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Comagnetometers have been widely used in fundamental research, such as tests of spin-gravity coupling
and searches for permanent electric dipole moments (EDMs). Here, we report a comagnetometer that
consists of simultaneous closed-loop oscillation of the F = 1 and F = 2 hyperfine Zeeman transitions
of optically aligned 87Rb atoms. The Allan deviation of the F = 2 and F = 1 oscillation-frequency ratio
reaches 1 × 10−9 after running continuously for 2 days, corresponding to a sensitivity of approximately
4 × 10−19 eV for the measurement of the hypothetical spin-dependent gravitational energy of the proton.
The long-term stability of the comagnetometer can be further improved by system-level thermal control
and optimization of the experimental parameters.
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I. INTRODUCTION

Atomic spin precesses in a magnetic field with a fre-
quency that is almost proportional to the magnitude of the
magnetic field, so it can be used as an atomic magnetome-
ter [1,2]. The precession frequency, however, also contains
the contribution from possible rotation rates with respect to
the inertial space as well as the hypothesized exotic phys-
ical effects [3–6]. In the vast majority of cases, the contri-
bution from the magnetic field to the precession frequency
is much larger than that from the other physical effects,
even if the spins are placed in a high-performance mag-
netic shield. Therefore, when measuring physical quanti-
ties except for the magnetic field, researchers usually use
the comagnetometer, which consists of two magnetome-
ters occupying the same space to common-mode reject
the magnetic field fluctuations [5–9]. At present, vari-
ous comagnetometers have been proposed. With respect
to the spin species, there are groups of 3He-129Xe [5,6],
129Xe-131Xe [8], K-3He [9], etc. With respect to the oper-
ation mode, there are the continuous mode, which is also
called the maser or oscillator [6,10–13], the pulse mode
and/or the free-precession decay mode [5,8,14–17], and
the magnetic resonance scanning (MSR) mode [18]. We
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have previously proposed a single-species comagnetome-
ter with the MSR mode based on the hyperfine levels of
87Rb atoms in a paraffin-coated cell [18]. It shows almost
negligible sensitivity to variations of the laser power and
frequency, the magnetic field, and the magnetic field gra-
dients. However, the MSR method leads to a reduction in
sensitivity, since it takes a scanning cycle to obtain only
one magnetic resonance frequency. Moreover, it acquires
the magnetic resonance frequencies of the two hyperfine
levels asynchronously, which cannot efficiently suppress
magnetic noise.

In this paper, we improve the single-species comag-
netometer with the MSR mode into an optically aligned
dual-oscillator comagnetometer (OADOC), so that issues
such as inefficiency and nonsimultaneity in data acquisi-
tion are addressed. Meanwhile, we keep using the optically
aligned magnetometer configuration instead of an opti-
cally oriented magnetometer to avoid the light shift due to
circularly polarized pump light [18]. The aligned magne-
tometer can be dated back to the pioneering work by Bell
and Bloom [19] and has recently been studied in depth by
Weis et al. [20–24]. Our comagnetometer is slightly dif-
ferent from theirs in that the laser frequency should be
tuned several gigahertz off resonant to obtain two Zee-
man transitions of 87Rb atoms simultaneously, as we have
done in Ref. [18]. The OADOC preserves the advantages
of immunity to variations of the laser parameters. In our
experiment, the spin precession-frequency ratio of F = 2
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and F = 1 ground-state hyperfine levels reaches 2 × 10−9

with a free-running leading magnetic field and 1 × 10−9

with a stabilized leading magnetic field, respectively, 5–10
times better in stability than our previous result [18].
The OADOC not only shows the possibility of improv-
ing the laboratory constraints on spin-gravity interactions
of the proton by several times [25] but also has poten-
tial applications in the measurement of axion-nucleon and
axion-electron interactions [13,26].

