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Precision measurements of anomalous spin-dependent interactions are often hindered by magnetic noise
and other magnetic systematic effects. Atomic comagnetometers use the distinct spin precession of two
species and have emerged as important tools for effectively mitigating the magnetic noise. Nevertheless, the
operation of existing comagnetometers is limited to very low-frequency noise commonly below 1 Hz. Here,
we report a new type of atomic comagnetometer based on a magnetic noise self-compensation mechanism
originating from the destructive interference between alkali-metal and noble-gas spins. Our comagne-
tometer employing K-*He system remarkably suppresses magnetic noise exceeding 2 orders of magnitude
at higher frequencies up to 160 Hz. Moreover, we discover that the capability of our comagnetometer to
suppress magnetic noise is spatially dependent on the orientation of the noise and can be conveniently
controlled by adjusting the applied bias magnetic field. Our findings open up new possibilities for precision
measurements, including enhancing the search sensitivity of spin-dark matter particles interactions into
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unexplored parameter space.
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Anomalous spin-dependent interactions, which go
beyond the standard model of particle physics, have
garnered significant interest within the precision measure-
ment community over the past decade [1,2]. These anoma-
lous interactions encompass searches for spin-dark matter
particles interactions [3—10], exotic spin-dependent forces
[11-17], permanent electric dipole moments [18-21], spin-
gravity coupling [22-26], as well as tests of CPT and
Lorentz invariance [27-29], which could generate pseudo-
magnetic fields on nuclear spins, such as *He and '*’Xe.
However, these experiments frequently encounter limita-
tions imposed by magnetic noise and other systematic
effects related to normal magnetic fields [30-33]. To
overcome these challenges, atomic comagnetometers pro-
vide a crucial solution, which employs the distinct spin
precession of two species to mitigate the effects of
magnetic field drift and fluctuations but remains sensitive
to pseudomagnetic fields [30,34].

Atomic comagnetometers can be implemented in various
configurations. For example, noble-gas comagnetometers
using *He-'2Xe [33,35] and '*°Xe-13'Xe [11,15,25,36],
mercury comagnetometers using a '“Hg-?'Hg pair
[17,22], and alkali-metal comagnetometers [26,37], have
been employed to suppress long-term drift in the axial
magnetic field. Alkali-noble-gas comagnetometers, such as
those based on K-*He [9,10,38] and K-Rb-?!Ne pairs
[28,39-41], operate at near-dc frequencies commonly
below 1 Hz. Additionally, several comagnetometers based
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on certain molecular systems have also been developed for
this purpose [6,23,24]. However, the exploration and
demonstration of comagnetometers for the suppression
of magnetic noise are still limited to low-frequency noise,
hindering the investigation of spin-dependent interactions
across a vast unexplored parameter space. For example,
recent theoretical motivations in exploration of the inter-
action between spin and axion dark matter require the
extension of measurement frequencies to values signifi-
cantly higher than 1 Hz [1,2].

In this Letter, we report a new type of atomic comagne-
tometer based on magnetic noise self-compensation effects.
These effects arise from the destructive interference be-
tween alkali-metal and noble-gas spins induced by their
spin-exchange coupling. The coupling results in a mutual
influence on the spin behavior of both species, rendering
them interdependent. Consequently, the noble-gas response
to magnetic noise, transmitted to alkali-metal spins through
spin-exchange coupling as an effective magnetic field,
interferes with the response of alkali-metal spins to mag-
netic noise. Under appropriate experimental conditions,
this interference can be destructive, leading to significant
self-compensation of magnetic noise. We demonstrate this
mechanism in experiment using the K-*He system, achiev-
ing a remarkable suppression of magnetic noise by at least
2 orders of magnitude. Unlike existing comagnetometers
that suppress near-dc magnetic noise [15,16,22-26,35-39],
our work realizes magnetic noise self-compensation at
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FIG. 1. Schematic of magnetic noise self-compensation experi-
ment. Alkali-metal and noble-gas atoms are initially polarized
along z. Alkali spins are probed along x. The spin-exchange
coupling leads to an effective field experienced by alkali spins. The
noble-gas response to magnetic noise interferes with the alkali-
metal response via the effective field. The magnetic noise is self-
compensated when such interference is destructive. LP, linearly
polarizer; 1/4, quarter-wave plate; PEM, photoelastic modulator.

