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The search for axions sits at the intersection of solving critical problems in fundamental physics, including
the strong CP problem in QCD, uncovering the nature of dark matter, and understanding the origin of the
Universe’s matter-antimatter asymmetry. The measurement of axion mediated spin-dependent interactions
offers a powerful approach for axion detection. However, it has long been restricted to regions outside the
“axion window” due to a significant trade-off: the need to effectively suppress the magnetic leakage from
highly polarized spin sources while simultaneously detecting subfemtotesla level exotic physics signals at
sub-decimeter-scale distances. In this work, we report new experimental results on axion mediated exotic
spin-spin interactions using an iron-shielded SmCos spin source in combination with a specially designed
self-compensation comagnetometer. Employing a composite shielding structure, we achieved a suppression
of the magnetic field by up to 10'!. This enabled us to establish new constraints on the coupling between
electrons and neutrons, improving previous experimental limits by up to 10000 times within the axion
window. Furthermore, we also set the strongest constraints on the coupling between electrons and protons.
The proposed method holds substantial potential not only for advancing the search for new physics beyond
the standard model but also for enabling transformative applications in biological and chemical research.
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The standard model of particle physics has been remark-
ably successful in explaining a wide range of phenomena but
falls short in addressing several key issues, such as the nature
of dark matter, dark energy, and matter-antimatter asymmetry
in the Universe. These unresolved issues strongly suggest the
existence of new physics beyond the standard model. To
bridge these gaps, various theories beyond the standard model
have proposed the existence of new light bosons [1,2], with
particular focus on spin-0 axion and axionlike particles
(ALPs) (in this Letter, we refer to both axions and ALPs
as “axions”) [3-5]. Axions are candidate constituents of cold
dark matter. The challenge in the search for axions is that their
mass is unknown and can, in principle, be of any value with a
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range spanning many orders of magnitude. Several theories
constrain the most probable axion mass range to 0.01-1 meV
[6-10], which is the so-called “axion window.” However,
previous laboratory haloscope experiments for axion dark
matter research such as the Axion Dark Matter eXperiment
(ADMX) [11] and astrophysical observations such as the
SN1987A [12] and Sudbury Neutrino Observatory (SNO)
[13] primarily explored mass ranges outside the window
[5,14]. Recently, experimental efforts have shifted toward
exploring the axion window, including haloscope experi-
ments (Orpheus [15], MADMAX [16], ORGAN [17], and
CAPP [18]).

If the axion exists, it could mediate exotic spin-
dependent forces [19,20], which have garnered considerable
attention in recent years [21,22]. Searches for spin-dependent
forces have the advantage of covering a wide range of the
axion mass without scanning. A comprehensive overview of
theoretical and experimental developments is available in a
recent review [22]. Numerous experimental approaches are
used or have been proposed to investigate these forces,
including torsional pendulums and oscillators [23], atomic
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magnetometers [24-28] and nitrogen-vacancy centers in
diamond [29], nuclear magnetic resonance (NMR) [30,31],

and other advanced technologies [32—-34]. However, there are
fewer experiments detecting it within the axion window
[28,35]. The significant challenge is that measurements
within the axion window demand that the distance between
a sensitive detector and a high-spin-density source should be
subdecimeter. Ideally, one could choose a high-spin-density
source such as a SmCos magnet and a high sensitivity atomic
sensor to enhance the sensitivity to exotic interaction [22].
However, simultaneously achieving suppression of usual
magnetic field leakage, which is about Earth’s magnetic
field, and ultrasensitive measurement of nonmagnetic exotic
signal, which is subfemtotesla level in this range, is extremely
challenging.