II. METHODS

The experimental setup of the comagnetometer is sim-
ilar to our previous one [18] except that here we use an
HF2LI (Zurich Instruments) rather than a lock-in ampli-
fier (LIA) programmed using the LabVIEWTM software
to manipulate the spins, as shown in Fig. 1. Besides
the ordinary LIA module, the HF2LI also contains two
phase-locked loop (PLL) modules and four proportional-
integral-differential (PID) modules. We can program the
HF2LI using its accessory software, called LabOne. The
“Sel” switch is the functional switch between an LIA and
two PLLs. The signal-in (“Sig In”) port of the HF2LI is
connected to the polarimetric signal and the signal-output
(“Sig Out”) port is connected to the X coil. A block dia-
gram of the LIA module is shown in Fig. 1(b): the outputs,
i.e., X , Y, R, and θ , can be recorded simultaneously. Block
diagrams of two PLLs are shown in Fig. 1(c). PLL1 and
PLL2 are used to track the magnetic resonance frequencies
of F = 1 and F = 2, respectively. For each PLL, we can
set parameters such as the center frequency, the locking
range, the bandwidth, and the phase shift. We take PLL1
as an example to briefly introduce the operating princi-
ple of the spin oscillator. With a mixer, a low-pass filter
(LPF), and a phase detector (PD), we can obtain the rela-
tive phase between the magnetic resonance signal and the
numerically controlled oscillator (NCO). The phase differ-
ence between the set phase φref1 and the PD output gives a
phase error eφ1, which is sent to a PID module to produce a
driving signal for the NCO. After choosing suitable param-
eters, the oscillating frequency of PLL1 is locked to the
magnetic resonance frequency of F = 1. The sine-wave
outputs of two NCOs can be added in the HF2LI before
they are sent out through the Sig Out port as a driving field.
More details can be found in the HF2LI User Manual [27].

By toggling the Sel switch in the HF2LI to the LIA
module, applying an oscillating magnetic field Bx =
B1 cos (2π fdt) in the X coil, and a scanning frequency
fd and recording the outputs of the X , Y, and R chan-
nels simultaneously, we can obtain the magnetic resonance
signals. By toggling the Sel switch to the PLLs and select-
ing the proper parameters, we can make the PLLs track
the magnetic resonance frequencies of 87Rb atoms con-
tinuously. The frequencies f1 and f2 of the two PLLs

(a)

(b)

(c)

Half-wave

FIG. 1. (a) The experimental setup of the comagnetometer.
The polarization of a distributed feedback laser is purified by a
polarizing beam splitter (PBS). The laser power can be adjusted
with a half-wave plate. After traversing the cell, the laser is split
by a PBS and impinges on two photodiodes that form a polarime-
ter. The polarimetric signal is sent to the signal-in (Sig In) port of
the HF2LI, the signal-out (Sig Out) port of which is connected to
the X coil. The leading magnetic field is produced by the Z coil,
driven by a current source. The HF2LI contains an ordinary lock-
in amplifier (LIA) module and two modules of PLLs (PLL1 and
PLL2). The functioning of the HF2LI can be programmed such
that operations of both frequency scanning by LIA and closed-
loop oscillation by PLL1 and PLL2 can be toggled with a switch
(Sel). fd is the scanning frequency of the LIA. f1 and f2 are the
output frequencies of PLL1 and PLL2, respectively. (b) A block
diagram of the LIA module: NCO, numerically controlled oscil-
lator; PS, phase shift; LPF, low-pass filter. (c) A block diagram
of the PLLs module: PD, phase detector.

are recorded simultaneously as the output of the dual-
frequency oscillator. All the experiments are completed at
ambient temperature (24 ± 1) ◦C, which is controlled by
an air conditioner.

At first, we obtain the magnetic resonance signals for
F = 1 and F = 2 Zeeman transitions of 87Rb atoms with
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FIG. 2. The magnetic resonance signals for the F = 1 and
F = 2 Zeeman transitions. The markers X , Y, and R denote the
corresponding channels of the LIA module when the driving fre-
quency fd is scanned. For these data, the laser power is adjusted
to 1 mW and the laser frequency is tuned to 1.3 GHz above the
F = 1 → F ′ transitions of the 87Rb D2 line at a driving volt-
age of B1 = 0.1 nT, where F ′ denotes the hyperfine levels of the
5P3/2 level.

the LIA module, as shown in Fig. 2. The zero-crossing
points of the Y signals correspond to resonant frequencies.
The two Zeeman transitions have a frequency splitting of
approximately 326.4 Hz, with a leading field of 11.71 μT,
much larger than the magnetic resonance line widths.
Therefore, we can operate the two Zeeman transitions as
two almost independent oscillators.