higher frequencies up to 160 Hz. We also observe that the
capability of noise suppression depends on the direction of
magnetic noise and can be conveniently controlled by
adjusting bias magnetic field. We develop a comprehensive
theory to explain these magnetic noise self-compensation
effects, notable for its capacity to suppress normal magnetic
noise while maintaining sensitivity to pseudomagnetic
fields, holding the potential applications in searches for
various anomalous spin-dependent interactions [5—15].
Our investigation into magnetic noise self-compensation
employs an overlapping spin ensemble comprising potas-
sium and 3He gases. The experimental setup and spin
dynamics are shown schematically in Fig. 1. A spherical
GE180 glass cell with a diameter of 2 cm encloses a droplet
of K, 2.5 amagat of *He and 200 torr of nitrogen. The *He
nuclear spins are polarized along z via spin-exchange
collisions with optically pumped K atoms [42—44]. The
frequent spin-exchange collisions between K and *He result
in an effective magnetic field AM“ experienced by *He due to
K and AM? experienced by K due to *He [38,45]. Here, “a”
denotes alkali metal and “b” denotes noble gas. The
direction of the projection of AM? along z (AM?) is defined
as the positive z axis. The bias field B, is along z. Itis defined
as positive when it is consistent with the direction of AM?,
otherwise it is negative. Both species of spins precess around
the sum of the applied bias field and their respective effective
fields. In the linearization approximation, we express the
evolution of the complex transverse magnetization M i‘b =

M 4 iMfJ’h using a matrix representation [44]:

Mi iwa_ra _iYaAM? Mi . VaM?
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(1)

0

where w, = 7,(B, + AM?) and w, = y,(B, + AM¢) denote
the Larmor frequencies of K and *He, respectively. Here, 7,
and I, , are the gyromagnetic ratios and decoherence rates
of K and *He, respectively; 1 = 87k,/3 with the Fermi-
contact enhancement factor k, =~ 5.9 for K and *He [42]. The
nondiagonal elements signify the spin-exchange coupling
between these two spin species. Additionally, the last term
accounts for the perturbation introduced by the complex
ambient noise field B, = B, + iB, in the xy plane. This
noise field acts simultaneously on both spins. In the case of
an oscillating magnetic noise, B, = Be' cos wt, where 6 is
the azimuth angle characterizing the orientation of the noise
field relative to the +x axis. The magnetic response of our
comagnetometer is measured by optically detecting the K
magnetization along x (i.e., M¢) with a linearly polarized
laser (Fig. 1) [44].

The magnetic self-compensation mechanism of the
comagnetometer is essentially the destructive interference
of two species. According to Eq. (1), the interference arises
between *He response to magnetic noise, which is trans-
mitted to K spins via the effective field iMﬁ, and K
response to magnetic noise. By carefully selecting appro-
priate values for experimental parameters, such as B,, AM¢,
AM f, the interference can be made destructive, resulting in
the emergence of magnetic noise self-compensation of the
measured K response M¢.

Figure 2 shows the magnetic response of our comagne-
tometer at various oscillation frequencies. During the
experiment, the effective field of noble gas AM? is adjusted
to approximately 120 nT, which is achieved by changing
the vapor-cell temperature and thus controlling the degree
of polarization of *He. We apply a transverse magnetic field
along the azimuth angle 6 = 6, (see below) as a test field,
scan its frequency from 1-25 Hz, and record the corre-
sponding response. When B, =~ —323 nT, the comagne-
tometer response is suppressed by a factor of n ~ 286 in the
vicinity of 8.3 Hz [Fig. 2(a)], compared with the individual
K response which is calibrated using a signal deviating
from the *He Larmor frequency and used as a normalized
amplitude [44]. The frequency where the response is
significantly suppressed is referred to as the “self-compen-
sation frequency” and denoted by w, e.g., wy/27~
8.3 Hz in Fig. 2(a). When B, = 323 nT, the response is
suppressed by a factor of about 582 around wy. /27~
12.2 Hz [Fig. 2(b)]. We also observe an enhancement at the
SHe Larmor frequency |w,|/27~10.5 Hz (away from
w,./27), corresponding to the large peaks in Figs. 2(a)
and 2(b). As detailed in Supplemental Material [44], our
comagnetometer response can be well described by a Fano
profile [46] defined as