In this work, we tackle this challenge by employing a
combination of advanced magnetic shielding and a self-
compensation (SC) sensor. The SC sensor is designed to
be insensitive to usual magnetic fields while retaining ultra-
high sensitivity to nonmagnetic fields. We report a method
that achieves a magnetic field suppression factor of more than
10" with the help of a composite magnetic shield consisting
of three parts of structure to suppress the magnetic leakage of
the spin source [36-38], as well as the suppression that comes
from the use of a self-compensated magnetometer. Compared
with the recent work to search for the axion in the axion
window [28], the net spin in our spin source is more than 10°-
fold higher. Meanwhile, the sensitivity of our atomic sensor is
also 2 orders of magnitude higher [39]. We apply this
approach to search for exotic electron-neutron (or electron-
proton) coupling in the range within the axion window.
Having found no significant evidence for an axion mediated
new force, we improve previous experimental constraints on
electron-neutron coupling by up to 10 000 times, with typical
improvements of 8000 times in the range of 0.02-0.1 meV,
while the existing constraints [26] remain stronger below
0.009 meV. And we set the strongest constraints on electron-
proton coupling. The approach demonstrated in this study
exhibits significant potential for a wide range of biological and
chemical applications that rely on the combination of a high-
field prepolarization region and a low-field detection region.

Exotic dipole-dipole interactions—Among the various
exotic interactions studied, specific terms take precedence
based on the couplings under consideration, as detailed in
Ref. [22]. In particular, the dipole-dipole term, which is the
focus of this study, is significant because it provides the
strongest constraints on the pseudoscalar-pseudoscalar
couplings associated with axions [22]. The dipole-dipole
interactions we measure in this experiment are
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where 7 is the reduced Planck constant, ¢ is the speed of
light, 6y and &', are vectors of Pauli matrices representing
the spins s; = fi6;/2 of the two fermions X and Y, in our
case, the electron and neutron/proton, my and my are the
corresponding masses, A = f/m,c is the force range, m, is
the axion mass, and r is the distance between two fermions.
Here, we adopt the exotic potentials for macroscopic
experiments as recommended in the review [22], and the
5(r) term is zero in our case, but is non-negligible on the
atomic scale [40].

Experimental setup—The K-Rb-?!Ne comagnetometer in
this experiment is similar to the one in Ref. [25]. There is a
12 mm diameter spherical cell containing 3.5 amagats of
2INe, 50 torr N5, and K and Rb atoms with a density ratio of
about 1/100 at the center of the comagnetometer. The cell
is heated to 190°C. The K atoms are polarized with
circularly polarized light tuned to the K-DI1 line along
the z axis. The Rb and ?'Ne atoms are spin polarized by
spin exchange collisions. Hybrid optical pumping is
utilized to improve the polarization uniformity. The pre-
cession of Rb atoms is detected with linearly polarized
probe light propagating along the x axis.

The iron-shielded SmCos (ISSC) spin source consists of
a cylindrical SmCos magnet with a diameter and height of
2.5 mm with remanence of about 1 T. The magnet is
encased in a 2 mm thick layer of pure iron and a 2 mm thick
layer of y metal to minimize magnetic leakage. The core
magnet and these shields together constitute what we define
as the spin source. The primary advantage of the ISSC spin
source is its combination of a low-leakage magnetic field
with a large net spin, due to the differential contributions of
orbital and spin moments to the total magnetization [41].
After adding the electron spins from both the SmCos and
the soft iron, the net number of spins is calculated to be
4.63 x 10%°. The direction of the source spin is modulated
by rotating it with a servo motor around the z axis, during
which the spin remains perpendicular to the z axis. An
exotic pseudomagnetic field shown in Eq. (1) that interacts
with the atomic spins in the comagnetometer would
generate a potentially detectable sinusoidal signal.

These ISSC components are mounted on top of a long
aluminum rod attached to a motor. The spin sensor is
enclosed inside three layers of a y-metal magnetic shield
(u cen). To minimize the interaction distance and magnetic
noise of the shield, these three layers of shield are made of a
tape-wound shield, centered on the cell location, with a
radius of 40 mm. To further enhance shielding performance
against magnetic leakage from the source in a confined
space, a special small-volume shield (¢ radial) is applied.
Figure 1 illustrates the schematic of the composite shield-
ing, while the detailed geometry and shield performance
are presented in Fig. 2.