The sensitivity of the aligned magnetometer depends on
many parameters, such as the laser power and frequency
and the amplitude of the driving field [23,24]. We use the
noise-equivalent magnetic field (NEM) given in Ref. [23]
as the measure for roughly optimizing the sensitivity. This
can be expressed as

NEM = ρS

|tw| , (1)

where ρS is the root spectral density of the photocurrent
shot noise and tw is the derivative of the dispersive exper-
imental magnetic resonance line shape with respect to the
leading magnetic field on resonance. According to Eqs. (9)
and (14) in Ref. [23], ρS can be expressed as

ρS = C1
√

PL, (2)

and tw can be expressed as

tw = g(PL)h�0(�
2
2 − 2ω2

1)ω1

(�1�2 + ω2
1)[�0�1�2 + (�0 + 3�2)ω

2
1]

. (3)

In Eq. (2), C1 is a constant for a given photodiode and PL
is the laser power. In Eq. (3), g(PL) is a factor relating

to PL, h = 9/16 in our case, ω1 = γ B1 is the Rabi fre-
quency of the radio-frequency field, γ is the gyromagnetic
ratio, and �0, �1, and �2 are three line-width parameters.
In Ref. [23], the g(PL) factor is given by

g(PL) = C2
P2

L

(PS1 + PL)(PS2 + PL)
, (4)

where C2 is a constant and PS1 and PS2 are saturation pow-
ers that can be determined by experiment. As an estimate,
we might as well let �0 = �1 = �2 = �. The magnetic res-
onance line width, which depends on the laser power PL,
can be expressed as

�(PL) = �00 + αPL + βP2
L, (5)

where �00 is the intrinsic line width without optical-power
broadening (PL = 0) and α and β are two parameters that
can be determined by experiment [23].

Combining Eqs. (1)–(5), we can obtain an empirical
expression for the NEM:

1
NEM

= C
P3/2

L

(PS1 + PL)(PS2 + PL)

(�2 − 2ω2
1)ω1

(�2 + ω2
1)(�

2 + 4ω2
1)

,

(6)

where C = 9C2/16C1. This empirical expression shows
that there is an optimized NEM at some laser power
PL and driving magnetic field B1 in the alignment
magnetometers [23].

We optimize the NEM experimentally with the magnetic
resonance signals under different conditions, as shown in
Fig. 3. At B1 = 0.1 nT, the laser frequency is calibrated
by a vacuum Rb cell, while the laser power is changed
by rotating the half-wave plate before the PBS. Here,
we define the laser detuning � as the difference between
the laser frequency and the transition frequency of the
F = 1 → F ′ transition of the 87Rb D2 line. It is shown
in Fig. 3(a) that the NEM for the F = 2 magnetic reso-
nance is better than that of the F = 1 with the experimental
parameters, mainly because more atoms are populated on
the F = 2 level. Thus, the optimization of the NEM for
F = 1 is the key factor taken into account. We reject the
detuning �2 at first, since it gives the worst NEM for
the F = 1 magnetic resonance. We choose the detuning
�3, since the NEM of F = 1 at �3 is slightly better than
that at �1, with the laser power in the range of 1.0–1.5
mW. We choose the laser power of 1 mW, since the NEM
in the range of 1.0–1.5 mW is almost the same but low
power gives a small tensor light shift [28]. According to
Fig. 3(b), the NEM of F = 1 decreases slightly with B1,
while that of F = 2 increases relatively remarkably, since
the line widths of the two Zeeman transitions are differ-
ent. According to Eq. (6), the optimized B1 depends on
the line width of the magnetic resonance. In the range of
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(a)

(b)

FIG. 3. The experimental optimization of the noise-equivalent
magnetic field (NEM). (a) The NEM as a function of the light
power and frequency at B1 = 0.1 nT. In the legend, � denotes
laser detuning and �1, �2, and �3 correspond to 1.2, 2.6, and
1.5 GHz above the F = 1 → F ′ transitions of the 87Rb D2 line,
respectively. The marks F1 and F2 in parentheses denote the two
hyperfine ground states, respectively. (b) The NEM as a func-
tion of the amplitude of the driving field when the laser power
is adjusted to 1 mW and the laser frequency is tuned to 1.5 GHz
above the F = 1 → F ′ transitions of the 87Rb D2 line.

