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We propose a novel experimental approach to explore exotic spin-dependent interactions using a spin-
exchange relaxation-free (SERF)magnetometer, themost sensitive noncryogenic magnetic-field sensor. This
approach studies the interactions between optically polarized electron spins located inside a vapor cell of the
SERF magnetometer and unpolarized or polarized particles of external solid-state objects. The coupling of
spin-dependent interactions to the polarized electron spins of the magnetometer induces the tilt of the electron
spins,which canbe detectedwith high sensitivity by a probe laser beamsimilarly as an externalmagnetic field.
We estimate that bymoving unpolarized or polarized objects next to the SERFRbvapor cell, the experimental
limit to the spin-dependent interactions can be significantly improved over existing experiments, and new
limits on the coupling strengths can be set in the interaction range below 10−2 m.
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Recently, exotic spin-dependent interactions, predicted
by string theories and many theoretical extensions of the
Standard Model of particle physics [1–3], have attracted
much attention in the community of physicists. Such theories
are associated with the spontaneous breaking of continuous
symmetries, leading to massless or very light Nambu-
Goldstone bosons [4–6], such as the axion [7], and axionlike
particles (ALPs) [2,8], which are candidates for cold dark
matter [9,10]. These exotic particles are bosons and can
weakly couple with ordinary particles, such as leptons or
baryons. Moody and Wilczek [11] first proposed three
possible types of interactions between polarized and unpo-
larizedparticles,whichwere later expandedbyDobrescu and
Mocioiu [12]with the inclusion of the termsdependent on the
relative velocity between the two interacting particles. A
general classification of the interactions between particles
contains 16 types of structures of operators: 15 of them
depend on the spin of at least one of the particles and 7
depend on the relative velocity of the particles. In this paper,
we show a new experimental method to explore all the 15
exotic spin-dependent interactions.
The possible exotic spin-dependent interactions between

polarized and unpolarized particles are (in SI units, adopt-
ing the numbering scheme in [12,13])
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where mp is the mass of the polarized particles, σ̂i is the
spin vector of the ith polarized particle while ~σi ¼ ℏσ̂i=2, ℏ
is Planck’s constant, r̂ ¼ ~r=r is a unit vector in the direction
between the polarized and unpolarized particles, ~v is their
relative velocity, c is the speed of light in vacuum, and λ is
the interaction range.
There are nine interactions between two polarized

particles, three of which are not dependent on the relative
velocity of the particles ~v,
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and the remaining six are
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Here fi is the coupling strength for the interaction Vi which
can be induced from scalar, pseudoscalar, vector, and axial
coupling constants for the case of single massive spin-0 and
spin-1 [14] boson exchange (see Table 1 in Ref. [13] for
details on the coupling strength). Some of these interactions
are not invariant under parity-inversion (P) or time-reversal
(T) symmetries. As shown in Table I, the interactions V11,
V12þ13, and V16 violate P symmetry; the interaction V6þ7

violates T symmetry; and the interactions V9þ10, V14,
and V15 violate both P and T symmetries. The T- and
P-violating interactions could be induced by the axion,
which is related to the strong QCD problem, or a generic
light scalar boson. The detection of spin-dependent inter-
actions, therefore, will enable one to distinguish the axion
from the scalar boson [15].
The static spin-dependent interactions have been care-

fully investigated: (i) for polarized electrons, experiments
with a torsion pendulum [16–21] and paramagnetic salt
[22–24]; and (ii) for nucleons, measurements of precession
frequency of atomic gases [25–29]; experiments with an
ion trap [30] and neutron bound states [31,32]; and spin-
relaxation measurements of polarized particles [33–36]. On
the other hand, the experimental constraints on the inter-
actions dependent on both spins and the relative velocity
are very few. Only several experiments recently reported
progress: [37] (measurements in the geomagnetic field),
[38] (the spin-exchange interaction studies), [39,40]
(experiments with the beam of polarized cold neutrons),
and [41] (spin relaxation studies). Furthermore, only a few
new methods for polarized electrons have been proposed:
the experiments with rare earth iron test masses [13] and
paramagnetic insulators [42].