£)2]1/2
4(0) = o) |95 )

023202-2



PHYSICAL REVIEW LETTERS 133, 023202 (2024)

(a)

10°F AM? =120 nT

B.=~-323nT

T8
=2 .0
g =10
S g

10°

0 5 10 15 20 25
Scanning frequency ®/2n (Hz)

()

10°F IM? =120 nT

B.=323nT

Normalized
amplitude

0 5 10 15 20 25
Scanning frequency ®/2n (Hz)

A JM? =403 nT
o AM? =261 nT
o AM!=120nT

Self-compensation
frequency (Hz)
)

-600 -400 =200 0 200
Bias magnetic field B, (nT)

FIG. 2. Demonstration of self-compensation effect. (a),(b)
Responses and corresponding Fano profile fits under a negative
or positive bias field as a function of the oscillation frequency @
of the test field B, . Both responses are suppressed by over 2
orders of magnitude near the self-compensation frequency. Each
magnetic response is measured at its own self-compensation
angle 6. of 163° and 36°, respectively (as discussed below).
(c) Self-compensation frequencies as a function of B,. Each curve
consists of two branches corresponding to negative and positive
B., respectively.

where ¢ = (0 — |w,|)/T, varies with the scanning fre-
quency @ and ¢ denotes Fano parameter that satisfies
(qTy = |@p|)* = v;B.(B, + M?) [44].

Here, Ay(w) represents the individual K response to the
oscillating field and the second factor [(g +&)?/(1 +
€%)]'/? only depends on noble gas. We surprisingly find
that the total response A(w) of the K-*He comagnetometer
is the product of these two terms. As shown in Eq. (2),
when ¢ + e~ 0 is satisfied, the destructive interference
occurs and the response A(w) is minimal. Under this
condition, our comagnetometer can automatically self-
compensate magnetic noise whose amplitude satisfies the
linearization approximation [44], regardless of their
unknown magnitudes. Consequently, we obtain the fre-
quency where the response is minimized, corresponding to
the aforementioned self-compensation frequency w,. [44],

wsczyb[Bz(Bz +’1M?)]l/2 (3)

Additionally, the response-enhanced frequency corresponds
toe = 0,i.e., = |w,| [see the peaks in Figs. 2(a) and 2(b)].
This enhanced effect has been studied in our recent works
[7,12,13], which is outside the scope of this work.

The self-compensation frequency w,. can be controlled
by adjusting the bias field B,. Figure 2(c) illustrates the
measured g as a function of B, which agrees well with
the corresponding theoretical curves obtained from Eq. (3).
Each curve, for a specific value of AM?, consists of two
branches separated by a gap. Taking the case of AM? ~
120 nT as an example, when |B > 120 nT (e.g.,
B, =~ £323 nT), a linear relationship between w,. and B,
is observed. This linearity can be seen from the simplified
form of Eq. (3): @ ~ |@,| + (B./|B.|)y,AM?/2 when |B.|
significantly exceeds AM?. Negative values of B, corre-
spond to the left branch, where w. is lower than the Larmor
frequency of *He [e.g., see Fig. 2(a)], while positive values
of B, correspond to the right branch, where w,. is higher
than the Larmor frequency of *He [e.g., see Fig. 2(b)].
When B, approaches 0 or —AM?, the dependence between
. and B, becomes nonlinear. It is noteworthy that when
B. is tuned to approximately cancel the *He effective field
(i.e., B, & —AM?), our comagnetometer operates similarly
to existing comagnetometers [38,39] that only suppress
near-dc magnetic noise. In the range of =120 nT < B, <0,
wy. becomes purely imaginary according to Eq. (3), lacking
physical significance. By taking the real part of wg,, we
obtain Re(w,.) = 0 Hz, at which the noise is expected to be
mostly suppressed. This expected phenomenon is con-
firmed in our experiment. By adjusting B,, our comagne-
tometer can accomplish an extended frequency range for
suppressing magnetic noise, encompassing frequencies
from near-dc to high frequency, for example, 160 Hz.
Similar patterns are observed under varying AM? and we
present three measured curves with different AM? by
adjusting the vapor cell temperature. Here, AM? is cali-
brated by applying a magnetic pulse along y and measuring
the K Larmor frequency w, [44].