0.1–0.2 nT, the NEM of F = 1 does not change so much
but the small driving field gives a small Bloch-Siegert shift
[29]. Thus we choose B1 = 0.1 nT so as to make a com-
promise between the signal-to-noise ratio (SNR) and the
Bloch-Siegert shift. With these optimized parameters, the
magnetic resonance line widths are approximately 2.6 Hz
and 7.3 Hz for F = 2 and F = 1, respectively. Note that
in order to obtain dual-frequency oscillation, we tune the
laser frequency away from the optical resonance of both
F = 1 and F = 2 in ground-state hyperfine levels to the
upper levels of the D2 line. This will make the characteris-
tics of each magnetometer different from those of common
alignment magnetometers, especially the NEM [23]. How-
ever, qualitatively—taken as a whole—these experimental
results are consistent with the empirical expression in
Eq. (6).

We construct two oscillators using the PLLs in the
HF2LI. The parameters of the two PLLs are identical
except for the center frequencies, which are set according
to the corresponding magnetic resonance frequencies from
Fig. 2 and the reference phases φref1 and φref2, which are set
to maximize the amplitudes of the two oscillators, respec-
tively. Each PLL has the following parameters: a locking
range of 50 Hz; an eighth-order low-pass filter with a cor-
ner frequency of 50 Hz; and P, I , and D parameters for the
NCO of 0.15, 0.1, and 0, respectively.

The frequencies of the dual-frequency oscillator
recorded at 14 samples/s are shown in Fig. 4(a). The mea-
sured average value of the two frequency ratios, Fr = f2/f1,
is 0.9960375. Here, f2 and f1 are the oscillation frequencies
from the F = 2 and F = 1 oscillators, respectively. Also, a
frequency fc = f2 − f1/0.9960375 is defined as the output
of the comagnetometer. Note that Fr deviates from its theo-
retical value of 0.9960339 by 3.6 × 10−6. The main reason
for this deviation is the frequency shift in the oscillator

(a)

(b)

FIG. 4. The frequencies of the dual oscillators recorded by the
HF2LI when a 0.01-Hz weak artificial magnetic field is added
to the leading magnetic field. (a) The time-domain data at 14
samples/s, where f1 (blue line) and f2 (red line) correspond to
the oscillation frequency of the magnetic resonance in the F = 1
and F = 2 hyperfine levels, respectively. fc = f2 − f1/0.9960375
(brown line). (b) The linear spectrum density (LSD) of f2 and fc.
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operation, by which the relative phase �φ between the pre-
cession and driving field contributes to a frequency shift
of �tan(�φ)/(2π) [3,29]. A deviation of 3.6 × 10−6 for
Fr corresponds to a relative phase error of approximately
±2◦, which is within the phase uncertainty caused by our
method in setting the PLL phase. According to Eq. (5),
the line widths depend on the laser parameters, which also
results in Fr deviation. We carry out a perturbation experi-
ment, which shows that Fr has a rate of change of 2.9 ×
10−8/mW for the laser power and of 1.2 × 10−10/MHz
for the laser frequency with our experimental parameters.
The interference between the two hyperfine Zeeman tran-
sitions might also lead to frequency shifts that cannot be
common-mode rejected.

In order to check the effect on suppressing magnetic
field fluctuations, a weak artificial magnetic field of 0.7 nT,
varying sinusoidally at 0.01 Hz, is added on the leading
magnetic field. The 0.01-Hz frequency modulation can be
clearly seen in the time-domain frequencies of f1 and f2
but not in fc, as shown in Fig. 4(a). The linear spectrum
density (LSD, or the square root of the power spectral den-
sity) of f2 and fc is shown in Fig. 4(b). We cannot find the
0.01-Hz frequency peak in the LSD of fc and thus the sup-
pression of magnetic fluctuations is at least by a factor of
500. When increasing the amplitude of the artificial mag-
netic field to 7 nT, we obtain a common-mode rejection
ratio of roughly 750. However, some kinds of nonlinearity
appear, e.g., amplitude modulation of the NCO with har-
monics of 0.01 Hz. This reduces the ability of the OADOC
to suppress relatively strong magnetic fluctuations. The
ability to suppress magnetic field fluctuations is also lim-
ited by the frequency-response characteristic of the spin
oscillator [3], since the line width and the SNR of the
two oscillators are not identical. The LSD of fc gives a
noise floor of approximately 0.01 Hz/Hz1/2, correspond-
ing to an equivalent magnetic sensitivity of 1.4 pT/Hz1/2,
much less than the sensitivity of a common alignment
magnetometer [23].