To probe the spin-dependent interactions for polarized
electrons, we propose experimental methods based on a
spin-exchange relaxation-free (SERF) magnetometer
which contains 1015 alkali atoms in a vapor cell as the
source of almost 100% optically polarized electron spins.
The SERF magnetometer, as a type of alkali atomic
magnetometer, operates in the regime of low magnetic
field and high alkali density where the effect of spin-
exchange collisions on spin relaxation is negligible [43,44].
Extremely high sensitivity below 1 fT=

ffiffiffiffiffiffi
Hz

p
has been

demonstrated [45,46], which surpassed that of supercon-
ducting quantum interference devices [45]. Thus, the SERF
magnetometer in addition to a high number of polarized
spins brings the advantage of very high sensitivity. Because
of particularly high sensitivity, the SERFmagnetometer has
been employed in the test of fundamental CPT symmetry
[47] and in ultrasensitive bioimaging, such as magneto-
encephalography [48]. Recently, the SERF magnetometer
has been proposed to explore the axion dark matter [49].
Our proposed experimental setup for the studies of

the spin-dependent interactions is shown in Fig. 1. It is
based on the SERF prototype magnetometer constructed
at Los Alamos National Laboratory that demonstrated
10 fT=

ffiffiffiffiffiffi
Hz

p
sensitivity [50]. The SERF magnetometer

contains a large pancake Rb vapor cell of 6 cm diameter
and 2 cm height with about 1 mm wall thickness filled with
He buffer gas of 1 atm to reduce the diffusion spin
relaxation. To generate sufficiently large Rb density, the
cell is electrically heated to 150 °C. The magnetometer is
placed into a magnetic field shield made of mu-metal, and
the residual fields inside the shield are compensated with
three orthogonal coils to ensure the SERF operation

TABLE I. The parity (P)- and time-reversal (T)-violating
interactions. The 1 (0) refers to the violation (no violation) of
the symmetries.

V2 V3 V4þ5 V6þ7 V8 V9þ10 V11 V12þ13 V14 V15 V16

P 0 0 0 0 0 1 1 1 1 1 1
T 0 0 0 1 0 1 0 0 1 1 0

FIG. 1. Schematic of the experimental setup. Almost parallel
pump and probe beams in the ẑ axis are sent to a large Rb vapor
cell. An unpolarized or polarized test mass is located next to the
cell. The Rb electron spins in the cell and spins of the test mass
are represented by ~σ1 and ~σ2, respectively. The test mass can
move with a velocity ~v forward and backward along the ẑ axis,
move right and left along the x̂ axis, or rotate clockwise and
counterclockwise around the ẑ axis (along the ϕ angle)
according to the format of the exotic spin-dependent interactions
[Eqs. (1)–(11)]. There are nine cases of the combination of σ̂1, σ̂2,
and ~v as listed in Table II.
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regime. In a SERF magnetometer, a weak external mag-
netic field tilts the polarized electron spins by a small angle
that depends on the magnitude of the field [50,51]. The tilt
is measured with a probe laser beam by its effect on the
light polarization. All spin-dependent interactions have the

form of ~σ · ~A, where ~A is the field vector between the SERF
electron spin and the interacting particle of the test mass as

described by Eqs. (1)–(11). The ~σ · ~A interactions are
similar to that of an external magnetic field ~B with electron

spin, in the form of ~σ · ~B, and they can similarly induce the
tilt of the polarized electron spins of the magnetometer. The
Bloch equation, e.g., Eq. (1) in Ref. [50], where the term of
~B is replaced with ~A, can be used to describe the response
of the SERF magnetometer to the spin-dependent inter-
actions. This tilt will be measured with high sensitivity by a
probe beam similar to an external magnetic field.
The circularly polarized pumpbeamand linearly polarized