We demonstrate that the capability of suppressing mag-
netic noise depends on the azimuth angle 8 of the field. This
is due to the fact that the measured quantity in experiments,
denoted as M¢, can be influenced by both the rotating and
counterrotating components of the oscillating field. When
the frequency of the oscillating noise field matches the self-
compensation frequency ., these two components con-
tribute equally in magnitude but with a phase difference of
about 7 + 2(6 — arccotw, /T',) [44]. To compensate for this
phase difference, we can adjust the azimuth angle to

0y = arccot [y, (B, +AM2) /T,], (4)
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FIG. 3. Spatial dependence of the self-compensation effect. The

suppression factors # are measured in different transverse
directions and plotted as radial coordinates in a polar diagram,
where the numbers 10 and 100 on the circles indicate the
magnitude of the respective suppression factors. When
B, ~ =323 nT, 323 nT is applied, the suppression factor 7 is
over 2 orders of magnitude near the angle of 165° and 32°,
respectively. The noise suppression is over one order of magni-
tude in all transverse directions with B, ~ —AM? ~ —78 nT, the
same with existing self-compensated comagnetometers which
suppress near-dc magnetic noise.

which is referred to as self-compensation angle, and the
comagnetometer can achieve maximal suppression by
canceling out the two components. Specifically, we set
the bias field at approximately B, ~ —323 nT as an example.
This bias field corresponds to the theoretical self-compen-
sation angle of 8,. = 169° calculated using measured alkali-
metal relaxation rate I', & 2 kHz. We perform experiments
to validate our theory. For an applied test field in a certain
direction, we can obtain the suppression factor 5 by
measuring the response at the self-compensation frequency
.. Then we scan the test field angles to optimize and obtain
the angle 6, with the largest suppression factor. As shown in
Fig. 3 (the green curve), the self-compensation angle
maximizing the noise suppression is about 6, ~ 165°, which
closely aligns with the theoretical prediction. Similarly, we
adjust the bias field to 323 nT (the blue curve) and observe
that the self-compensation angle moves to 6, ~32° in
experiment. In these examples, the noise suppression
exceeds 2 orders of magnitude.

We find that the noise suppression is independent of the
azimuth angle 6 when the bias field is set to be nearly equal
in magnitude but opposite in direction to the He effective
field. As an example in our experiment, we set the bias field
B. ~ —AM" ~ —78 nT. In this case, the comagnetometer is
capable of suppressing slowly fluctuating magnetic noise.

We thus apply an oscillating transverse field as a test field
with a frequency of 0.1 Hz. We find that regardless of the
chosen angle 6, a suppression of at least one order of
magnitude can be achieved (see the red curve of Fig. 3),
which is the same situation as that shown in Fig. 2(c) with
B, x —/1M’Z’ where our comagnetometer operates similarly
to existing comagnetometers which suppress near-dc mag-
netic noise. This occurs because the near-dc components of
both the rotating field and the counterrotating field
approach zero, irrespective of the phase compensation
associated with the azimuth angle [44]. While the comag-
netometer operating at B, = —AM% exhibits superior
spatial-independence performance compared with other
conditions, it is mainly suitable for suppressing magnetic
noise at near-dc frequencies. However, a significant number
of measurements of interest fall within higher frequencies.
Consequently, it is important to extend the capability of
spatially independent magnetic noise self-compensation to
higher frequencies. One potential solution to address this
challenge is the use of quadrature detection [44,47]. By
employing quadrature detection where one can use two
lasers along x and y as two probes, we measure both M¢
and M¢ simultaneously, instead of solely focusing on M¥.
These measurements can then be combined to form
M4 = M¢ + iM§. Further details, regarding how the
response M4 remains unaffected by the azimuth angle
of the magnetic noise are available in Supplemental
Material [44].

