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To measure the residual magnetic field, which is a kind of static magnetic fields in the magnetic shields, is
a tough task in the design of the cylindrical magnetic shields. Here, we demonstrate a method to measure
static weak magnetic fields based on low-field nuclear magnetic resonance (NMR), where the static mag-
netic field’s strength can be obtained by measuring nuclear spin precession’s frequency. Atomic magne-
tometers can be adopted to sense the nuclear spin precession, and the nuclear spin can be adopted to
measure the static magnetic field through this indirect method to obtain the static magnetic field’s
strength. With this method, some adverse factors that can make atomic magnetometers yield fluctua-
tions, such as fluctuations in the light intensity and misalignment of the pump and probe beams, can
be avoid. We also measure the axial residual magnetic field in the magnetic shields, where the magnetic
field’s strength is about 235 pT in the direction along the pump beam. By monitoring NMR signals from
protons and fluorine nuclei, we realize a nuclear-spin comagnetometer, which can be used to detect static
weak magnetic fields. The possibility of using a miniaturized atomic magnetometer sensor (MAMS) for

static field measurements is also discussed.

© 2019 Elsevier Inc. All rights reserved.

1. Introduction

High-sensitivity atomic magnetometers have been used to
detect weak changing magnetic fields [1-3], such as the magnetic
fields that are produced by the brain and heart with physiological
and pathological information [4-6], nuclear magnetic resonance
(NMR) signals from prepolarized samples [7], and the very weak
magnetization from ancient rocks that carry geological information
[8]. When designing the magnetic shields, however, precisely mea-
suring residual magnetic fields inside the magnetic shields is diffi-
cult. Thus, we demonstrate a method to precisely measure residual
magnetic fields based on low-field NMR.

Magnetic-field measurement with NMR was the subject of
studies in the mid-1950s, when pickup coils were used to detect
nuclear-spin precession [9]. For the proton-precession magne-
tometer, accuracy of absolute measurement of the Earth’s total
field is +10 pG [10]. Although overhauser magnetometers and
superconducting quantum interference devices (SQUIDs) have a
higher accuracy and higher resolution than the proton-precession
magnetometers, they also have disadvantages. The overhauser
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magnetometer needs a radio frequency to excite the polarization
of radical solution in the probe, and it is not easy to shield the radio
frequency. The magnetometer relied on SQUID has to be operated
at cryogenic temperatures. In recent years, the detection of NMR
signals with atomic magnetometers was developed [7]. Based on
low-field NMR, we can accurately measure very weak static mag-
netic fields, such as residual magnetic fields. We can adopt neat lig-
uids or mixed liquids as NMR samples. In this paper, we mainly use
protons as the medium for static magnetic field measurements;
these proton-rich samples can be held by the NMR sample cham-
ber. The chamber can also load mixtures of miscible solvents, each
of which is rich in a different nuclear spin (e.g., a mixture of ace-
tone and hexafluorobenzene). All the protons in acetone have
equal weight because acetone is structurally symmetrical. The
same is true for the fluorine in hexafluorobenzene. These two spe-
cies of spins precess at different frequencies because of their differ-
ent gyromagnetic ratios. These precession frequencies depend on
the local static magnetic field; thus, these overlapping ensembles
of different spins can be used to measure the static field. We also
discuss a type of liquid-state comagnetometer based on these
two species of spins in the same volume, as monitored by atomic
magnetometer. Unlike atomic magnetometers, which typically
employ spins in gas-state systems, comagnetometers that are
based on overlapping ensembles of different spins can utilize gas
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states [11] or liquid states [12,13]. As an emerging method, comag-
netometers have been used in non-magnetic spin interactions,
such as permanent electric dipole moments [14,15], CPT violations
[16,17], and spin-gravity coupling [12,13]. Comagnetometers can
also be applied to practical applications such as gyroscopes [9,18].

Ledbetter et al. demonstrated a nuclear-spin comagnetometer
based on ultralow-field NMR in mixtures of pentane and hexafluo-
robenzene [12]. Nuclear-spin comagnetometers can be used to
measure static magnetic fields through the nuclear spin precession
frequency of different species, while atomic magnetometers, rather
than inductive rf pickup coil, can be used to detect the precession.
Ledbetter et al. showed that the presence of a small magnetic field
splits the zero-field J-spectra, imparting plenty of additional infor-
mation [19]. Wu et al. described a comagnetometer based on the
nuclear spins within an ensemble of identical molecules based
on zero- to ultralow- field J-coupling [13]. The temperature depen-
dence of J-coupling is considerable, and J-coupling is greatly
affected by external factors [20]. In this paper, we present a
method research static magnetic field measurements based on
non-coupling low-field NMR. The NMR frequencies of non-
coupled spins are merely related to magnetic fields, and non-
coupled natural abundance samples can also save costs.

The Larmor precession frequency « of nuclear spins in a mag-
netic field B is given by [21,22]

w="7YB (1)

where y is the gyromagnetic ratio of the spin and B is the bias mag-
netic field. Nuclear spins can precess around the bias field; thus, the
precession frequency can directly reflect the magnetic field’s
strength.