probe beam are almost parallel and sent to the vapor cell
along the ẑ axis; thus theRb electron spins in thevapor cell ~σ1
are pumped along the ẑ axis.Becauseof this, the sensitivity of
the magnetometer depends on the tilt of the spins quadrati-
cally, and to increase the magnetometer response, an offset
field is applied in the transverse direction to the beams’
propagation direction. The offset field can be modulated at
some high frequency and the lock-in detection can be
implemented to reduce the effects of laser technical noise
arising from the laser frequency and intensity fluctuations
which limits the magnetometer sensitivity [50]. An unpo-
larized or polarized cube test mass is positioned next to the
cell. A mirror (not shown in Fig. 1) between the cell and the
test mass returning the probe beam is used to minimize
the standoff distance from the cell to the test mass. Any
optical setup for the probe beam detection would require
some space andmight influence themeasurements, while the
minimization of the distance between the cell and the test
mass is important for increasing sensitivity to the interactions
at the region of small interaction ranges. There are three
possible variations in the setup to search for the spin-
dependent interactions: the test mass is arranged (1) to move
forward and backward along the ẑ axis; (2) tomove right and
left along the x̂ axis with a velocity ~v; and (3) to revolve
clockwise or counterclockwise around the ẑ with a constant
angular frequency. The direction of the spin σ̂2 in the
polarized test mass would be chosen along the x̂, ŷ, or ẑ
axes to probe different interactions.
For an unpolarized test mass, we assume the use of a

nonmagnetic bismuth germanate insulator (Bi4Ge3O12, or
BGO) with the high nucleon density (7.13 g=cm3 ¼
4.3 × 1024 nucleons=cm3), which has been previously used
[29]. In this paper, we only theoretically calculated the
spin-dependent interactions between the polarized electrons
in thevapor cell and the unpolarizednucleons in theBGO test
mass. For a polarized mass, Dy6Fe23 and HoFe3 with the
electron spin density 1.6 × 1022 spins=cm3 [22,23] and

layers of ferromagnet Alnico 5 and SmCo5 with the electron
spin density ð3.66� 0.08Þ × 1022 spins=cm3 [18–21] were
used. Here we consider a dysprosium iron garnet
(Dy3þ3 Fe3þ2 Fe3þ3 O12, or DyIG) with the spin density of
4 × 1020 spins=cm3 and zero magnetization at the critical
temperature Tc ¼ 226 K, which has previously been inves-
tigated [13]. Another choice is terbium iron garnet (TbIG) for
its higher critical temperature, Tc ¼ 266 K, while the spin
density is reduced by a factor of 2 [13].
As listed in Table II, there are nine combinations among

σ̂1, σ̂2, and ~v, corresponding to different interactions. To
estimate the experimental sensitivity we assume the exper-
imental parameters listed in Table III. The volume of the
test mass is chosen to be 5 × 5 × 5 cm3 to match approx-
imately the diameter of the vapor cell. The realistic closest
distance between the Rb spins and the test mass is about
1 cm because of the cell wall thickness and the required
heat insulation. The test mass can be held at different
temperatures while the SERF cell requires 150 °C. The test
mass position can be moved using a linear actuator with
a modulation of A sinð2πftÞ, where A is set at 0.5 cm
(the half of the maximum distance that the mass moves),
f is the frequency of the modulation, and t is the time.

TABLE II. There are nine cases of the combination of σ̂1, σ̂2,
and ~v for different interactions.

Case σ̂1 σ̂2 ~v Interactions

1 ẑ 0 ẑ V9þ10,V12þ13

2 ẑ 0 x̂ V4þ5

3 ẑ 0 ϕ V4þ5

4 ẑ ẑ ẑ V2, V3,V6þ7, V8

5 ẑ ẑ x̂ V15

6 ẑ ẑ ϕ V15

7 ẑ x̂ ẑ V11,V16

8 ẑ x̂ x̂ V16

9 ẑ ŷ x̂ V14

TABLE III. Experimental parameters used for the estimation of
the sensitivity of the proposed experiment to the spin-dependent
interactions.

Parameter Value

Cell radius 3 cm
Cell window thickness 0.1 cm
Gap between Rb gas and mass 1 cm
Magnetic field sensitivity 10 fT=