Magnetic field suppression—As shown in Fig. 1(a), the
K-Rb->Ne comagnetometer is operated in the self-
compensation regime to suppress the influence of real
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FIG. 1. Principle of the experiment. (a) The atomspins in the
sensor cell are polarized and probed by pump and probe laser
beams. The white arrow represents the magnetization direction of
the spin source. A composite shield is used to shield the usual
magnetic field from the spin source, named as first suppression,
which contains the y source for enclosing the spin source, the u
radial around the spin source, and the u cen for enclosing the
sensor. Besides, there are another two magnetic shields, one for
enclosing the sensor and spin source, the other for enclosing the
motor, which are not shown. The sensor works in the self-
compensation (SC) regime to provide the second suppression of
the magnetic field. Combining the first and second suppression,
the magnetic field B (orange line) is significantly suppressed
while the sensitivity to exotic field b (green line) is the highest.
(b) The measured response to the magnetic field in the SC regime
is significantly suppressed against that out of the SC. (c) In the SC
regime, the comagnetometer is insensitive to the low-frequency
magnetic field while the sensitivity of the exotic field is the
highest. The response to the usual magnetic field is suppressed by
25 times at 0.3 Hz compared with the exotic field under the same
condition. The measured frequency response is fitted with Bloch
equations.

magnetic fields. At the same time, the Fermi-contact
interaction between 2!Ne nuclei and alkali electrons
increases the signal generated by the exotic field
[39,42,43]. According to the Bloch equations [25,42]
describing the coupled spin ensembles, the comagnetom-
eter’s response to the quasistatic signal in the self-com-
pensation regime is

PR
Py =—> e2sp 2
RZ + 4 5BZ
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where y¢ is the gyromagnetic ratio of the electron; P¢ and
RS are the electron spin polarization and its transverse
relaxation rate; by and b5 are the exotic fields along the y
axis that couple with nuclei and electrons. 6B, = B, — B, is
the difference between the bias field B, and the self-
compensation point B.. B.= —B! —B{ is equal in
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FIG. 2. Magnetic shield structure and performance. The mag-
netic shield structure (a) with the p-radial shield has much better
performance than the structure (b) without the y-radial shield. p
source, shields of the spin source; y radial, radial shield; u cen,
central tape-wound shield. (c) The y radial is designed to be
placed to form a closed magnetic loop between the u radial and
the spin source. (d) The measured shielding factor of the u cen, u
radial, and self-compensation property together is over 1 x 107 at
the target frequency.

magnitude but opposite in direction to the sum of the
nuclear spin effective magnetic field B? and the electronic
spin effective magnetic field B¢. The spin polarization P is
transformed to the output electric signal with a gain factor.
When 6B, =0, the comagnetometer works in the SC
regime, where the response to usual magnetic fields B,
is near zero. The mechanism behind the SC regime is that
the magnetization of noble-gas nuclear spins adiabatically
follows the total magnetic field while its magnetization
compensates By, [39,44]. We demonstrate the SC regime by
comparing the measured responses to B, in and out of the
SC regime by changing the bias field, as shown in Fig. 1(b).
The response to B, is significantly suppressed in the SC
regime.