III. RESULTS AND DISCUSSION

The comagnetometer based on dual oscillators can be
used to test the spin-gravity interaction through its fre-
quency ratio [13,30,31]. In order to evaluate the long-term
stability, we record the dual frequencies over a time dura-
tion of 12 h. The drifts of f2/ 〈f2〉, f1/ 〈f1〉, and Fr are
evaluated by means of the Allan deviation, as shown in
Fig. 5. Note that only 32 768 s of the 12-h-length data are
used, since we separate the data into segments with points
of powers of 2 to calculate the Allan deviation. Here, 〈x〉
denotes the average of x. The Allan deviations of f2/ 〈f2〉
and f1/ 〈f1〉 are centered on 10−6. They indicate that the
relative drift of the leading magnetic field is roughly 10−6.
The Allan deviation of Fr reaches 2 × 10−9 after an inte-
gration time of 4 × 103 s. Since the noise contribution

FIG. 5. The Allan deviation of the relative frequencies of the
dual oscillators with a free-running leading magnetic field: open
black squares, f1/ 〈f1〉; red circles, f2/ 〈f2〉; green triangles, Fr.
The blue line shows the Allan deviation of Fr estimated by
the noise floor of fc. The 1σ confidence interval of the Allan
deviation is estimated according to Ref. [33].

from each magnetometer to Fr is approximately equal to
fc/ 〈f1〉, we use the noise floor of fc divided by 〈f1〉 and τ 1/2

to estimate the Allan deviation of Fr due to white noise
(solid line in Fig. 5). Comparing this with the experimen-
tal Allan deviation, we find that there is still low-frequency
drift in Fr. This comes partly from the drift of the lead-
ing magnetic field and partly from the drift of the laser
parameters. Overall, the comagnetometer shows remark-
able suppression to low-frequency drift, since the Allan
deviation of Fr decreases even at 1.6 × 104 s. Accord-
ing to the Allan deviations of f2/ 〈f2〉 and f1/ 〈f1〉, we find
that there are low-frequency noises in the leading magnetic
field at different time scales, which breaks the hypothetical
power-law precondition of the Allan deviation [32].

We can also operate the comagnetometer with the lead-
ing magnetic field stabilized. This can be done by employ-
ing a feedback control loop that locks the frequency of
either oscillator to a stable reference frequency [34]. Mean-
while, the frequencies of the dual oscillators are recorded.
The experiment is implemented with a PID module in the
HF2LI, which locks frequency f2 to a reference frequency
of 81 990 Hz. The Allan deviations of the relative frequen-
cies are shown in Fig. 6. It is clear that f2/ 〈f2〉 becomes
much more stable compared to the free-running opera-
tion, reaching a level of 1 × 10−10. The Allan-deviation
curves of f1/ 〈f1〉 and Fr are almost identical, since f2 is
stabilized. In the stabilization mode, the Allan deviation
of f1/ 〈f1〉 falls as a function of time more quickly, indicat-
ing the advantage of stabilizing leading magnetic field. The
relative frequency f1/ 〈f1〉 reaches approximately 1 × 10−9

at 1 × 104 s. Note that the noise characteristics shown in
Fig. 6 are somewhat different from those in Fig. 5, since
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FIG. 6. The Allan deviation of the relative frequencies of the
dual oscillators with the leading magnetic field stabilized by
locking f2 to a reference frequency: black squares, f2/ 〈f2〉; red
circles, f1/ 〈f1〉; green triangles, Fr. With f2 locked to a sta-
ble reference frequency, the roll-off of f2/ 〈f1〉 and f1/ 〈f1〉 gets
quicker.

the feedback control changes the noise characteristics of
the leading magnetic field.

The Allan deviation after 4 × 103 s has relatively larger
errors, due to both statistical error and low-frequency drift,
as shown in Figs. 5 and 6. The Allan deviation of Fr in
Fig. 5 is smaller than that of Fr based on the noise floor of
fc in Fig. 5 at the same integration time, possibly because
of overestimating the noise of fc, which contains not only
intrinsic noise from atomic magnetometers but also exter-
nal magnetic noise from the environment. The latter can
be suppressed by feedback control of the leading magnetic
field.