ffiffiffiffiffiffi
Hz

p
Test mass dimension 5 × 5 × 5 cm3

BGO density 7.13 g=cm3

BGO nucleon density 4.3 × 1024=cm3

DyIG spin density 4 × 1020=cm3

Modulation amplitude 0.5 cm
Modulation frequency 10 Hz
Rotation frequency 10 Hz
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A modulation frequency of 10 Hz will be used to avoid the
1=f noise usually present in the SERF magnetometer
signal. If the modulation is along the ẑ axis, the maximum
velocity of 31.4 cm=s is achieved when the mass is 1.5 cm
away from the Rb spins. This distance will determine the
sensitivity to the velocity-dependent interactions. If the
modulation direction is parallel to the x̂ axis, the mass can
slide along the minimum distance 1 cm, and then the
maximum velocity will be when the center of the mass is
near the axis of the Rb cell. A frequency of 10 Hz and an
amplitude of 0.5 cm can be chosen to have the maximum
velocity of 31.4 cm=s. The mass can also be rotated around
the ẑ axis with a motor at a frequency of 10 Hz. In this case,
the minimum distance between the test mass and the Rb
spins is also determined by the cell wall thickness and the
heat insulation. In case of rotation, the frequency can be in
principle increased if the 1=f noise is still significant.
To estimate the sensitivity of the proposed experiments

to the spin-dependent interactions, we applied the
Monte Carlo method to average the interaction potentials
given by Eqs. (1)–(11) between the test mass (BGO for
unpolarized mass and DyIG for polarized mass) and the Rb
spins. First, random points were generated in the volume of
the test mass and the Rb cell. Then, the interaction range
was assumed to calculate the potential between two
randomly generated points. Next, all the contributions to
the potential were summed and normalized to give the
average potential for the densities of particles. Finally, the
coupling strength for a typical magnetic field sensitivity
(∼10 fT per second, the demonstrated sensitivity of the
LANL pancake magnetometer, which corresponds to the
energy shift of 1.8 × 10−18 eV for Rb atoms) was derived.
Figure 2 shows the sensitivity to the interactions between
unpolarized nucleons in BGO and polarized Rb electrons:
V4þ5, V9þ10, and V12þ13. It can be seen that for the V9þ10

potential where the value was constrained by the experi-
ments with torsion pendulum [19,21] the SERF magne-
tometer experiment does not offer any improvement.
However, the other two interactions for polarized electrons
have not been constrained by experiments, and therefore
our proposed experiments will be of great value. Figure 3
shows the sensitivity to interactions between two polarized
electrons in DyIG and the cell that are independent of
the velocity, V2, V3, and V11. The present experimental
constraints of these interactions for two polarized electrons
were obtained from torsion pendulum [16,20,21] and
paramagnetic salt [24] measurements. The estimation
shows that the SERF magnetometer has no advantage
for V3 but can be sensitive to the new phase space of
V2 and V11. Figure 4 shows the sensitivity to interactions
between two polarized electrons dependent on the velocity,
V6þ7, V8, V14, V15, and V16. Because there are no
experimental constraints on these interactions between
two polarized electrons so far, this experiment could set
new limits on the coupling strength of these interactions. In

principle, the experimental sensitivity can be enhanced by a
repeating measurement; for N times measurement, the
sensitivity will be enhanced by 1=

ffiffiffiffi
N

p
until systematic

errors become dominant.
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FIG. 2. The constraints of the coupling strength to the inter-
actions, from top to bottom, V4þ5, V9þ10, V12þ13 [12], as a
function of the interaction range (bottom axes) and the ALP mass
(top axes). The dashed curves are the estimated sensitivity of the
proposed experiment to the interactions between the polarized Rb
electrons and the unpolarized BGO [29] test mass for the one
second measurement period. The solid curves are current limits.
The axion coupling strength and range [11,13] are shown in
V9þ10. The constraints from the stellar cooling for the axion
together with short-range gravity experiments with unpolarized
masses are also shown in V4þ5 and V9þ10 [52].
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To compare our estimated sensitivity with the existing
constraints on the axion, we rescaled the predicted
coupling strength and the range of the axion for the
case of a spin-0 interaction in Ref. [11] to f3 and f9þ10

