produced by a rotating non-
magnetic Bi4Ge3O12 (BGO) crystal in our scheme. Because
of its high number density (4.3 × 1024 nucleons=cm3),
BGO crystal is frequently taken as an unpolarized nucleon
source for searching for exotic spin-dependent interactions
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FIG. 1. The experimental setup. (a) The schematic of the atomic
magnetometers. A ring-shaped polarized light propagating along
the z axis is performed as the pump light to polarize the atoms
confined in an atomic vapor cell. For higher sensitivity, the light
power is actively stabilized with an acoustic-optical modulator
(AOM). An unpolarized BGO crystal is placed next to the Rb
vapor cell and rotates around the y axis driven by a stepper motor.
BS, beam splitter; LP, linear polarized; QWP, quarter-wave plate;
PD, photodiode. For clarity, only one set of the atomic magne-
tometer is displayed in the figure. (b) The schematic view of the
exotic interaction search experiment. The BGO crystal is placed
next to the vapor cell at a distance of L ≈ 10 mm away from the
measurement magnetometer. The baseline of the gradiometer is
approximately d ≈ 10 mm.
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[12–14,25,37]. A cylindrical BGO crystal with a length of
60.0 mm and a diameter of 24.0 mm is attached to a
graphite rod connected to a stepper motor. The rod rotates
around the y axis at a rotation frequency of ν, which is
monitored with an optic encoder in real time. As Eq. (1)
indicates, only the y-axis effective magnetic field induced

by exotic interactions survives in the rotating BGO crystal.
To avoid the 1=f noise in the magnetometer and obtain a
higher signal-to-noise ratio (SNR), the rotation frequency ν
is modulated and set to

ν ¼ ν0 þ δν cosωt; ð2Þ
where ν0 is the center frequency, δν is the modulation
amplitude, and ω is the modulation frequency. In this case,
the exotic frequency shift to be searched for includes an
oscillating component. By employing a lock-in detection,
where the rotation frequency is taken as the reference
signal, the exotic frequency shift ΔΩ that is proportional to
modulation amplitude δν can be extracted from the mag-
netometer signal. The detailed data processing is presented
in the Supplemental Material.
As shown in Fig. 1(b), the distance between the center

region of the measurement magnetometer and the nearest
part of the BGO crystal is set to L ≈ 10 mm, which is
mainly limited by the heat insulation. Recently, several
atomic magnetometer-based search experiments for the
exotic interaction V4þ5 [14,37,38] were reported, where
the test mass was placed outside the magnetic shield. In this
case, the potential noise caused by the rotating BGO crystal
can be suppressed by the magnetic shield. However, due to
the existence of the magnetic shield, the distance between
the vapor cell and the test mass is on the order of tens of
centimeters in these experiments, which is more than one
order of magnitude larger than the distance in our scheme.
As indicated in Eq. (1), a shorter distance enhances the
strength of the exotic interaction, especially at smaller force
ranges. Although, the gradiometer configuration might be
troublesome compared with the single-channel magnetom-
eter, it can suppress the noise and interference caused by the
rotating BGO crystal and thus enables a short measuring
distance. The baseline between the measurement magne-
tometer and the reference magnetometer was d ≈ 10.0 mm.
The whole magnetometer apparatus is placed on an optical
table that is vibrationally isolated from the mechanical
rotation system.
Results.—Figure 3 shows the experimentally measured

exotic frequency shift ΔΩ obtained with the lock-in
algorithm in the case of three different modulation ampli-
tudes δν ¼ f2.40; 2.20; 1.95g Hz. Each data point corre-
sponds to a 2 h measurement and we collected data with
different modulation amplitudes for 270 h in total. During
data recording, many undesirable noises, such as air
vibration, spurious magnetic noise, electronic cross-talk,
etc., might contaminate the magnetometer signal. To
address this, a fixed enclosure for the rotating BGO crystal
is used to reduce the air vibration effect, and a data
processing algorithm is designed to suppress the spurious
magnetic noise (see Supplemental Material for details).
The insets of Fig. 3 show the histogram of the measured

exotic frequency shift ΔΩ. For example, fitting the histo-
gram in Fig. 3(a) with a Gaussian distribution gives
ΔΩ=2π ¼ ð98� 99Þ nHz. The mean value of the measured
exotic frequency shift ΔΩ is approximately 1σ from 0,
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FIG. 2. (a) The typical noise spectral density of themagnetometer.
A calibration field with an amplitude of 7 pT at 10 Hz is applied to
evaluate themagnetic field sensitivity. Because of themagnetic field
noise from the magnetic shield, the magnetometer shows a noise
floor of 15 fTrms=Hz1=2 and its quadrature noise shows a low noise
floor of 1.4 fTrms=Hz1=2. After suppressing the common-mode
magnetic field noise from the surroundings using a gradiometer
made up of two individual magnetometers, the magnetic-field
sensitivity of the gradiometer reaches 2 fTrms=Hz1=2. The inset
shows the amplitude-frequency response of the magnetometer,
where the−3 dB bandwidth is about 56 Hz. (b) The dependence of
the linewidth of the magnetometer on the pump power. Two cases
including the Gaussian-shaped pump beam and the ring-shaped
pump beam are included. The linewidth is less sensitive to the pump
power in the case of the ring-shaped beam, which indicates the
suppression of power-broadening effects. (c) The dependence of
the light shift on the pump light detuning. Two cases including the
Gaussian-shaped pump beam and the ring-shaped pump beam are
included.Weaker light shift effects can beobserved in the case of the
ring-shaped beam.
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which indicates that there may be some spurious signal in
the measured data. However, by conducting a velocity-
dependent experiment, where three different modulation
amplitudes are chosen, the velocity-independent spurious
signal is largely suppressed (see Supplemental Material for
details).
To set a constraint on the coupling strength f4þ5, a