We use the same method as Refs. [39,43] to simulate the
response to the exotic field b} with the measured responses
to the usual magnetic field B, based on the coupled Bloch
equations. The responses to b} and B, are illustrated in
Fig. 1(c). The SC regime works with frequencies below
1 Hz, where the response to the usual magnetic field is
greatly suppressed compared with the response above 1 Hz.
Meanwhile, the response to the exotic field is the highest in
the SC regime, which is significantly higher than that of B,,.
The suppression factor can be more than 10* when the real
magnetic field is dc. To optimize the sensitivity to the spin-
spin interaction, the spin source is rotated at the frequency
where the response to the exotic field b} is high.
Meanwhile, to avoid the effect of the large residual usual
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magnetic field and the 1/f noise in low frequencies, we
need to modulate the source at a relatively higher frequency
within the SC regime. Our compromise is to modulate the
exotic field at 0.3 Hz, where the response to B, is
suppressed by 25 times more than the response of bf.

The top view of the entire shielding structure is presented
in Figs. 2(a) and 2(b), showing simulations of the magnetic
shielding effectiveness with and without the blue y-radial
shield, respectively. The direction of magnetization of the
spin source is perpendicular to the axial direction of the u
radial. Thus, a closed magnetic loop is formed by the side
wall as shown in Fig. 2(c). The inclusion of the u-radial
shield enhances the shielding performance by more than
100 times within a limited space compared to the structure
without the p-radial shield.

The integrated magnetic suppression performance of the
shield structure and the self-compensation ability is tested
with an electromagnet with similar dimensions as the
source, and its amplitude and frequency are tuned by
changing the current through it. The leakage of the
magnetic field can be estimated as BL,(f) = B../x(f),
where B! . is the leakage of the source, which is measured
to be approximately 1 nT at a distance of 2 cm, y(f) is
the decay factor of the magnetic leakage, which includes
the geometrical decay factor (of the residual distance), the
shielding factor of p-radial and p-cen shielding, and
the suppression factor of the SC mode. Figure 2(d) shows
the measured shielding factor of y(f). At the working
frequency of 0.3 Hz, we calibrate the (0.3 Hz) > 1 x 107,
and the magnetic leakage at the position of the sensor is
estimated to be smaller than 0.1 fT. We can also consider
the traditional definition of the shielding factor comparing
the situations with and without the shielding. The magnetic
leakage is estimated to be 10 pT at the position of the
sensor, which means that our magnetic shielding factor
together with the SC mode is about 10'!.

Result—The signal of the comagnetometer and the pulse
signal from the motor decoder, used for signal synchroni-
zation, are simultaneously acquired by a data acquisition
device. The modulated exotic field applied on the sensor
spins can be considered as an equivalent magnetic field by
integrating the overall contributions from the spins in the
source with b"" = n™? /uy [ V,pdV, where n" = 0.58 and
n? = 0.04 are the fraction factors for neutron and proton
spin polarization, while p is the magnetic moment of the
2INe nucleus. The detailed data processing procedure and
the evaluation of the phase uncertainty, as summarized in
Table I, are provided in the End Matter. The exotic field b
is derived from sensor signal § by §= K;.b}. The
calibration factor K. of b} is determined by the measured

response to the usual magnetic field [25,42,45]. Moreover,
we consider the difference between the dc and ac response
factors with a ratio K /K3 as shown in Fig. 4(e) in the

End Matter. For 0.3 Hz, K‘;% is determined to be 0.84(6).

TABLE I. The experimental parameters and their error budget
for the coupling coefficients.

Parameter Value Agsgh(x10710)
Net spin (x10?%) 4.63(56) -0.41
+0.51
Mounting error (deg) +2.00 +0.18
r (mm) 50.00(5) +0.04
Phase uncertainty (deg) +1.57 +0.15
K’,}C (n V/IT) 1.09(10) -0.32
‘ +0.38
Magnetic leakage (fT) <0.10 <4.75

Total £10.84y = 4~85ystb

“The contribution to the error budget at A = 7 mm.
®Error contribution from the uncertainties listed above.