[13]. The 10 meV cutoff [53] is the limit from SN1987a
[54]. On other hand, the pseudoscalar coupling of

electrons is strongly constrained by the stellar cooling
for the axion [55]. Together with short-range gravity
experiments with unpolarized masses for the scalar
coupling of electrons, the stronger constraints for V4þ5

and V9þ10 can be derived [52], shown in Figs. 2 and 3.
The dark photon [56], as a vector coupling boson,
strongly constrains the vector coupling of electrons.
The limit from the dark photon [56] can provide the
constraints for V15 shown in Fig. 4, which is only
dominated by the square of the vector coupling of
electrons [13]. This relation can be derived by comparing
Eq. (4) of [56] and Eq. (5.18) of [12].
Systematic errors could be induced from the magnetic

susceptibility of the test masses, which fluctuates with
temperature and the magnetic field drifts. One challenge
is precise control of temperature. The Rb cell needs to be
kept at ∼150 °C while the test mass should be at room
temperature for BGO and low temperature for DyIG or
TbIG at 226 K and 266 K, respectively. The temperature
difference between the Rb cell and the test mass may
change the magnetic susceptibility and cause additional
magnetization on the test mass. An alternative setup is to
put the Rb cell in a magnetic shield so that the cell will
not feel the magnetic effect of the test mass while the test
mass can be kept at room temperature, though a recent
study implies a possible interaction between the magnetic
shielding and exotic spin-dependent interactions [57];
however, this setup will increase the distance between the
Rb spins and the test mass. Another challenge is to make
the distance between the Rb cell and the test mass as
short as possible in order to maximize the sensitivity to
the spin-dependent interactions at smaller interaction
ranges, which is currently limited by the cell wall
thickness and the heat insulation.
Apart from controlling the temperature and magnetic

field, one way to reduce the systematic error is to
compare the signals between the different states of the
modulation. For the interactions that have only one term
of the velocity, the interaction-induced signal will be in
opposite sign while the orientation of the velocity is
flipped. On the other hand, the systematic error due to the
magnetic susceptibility and the magnetization of the test
mass will be the same for opposite velocity orientations.
Therefore, for V4þ5; V6þ7; V12þ13; V14, and V15, the
signal comparison between the states of the opposite
velocity orientation could suppress the systematic error.
The method of the SERF magnetometer should be mostly
sensitive to these interactions. In the case of the inter-
actions which are dependent on the vector along the
direction between two interacting particles, including
V9þ10, V11, and V16, the sign of the interactions will
change while the test mass is put at the opposite ends of
the Rb cell. One possible way to module the interaction
is to install one test mass at one end of the Rb cell and
another test mass at the opposite end of the Rb cell. The
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FIG. 3. The constraints of the coupling strength to the
interactions, from top to bottom, V2, V3, V11 [12], as a function
of the interaction range (bottom axes) and the ALP mass
(top axes). The dashed curves are the estimated sensitivity
of the proposed experiment to the interactions between the
polarized Rb electrons and the polarized DyIG [13] test mass
for the one second measurement period. The solid curves are
current limits. The axion coupling strength and range [11,13] are
shown in V3.
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residual systematic error may be due to the magnetic
field gradient across the Rb cell. For interactions that
are only dependent on two spins (or two velocities, two
distance vectors), including V2, V3, and V8, there is no
proper way to modulate the test mass and cancel out the
systematic error. The only way is to flip the spin
orientation of the Rb electrons or the polarized test
mass. However, flipping the spin orientation could
cause a large systematic error because the magnetization
is along the spin orientation as well. Therefore, the
method of the SERF magnetometer will be less sensitive
to these interactions, including V2, V3, and V8, unless

the temperature as well as the magnetic susceptibility
can be well controlled.
The setup of the test mass described in this paper can also

be applied to other systems with different test masses to
test spin-dependent and velocity-dependent interactions:
for example, polarized atoms [26–29] for polarized nucle-
ons, or paramagnetic insulator [42] for polarized electrons.
In conclusion, we proposed SERF magnetometer-based

experimental methods to search for the exotic spin-
dependent interactions for polarized electrons. Our detailed
calculations of the projected experimental sensitivity
showed that the experiments are sensitive to the
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interactions, especially at the interaction range of 10−2 to
10−4 m, most of which are not experimentally constrained.
The possible experimental setups of the movement direc-
tion and the spin orientation of the test mass shown in
Table II play a key role in probing the different spin-
dependent interactions. We also described challenges in
improving experimental sensitivity at small interaction
ranges and reducing possible systematic errors due to
variation of the magnetic susceptibility of a test mass.

One way to suppress the systematic errors is to module the
interaction-induced signals by modulating the test mass.
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