We would like to emphasize the main differences
between our work and previous studies. Existing atomic
comagnetometers, such as those utilizing '*’Xe-'3'Xe
[11,15,25,36] and *He-'*’Xe pairs [33,35], detect the free
precession of the two spin species. The distinct precession
frequencies are differentially processed to reduce axial
magnetic noise within the dc and extremely low-frequency
range, typically below 0.1 Hz. Another type of existing
comagnetometers is alkali-noble-gas comagnetometers,
such as those employing K-’He and K-Rb-?!Ne pairs
[39,40], operating under a specific bias field B, ~ —AM?.
They were first reported in the pioneering work [38] and
referred to as “‘self-compensated comagnetometers.” These
comagnetometers can mitigate the slowly fluctuating mag-
netic noise commonly below 1 Hz [38,39]. However, for
noise at higher frequencies, the effectiveness of previous
magnetic noise self-compensation techniques deteriorates
[30]. In contrast, our research unveils a new class of
magnetic noise self-compensation effects that extend the
efficacy of noise suppression to the high-frequency range,
which differ from previous studies in physical mecha-
nisms and operation conditions (see Supplemental Material
[44]). First, previous self-compensated comagnetometers
employ the adiabatic elimination of the near-dc changes in
external fields, while our comagnetometer is based on the
destructive interference between the two spin species
even for high-frequency noise. Second, the previous
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FIG. 4. White magnetic noise self-compensation. A wide-

spectrum white noise of about 0.7 pT/Hz!/? is applied to simu-

late the shield Johnson noise. The noise is suppressed to

around 0.06 pT/Hz!/2 by over one order of magnitude near
wy./27 =~ 12 Hz.

self-compensation condition is removed in our work and
the bias field B. can be adjusted away from —AM".
Consequently, according to Eq. (3), the self-compensation
frequency @y, can also be manipulated across a much
broader range than before, spanning from 1-160 Hz.

Our findings would contribute to overcoming the mag-
netic noise limit in a series of spin-dependent physics
experiments including searching for dark matter and exotic
spin-dependent forces within the frequency range of near-
dc to, for instance, 160 Hz [3—11,15-17,39]. As predicted
by numerous theories beyond the standard model of
particle physics, dark matter particles such as ultralight
axions and axionlike particles couple with nuclear spins
and behave as pseudomagnetic fields with oscillation
frequencies equal to the Compton frequencies of these
hypothetical particles [3-6,48]. The frequency range of
near-dc to 160 Hz corresponds to dark matter masses up to
pico-electron-volt level. Similarly, effects of exotic spin-
dependent forces on nuclear spins are also equivalent to
oscillating magnetic fields [11-15,49,50]. Particularly,
there is a class of spin-dependent forces, i.e., velocity-
dependent interactions, whose higher modulation frequen-
cies lead to larger pseudomagnetic signals [12,14,49,50].
These pseudomagnetic fields do not affect alkali-metal
spins and, therefore, are not self-compensated (see
Supplemental Material [44] for details). Therefore, the
comagnetometers remain sensitive to these pseudomag-
netic fields.

The sensitivity of pseudomagnetic measurements, often
limited by white Johnson noise from magnetic shields like
u metal and ferrite [31,32,39], necessitating improvement.
The noise levels in these materials range from below 1 to
10 fT/Hz!'/? [51]. Superconducting shields, free of thermal
noise in principle, still face sensitivity limits around

1 fT/Hz'/? due to usage of thermal radiation shields
[52]. Gradiometer arrangements [31,32], which reduce
thermal shield noise by subtracting outputs from closely
aligned detectors, inadvertently eliminate the pseudomag-
netic fields of interest, making them unsuitable for these
measurements. Despite these challenges, the high-fre-
quency self-compensation method introduced here shows
promise in enhancing pseudomagnetic detection sensitivity.
Although our experiment has not yet reached the thermal
shield noise limit, various works have been progressively
approaching it [39]. To assess our comagnetometer’s
performance in suppressing such Johnson noise in advance,
we apply a 0.7 pT/Hz!/? Gaussian white noise and observe
the noise suppression by over one order of magnitude near
s /27 ~ 12 Hz, as shown in Fig. 4. Importantly, this
suppression technique remains effective against real ther-
mal shield noise, potentially enhancing pseudomagnetic
detection sensitivity to around 0.1 fT/Hz'/? over an
extended frequency range.

In conclusion, our work has reported a new class of
magnetic noise self-compensation effects and demonstrated
an atomic comagnetometer expanding the capabilities of
existing comagnetometers to higher frequencies. Although
initially demonstrated with K-*He system, this self-com-
pensation mechanism should be applicable to a wide range
of alkali-noble-gas systems, potentially propelling various
researches on anomalous spin-dependent interactions
(3,7,8,14,15].
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