In order to find the inflection point of the Allan-
deviation plot of Fr, we upgrade the program of the HF2LI
to make it able to record the data for a longer time. Then we
repeat the long-term stability experiment with the leading
magnetic field stabilized several times. Two typical results
for the Allan deviations of Fr are shown in Fig. 7. It is
shown that the long-term stability of Fr varies. This phe-
nomenon promotes us to measure the ambient temperature
in the laboratory. The temperature measured by a Pt resis-
tor located near the atomic cell is shown in Fig. 8. It shows
that the actual temperature fluctuates remarkably in a time
scale of weeks. The period with a relatively steady tem-
perature only lasts for 2–3 days. The relation between Fr
and the temperature is shown in Fig. 9, indicating that Fr
varies with the temperature. Therefore, the stability of the
OADOC is mainly limited by temperature fluctuations at
present.

Compared with the single-species comagnetometer
based on MSR, the OADOC acquires the two preces-
sion frequencies efficiently and simultaneously, resulting

FIG. 7. The Allan deviations of Fr. The green circles and red
squares denote two sets of experimental results.

in a remarkable improvement in sensitivity. The frequency
ratio in the OADOC preserves the advantage of low drift.
The Fr of OADOC with the free-running leading magnetic
field reaches an instability of 2 × 10−9, five times better
than that of the MSR comagnetometer [18]. Moreover,
the integration time of the former is less than 5% of that
of the latter, although the frequency of the spin oscillator
still has some systematic errors that need to be improved
in the future [29]. With the leading magnetic field stabi-
lized, the stability of Fr rolls off more quickly. The most
important contribution to the low-frequency drift of the
OADOC should be thermal fluctuation, which causes fluc-
tuations of the magnetic field and laser parameters. The
thermal drift could be reduced by a system-level thermal
control. Compared with the optically orientated dual-maser
comagnetometer, the OADOC is free from the light shift
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FIG. 8. The measured ambient temperature versus time for 20
days. Within this period, the temperature fluctuates severely in
a long time scale, although the air conditioner is always set at
24 ◦C. The temperature sensor of the air conditioner and the
temperature-measuring device has an offset error but this does
not matter, since we are only concerned with temperature fluctu-
ations. The period in which the temperature fluctuates less than
0.05 ◦C lasts for approximately 2–3 days.
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FIG. 9. The measured Fr and temperature versus time: black
solid line, Fr; blue dashed line, temperature. The data are
smoothed using a first-order low-pass filter with a time constant
of 10 000 s.

from pumping light and achieves better frequency stabil-
ity, although the SNR is compromised. Compared with the
single-species comagnetometer based on free-precession
decay, the data-acquisition efficiency is improved [17].

The OADOC is more suitable for relative measure-
ment, since there are several factors shifting the oscillation
frequency from the corresponding magnetic resonance fre-
quency for a spin oscillator. Rotation of the setup could
shift the frequency ratio [15,30]. In the current lead-
ing magnetic field, the Earth’s self-rotation will cause a
maximum shift of 2.8 × 10−10. Through correcting the
rotation using a high-precision gyroscope, this effect can
be decreased remarkably, so that it can be neglected at
present. Through optimizing the cell temperature [23], the
parameters in the HF2LI program and control loop [35],
and the cell line width, the OADOC can be improved fur-
ther, which would be studied in the future. On the whole,
with Fr = 1 × 10−9, the OADOC has a potential to reach
4 × 10−19 eV for the measurement of the hypothetical
spin-dependent gravitational energy of the proton [13,31].

IV. CONCLUSIONS

We realize a kind of comagnetometer utilizing a dual-
frequency oscillator based on optically aligned 87Rb atoms.
Due to the schemes of single species and optical alignment,
the comagnetometer shows an excellent ability to suppress
magnetic field fluctuations and a very small low-frequency
drift. The frequency ratio of the comagnetometer with the
free-running leading magnetic field reaches a stability of
2 × 10−9, which is 5 times better than that of the MSR
comagnetometer, since the oscillator operation improves
the data-acquisition efficiency. Moreover, the stability of
the frequency ratio reaches 1 × 10−9 after using one fre-
quency oscillator for stabilizing the leading magnetic field
and another frequency oscillator as a native observer of
the local magnetic-field fluctuation. Through optimizing

the experimental parameters and employing a system-level
thermal control, we can further improve the stability. As a
whole, this kind of comagnetometer hopefully shows great
potential in the measurement of spin-dependent exotic
interactions.
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