Monte Carlo integration for the exotic frequency shift is
performed based on Eq. (1). The exotic frequency shifts are
integrated over the distribution of the unpolarized nucleons
in the BGO crystal. The coupling to unpolarized fermions
is typically assumed to be the same for neutrons and
protons and is 0 for electrons in the unpolarized mass
[14,39]. All the measured exotic frequency shifts give a
coupling strength of f4þ5 ¼ ð0.68� 1.08statÞ × 10−23 at
λ ¼ 0.1 m. The dominant systematic effects are effectively
suppressed to below the statistical sensitivity by eliminat-
ing the velocity-independent spurious signal. More details
are presented in the Supplemental Material.
The systematic errors of the experiment are summarized

in Table I. The major factors leading to errors in our
experiments are the instability of the rotation frequency ν
and the phase uncertainty between the magnetic field to be
measured and the magnetometer outputs. The total sys-
tematic error that combines all the uncertainty in these

experimental parameters is estimated to be 0.15syst × 10−23,
where all of these errors are assumed to be independent
[14,40]. Hence, the overall systematic uncertainty can be
derived by combining all the systematic errors in quad-
rature. We quote the final total coupling strength f4þ5

as ð0.68� 1.08stat � 0.15systÞ × 10−23.
Figure 4 shows the experimental constraint on the

coupling strength f4þ5 of the interaction V4þ5 between
unpolarized nucleons and polarized Rb electron spins in the
interaction range above 10−4 m. The green area represents
excluded values at the 1σ level. Our result on the coupling
strength with unpolarized nucleons is more than 3 orders of
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FIG. 3. The measured exotic frequency shift ΔΩ for different
modulation amplitudes δν ¼ 1.95 Hz (a), δν ¼ 2.20 Hz (b), and
δν ¼ 2.40 Hz (c). Each point represents an average over 2 h.
These insets show the distribution of the exotic frequency shift
ΔΩ, where the solid line indicates a fit to a Gaussian distribution.
The total time duration for recording the data is 270 h.

TABLE I. Estimated contributions of various sources of sys-
tematic errors to Δfexp4þ5.

Parameter Value Δfexp4þ5ð×10−23Þa
Mass of BGO (g) 201.80� 0.02 < 0.001
Amplitude δν (rad=s) 2.20� 0.10 ∓ 0.022
Position of BGO Lx (mm)b 0.0� 1.0 �0.015
Position of BGO Ly (mm) 10.0� 1.0 ∓ 0.002
Position of BGO Lz (mm) 0.0� 1.0 �0.015
Baseline d (mm) 10.0� 1.0 ∓ 0.002
Phase delay (deg) 30.5� 5.1 �0.142
Calibration constant κ (V=nT) 11.20� 0.93 ∓ 0.042

Final Δfexp4þ5ð×10−23Þ 0.68 1.08 (statistical)
(λ ¼ 0.1 m) 0.15 (systematic)

aThe correction to Δfexp4þ5 at λ ¼ 0.1 m.
bThe origin of coordinates is at the center of the probe light of

the measurement magnetometer.
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FIG. 4. Experimental constraint (at the 1σ level) on the exotic
spin- and velocity-dependent interaction V4þ5 as a function of the
force range λ and mass of the bosons mb. The blue dashed line is
the upper limit established by experiments in Ref. [12]. The
orange dash-dotted line is the upper limit established by experi-
ments in Ref. [15]. The gray dotted line is the upper limit
established by experiments in Ref. [32]. The green solid line is
the upper bound obtained from our experiment, which establishes
an improved laboratory bound in the force range from.
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magnitude tighter than that of previous works for the range
between 1 mm ∼ 10 mm, and one order of magnitude
tighter for the range above 10 mm.
Conclusions.—In conclusion, based on the diffusion

pumping scheme, we have realized a high-sensitivity Rb
magnetometer with a noise floor of 1.4 fTrms=Hz1=2. To
obtain a better performance of the magnetometer, many
efforts have been made to suppress systematic errors. With
the diffusion method, our magnetometer is less sensitive to
the pump light intensity and frequency detuning compared
with the traditional direct optical pumping. To avoid the
intensity noise of the probe light, an AOM is employed to
actively stabilize the probe light power and we further
adopt the optical rotation scheme with a balanced PD to
suppress the common-mode noise of the probe light. In
addition, because the probe light is far detuned from the
center of the Rb D1 line and the absorption line is largely
pressure broadened in the buffer-gas-filled vapor cell, the
magnetometer is also immune to the probe light frequency
noise, as compared with those using an antirelaxation
coated vapor cell. The probe light frequency noise could
be further suppressed with laser frequency stabilizations. In
addition to suppressing the noise inside the magnetometer,
a gradiometer configuration is further adopted to suppress
the noise from the surroundings, such as the thermal
magnetic noise of the magnetic shield, and the magnetic
field interference of the rotating BGO crystal. With all of
these arrangements, we finally realize a high-sensitivity and
stable magnetometer.
The magnetometer is used to search for exotic spin- and

velocity-dependent interactions. We have improved the
limit on the exotic interaction V4þ5 between unpolarized
nucleons and electrons by several orders of magnitude for
the force range above ∼10−3 m.
Because of the advantages of the diffusion optical

pumping scheme, which can not only suppress the
power-broadening effect and light shifts but also improve
the sensitivity of the magnetometer; it can also be helpful in
many other applications that are based on atomic vapor
cells [41], such as the atomic clock [42,43], the atomic
gyroscope [44], and quantum memories [45–47].
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