Static magnetic field measurements can be used to detect long-
term changes of the Earth’s magnetic field, the magnetism of
ancient rocks and the quantitative magnetic measurement of
materials. Such precise magnetic-field measurements can be
applied to other fields, such as non-dipole interactions.

2. Theory

Fig. 1 shows a schematic diagram of static magnetic field mea-
surements based on low-field NMR. As an example, the Larmor
precession of protons and fluorine nuclei in a mixture of thermally
polarized acetone and hexafluorobenzene is monitored with an
atomic magnetometer. We apply separate magnetic-field sensors
(an atomic magnetometer sensor and NMR sample-chamber sen-
sor) for different types of magnetic field detection. Specifically,
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Fig. 1. Schematic diagram of static magnetic field measurements based on low-
field NMR. The electron spin polarization P=2<S,>is indicated. M is the
magnetization vector. By is the bias magnetic field.

the atomic magnetometer sensor detects changing magnetic fields
that are produced by the precession of prepolarized nuclear spins,
and the NMR sample-chamber sensor detects static magnetic
fields, such as the residual magnetic fields in magnetic shields.

In our experimental configuration, we can obtain the response
of the atomic magnetometer to quasi-static magnetic fields, pro-
ducing the components of electronic spin polarization [3,21]:

ABB,, + B:B;

Sx=S 2
* T AB + (B2 + B2+ BY) @

—ABB, + BB,
AB® + (B +B; + B.)

y — 20

(3)

where AB = (Rop + Rret) /s g, Rop is the pumping rate, Ry is the total
spin-relaxation rate, S; (i = x, y, z) is the electronic spin components,
So is the equilibrium electronic spin polarization, and B; is the mag-
netic field components.

Because of the magnetic shields, the dominant mechanism of
shielding is magnetic flux shunting for static and low-frequency
external magnetic fields. At high frequencies, the skin effect plays
a dominant role [23]. In this paper, we focus on measuring the
residual magnetic field in the shields, where the residual field is
close to zero relative to the Earth’s field. The atomic magnetometer
can directly monitor these dynamic residual magnetic fields. Static
residual magnetic fields are difficult to measure because of low
sensitivity of the magnetometer in terms of low-frequency fields.
However, these fields can be detected based on low-field NMR. In
low-field NMR, the spins are polarized in the prepolarization fields,
and another low field induces precession in spins that are aligned
transversely to the low field. The magnetometer detects dynamic
magnetic fields that arise from the precession of nuclear spins.
Nuclear spins produce both x and y components of the magnetic
field. Specifically, the atomic magnetometer is used to detect
NMR signals, which gives the information of the precession fre-
quencies. Although NMR signals have different amplitudes under
the same bias fields because of fluctuations in the atomic magne-
tometer and the polarization time of samples, the precession fre-
quency of NMR signals is the same. The spectral-analysis
technique works well for NMR signals of varying amplitude. The
magnetic field’s strength can be obtained by measuring the preces-
sion frequency. For prepolarized samples, the effective field that
are experienced by nuclear spins are the positive magnetic field
B. and the negative magnetic field B_. These fields act on the sam-
ples, which can be expressed as

B, = (+Bo) +Br, B. =|(+Bo) + Br| = Bo + Br (4)
B_ = (—Bo) +Br, B- =|(—Bo)+Bgr| =Bo— Bk (5)
By = (B, +B_)/2, Br= (B, -B.)/2 (6)

where By is the static magnetic field and By is the bias field.

We apply a bias magnetic field Bg aligned parallel to the z direc-
tion, which induces precession in spins. The bias magnetic field
should not affect the work of the magnetometer. Therefore, based
on the unique design of our magnetic shields, a piercing solenoid is
used to provide the bias magnetic field. Solenoids have the charac-
teristics of a uniform internal magnetic field and small-leakage
magnetic fields. Solenoid generate magnetic flux that is trans-
ported through the magnetic shields, forming a closed loop. There-
fore, the external field is a factor of 1000 smaller than the internal
field [7,24]. By applying the positive-direction bias field (+By) and
negative-direction bias field (—Byp) to samples, we can obtain differ-
ent NMR center frequencies. Internal residual magnetic fields and
the magnetic field that is generated by the solenoid are superposed
at the position of the samples. Analyzing these NMR signals
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enables us to measure NMR-frequency shifts to deduce the corre-
sponding magnetic strength.

Furthermore, we can adopt a mixture of acetone and hexafluo-
robenzene as the medium to measure the static field, the Larmor
precession frequencies of protons and fluorine nuclei of which are

Oy =YyBy,  wn- =yyB- (7)

Ory = VB,  p- = 7ypB_ (8)
where wy, and wg, are the Larmor precession frequencies for pro-
tons and fluorine nuclei with a positive magnetic field (B.), and wy_
and wr_ are those with a negative magnetic field (B_). In addition,
we can set up a nuclear-spin comagnetometer based on an atomic
magnetometer. Here, the quotient of gyromagnetic ratios of these
two species is a constant, which equates to adding a constraint con-
dition in the static-field measurement. Static magnetic fields can be
measured through a difference calculation of the frequencies of
nuclei in the mixed solution. If the detected magnetic field changes
very slowly over a long period, we still consider the magnetic field
to be a static magnetic field and, thus, measurable. The indirect
measurement can avoid drift error in long-term measurements
and improve the accuracy.