Using all the 80 h data, the exotic field b; 1S measured
to be (0.08 £ 0.22, £ 0.12) fT as shown in Fig. 3(a).
The systematic error mainly comes from magnetic leakage
and the uncertainty of the calibration factor K7;,. As shown in

Table I, other systematic uncertainties that arise from the
experimental setup and physics simulations, including posi-
tion uncertainties, the phase uncertainty of the comagne-
tometer, the net spin simulation errors, and the mounting
error (misalignment) of the spin source, are also accounted in
analysis of the uncertainty of the coupling constant. At a
force range of 7 mm (equivalent to an axion mass of about
0.03 meV), since no significant evidence for the axion
mediated force is found, taking into account various sys-
tematic uncertainties as well as the statistical uncertainty,
new limits on the dimensionless coupling factor of the new
force are obtained. The coupling constant is determined to be
9595 = (0.38 & 1.08, & 0.48,,) x 107°, and we set a
limit [g5¢%| < 2.4 x 107 with a 95% confidence level,
improving on the previous limit [28] at 0.03 meV by over
4 orders of magnitude. The limit for other force ranges is
determined with the same method, as shown in Fig. 3(b).
Furthermore, taking the contribution of the proton spin in the
2INe nucleus into account, we establish the strongest
constraints on the coupling between electrons and protons,
as shown in Fig. 3(c). There is no reported electron-proton
coupling in this range, and we include the electron antiproton
coupling from antiprotonic helium result as a comparison
[46]. Constraints between electron and proton interactions
also exist at shorter force ranges [40,47]. A NMR resonance
enhancement experiment is also proposed to detect axions
within this force range [48].

The long-term stability of the comagnetometer was
monitored over a period of more than 24 h, revealing that
the fluctuation of the key parameter, the self-compensation
point, was less than 0.3% of its mean value. However, drift
in the self-compensation point introduces errors in the
calibration factor K?,?. These uncertainties are summarized
in Table I. The long-term stability is because of many
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Experimental results. (a) Each point represents an average of a 4 h measurement. The error bars represent the statistical and

systematic error of the comagnetometer. The exotic field b} is measured to be (0.08 £ 0.22,,) fT. Inset: histogram of a 4 h dataset with
a Gaussian fit in the red line. (b) The experimental limits on |g,¢|. The blue dotted line, “Wang 2022,” is from Ref. [28]; the red dashed
line, “Almasi 2020,” is from Ref. [26]. Almasi 2020 is more sensitive at low axion masses due to a larger spin source. The main gain over
Wang 2022 is the use of a higher-density (solid) spin source and a higher-sensitivity sensor in this work. (c) The experimental limits on

p

technical improvements [25] such as a vibration isolation
system to mitigate vibration noise [49], a closed-loop
temperature control system to stabilize spin polarization
and calibration factors, a vacuum system to reduce thermal
convection, optical noise suppression techniques [50], and
the method to enhance the SC stability [39].

Future improvements will focus on detecting exotic
forces at shorter ranges with higher sensitivity. The primary
challenge remains the trade-off between reducing magnetic
leakage and increasing the density of the spin source. In this
work, we addressed this issue by designing a specially
structured shield to create a magnetic loop, enhancing
shielding performance by 100-fold within a compact
volume. Further advancements require shields made of
materials with higher permeability and lower noise to
achieve better suppression of magnetic leakage and further
improve sensitivity.

Furthermore, our approach offers broader possibilities
for applications requiring both high magnetic field regions
and ultralow magnetic field regions. As a case study, we
focus on the zero- to ultralow-field nuclear magnetic
resonance (ZULF-NMR) technique in biological and
chemical research [51,52]. ZULF-NMR necessitates
spatially distinct areas: a tesla level magnetic field region
for prepolarization and an ultralow magnetic field region
(at the femtotesla level) for NMR signal detection.
Conventional setups employ cylindrical magnetic shielding
and maintain a significant gap (approximately 40 cm)
between the high- and low-field regions, introducing
notable signal attenuation due to relaxation effects
[51,53-55]. However, the compact shielding structure
presented here reduces the sample transportation time by
up to an order of magnitude and reduces the setup volume
by over 15-fold. For ZULF-NMR experiments, the shield-
ing factor of the u source and y radial is improved to 10,
even with a 6 mm diameter axial hole for sample shuttling.
The reduction in distance and time enabled by our design

g5 g§|. The green dash-dotted line, “Ficek 2018 e-p,” is from Ref. [46].

provides significant advantages in preserving signal integ-
rity and simplifying the experimental setup.

Conclusion—In conclusion, we utilized a comagnetom-
eter and a specially designed spin source to search for
exotic dipole-dipole interaction. The usual magnetic field
from the source is suppressed by over 11 orders of
magnitude, due to source and sensor shielding and the
use of the self-compensation regime, while maintaining the
ultrahigh sensitivity to the exotic field. With the high spin
density of the source, we have improved the limit on the
spin-dependent interaction between electrons and neutrons
within the axion window, achieving a remarkable improve-
ment of over 10000 times at 0.03 meV. We also set the
strongest constraints on the coupling between electrons and
protons, which previously have only been reported through
analysis of spectroscopy data from antiprotonic helium
[46]. In future work, the experimental methods developed
here will be applied to a broader search for exotic spin-
dependent interactions, search for dark matter directly
coupled to atomic spins, and study of spin-gravity inter-
action. New limits can be set on coupling parameters for
spin-1 bosons [22], such as the Z’ boson, and also for the
study of violations of parity symmetry, as discussed
in Ref. [56].
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the experimental data, attributed to air convection
disturbances and temperature fluctuations.

As shown in Fig. 4(d), the data are divided into seg-
ments, with each segment corresponding to one modulation
period. Using linear interpolation between consecutive
pulses, each segment is further divided into two parts,
corresponding to two half-periods. Then the mean value of
each segment is derived and denoted as S and S; for
the positive and negative parts, respectively. Assuming that
the background signal is time dependent, we can use the
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FIG. 4. Data acquisition process. (a) The motor decoder
generates one pulse per revolution. (b) As the motor rotates,
the projection of the exotic field b} on the y axis produces an
effective sinusoidal magnetic field. (c) The simulated response of
the comagnetometer shift is phase relative to the input. (d) The
measured response of the comagnetometer. The simulated
(e) amplitude and (f) phase response of the comagnetometer to
b} in the self-compensation regime. The uncertainty bands are
calculated based on the uncertainties of the measured parameters
in the text.

following procedure to remove the dc bias field and low-
frequency drifts and get the effective amplitude of the
signal for the i th period of the data [25]:

S5 =387 +357,, =57, (A1)

O | —

Si:

We further consider the phase shift between the sensor
response S and the exotic field by. In Fig. 4(f), the phase
shift is calculated based on the measured parameters R =
0.030(2)rad/s, R§=5430(200)rad/s, P¢=0.75(11),
B.=506(1)nT, B! =407(7) nT, and B¢ =100(7) nT [25].
The shaded area of the curve is the corresponding uncer-
tainty. The phase shift is A® = —36.3(16)° at modulation
frequency 0.3 Hz [corresponding to a time delay of
At = 0.33(2) s]. The signal segments shown in Figs. 4(c)
and 4(d) are shifted correspondingly by Atz The
comagnetometer has similar response forms to the exotic
field b} and the usual magnetic field By, which is
S = Kby + Kp B, where K;» and K _are the respective
scale factors. Hence, the exotic field b can be calibrated
using a usual magnetic field, which is a common method in
experiments searching for new physics beyond the standard
model [25,42,45]. We first determine the scale factor of the
dc exotic field by, K%, using the response to the usual

magnetic field. Then we obtain the K%% with the ratio
K‘;‘)%/K‘ég from Fig. 4(e). For 0.3 Hz ac signal, KZ% is

determined to be 0.84(6). The error of the calibration factor
is obtained from long-term monitoring with the error
transmission in Ref. [25].
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