3. Experimental detail

We apply a pump-probe-configuration atomic magnetometer to
detect changing magnetic fields. The atomic magnetometer is a
vector sensor, the response of which to a small applied field
depends on its direction. Hence, we use the magnetometer to mon-
itor the low-field NMR. We can obtain a static magnetic field from
these spin-precession frequencies.

The samples are sealed in a special glass chamber that consist of
10-mm NMR tubes. Our sample chambers are completely filled
with NMR samples. When the chamber is shuttled between the
polarization region and detection region, liquid sloshing is not evi-
dent. The temperature of the samples is relatively constant, at
about 45 °C. Therefore, we do not consider the atomic spin distri-
bution of the samples from thermal diffusion. The frequency from
the spins reflects the in-situ magnetic-field strength. In addition,
we can move the chamber using nuclear-spin precession to sense
the magnetic field from different locations. If the magnetic
strength of different sample locations can be measured, we can
obtain the magnetic field’s gradient.

Sample chamber

3.1. Atomic magnetometer

Fig. 2 shows the basic configuration of our experimental setup.
The alkali-metal atomic vapor cell works in a high-temperature
and ultra-low magnetic-field environment. Our cell is heated to
165 °C to increase the atomic vapor density. We use a set of five-
layer cylindrical p-metal magnetic shields to shield the environ-
mental magnetic field. The amount of conductive materials has
to be minimized within the inner magnetic shield to reduce ther-
mal Johnson noise. A set of three-axis magnetic-field coils and
three-axis gradient-field coils inside the magnetic shields allows
the compensation of the residual magnetic fields. We adopt a
two-beam light configuration, where the pump beam is perpendic-
ular to the probe beam in the cell. The pump beam can cause
atomic spin polarization, and the probe beam monitors the spin
precession from the magnetic fields. Our magnetometer is primar-
ily sensitive to fields in the y direction, with a magnetic field sen-
sitivity of 33 fT/Hz'/? at 32 Hz. This magnetometer also can be
operated in several modes to measure different components of
the magnetic field [1].

Our magnetometer needs work in low-magnetic-field sur-
roundings. Passive magnetic shields are usually used in weak-
precision magnetic-field measurements to create a zero-field
region. Therefore, we design two types of magnetic shields: a small
set named MS-S and a large set named MS-L. These two sets of
shields use the cylindrical magnetic shields as the main compo-
nents and circular plates as the magnetic shields’ cover. For MS-
S, the diameter of the inner magnetic shield is 166 mm and the
length is 190 mm with a calculated magnetic noise about 17.3 fT/
Hz'2. The distance between the laser-beam opening and the
sample-transfer passage is 16 mm, and the diameter of the transfer
passage is 16 mm. In this paper, the experiment is mainly com-
pleted in MS-S. For MS-L, the inner magnetic shield is 300 mm in
diameter and 600 mm in length, with a calculated noise of about
6.7 fT/Hz'%. To extend the application of the magnetic shields,
we create multiple special rectangular (54 mm x 18 mm) open-
ings. The laser beam, connection wires of coils, samples, etc. can
enter the shields through these openings. With these openings,
we can study the NMR samples, magnetic fields from rats or other
animals, and gradient magnetometers based on the MS-L. We use a
flat plate and cylinder as the model to analyze the magnetic noise
of magnetic shields from Johnson currents in the p-metal shields
[25]. The magnetometer’s detection capability is directly limited
by Johnson noise, the effect of which on the magnetometer can
be evaluated by using these two shields. The horizontal pneumatic
shuttling and MS-S are key components for low-field NMR. We

Horizontal
pneumatic shuttling

Cell Solenoid

Magnetic shields

Prepolarizing
magnet

Fig. 2. Experimental setup for low-field NMR based on a rubidium atomic magnetometer, which use the horizontal pneumatic shuttling to transport samples (experimental

details described in the text).
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realize experimental measurements within MS-S. Moreover, we
design MS-L in view of the experimental results from MS-S.

3.2. Low-field NMR

Because of the high gyromagnetic ratio and natural abundance
of protons, proton detection is the optimal choice for liquid NMR.
We mainly demonstrate proton-based low-field NMR experiments
to measure static magnetic fields. The samples are thermally polar-
ized by a 1.5T prepolarizing permanent magnet. We perform
remote detection to avoid magnetizing the magnetic shields, which
requires separating the polarization and detection regions. To
detect low-field NMR signals, we have to transfer prepolarized
samples to the detection region through horizontal pneumatic
shuttling. For our configuration, both the prepolarization and pre-
cession of sample spins occur in the XY plane, and the magnetome-
ter sensor is sensitive to both By and By, so DC pulse is unnecessary
in the measurements. Then, spin precession is monitored via an
alkali-vapor magnetometer. As illustrated in Fig. 3, the time
sequence is used for NMR-signal measurements and the corre-
sponding operating state of the horizontal pneumatic shuttling.

A piercing solenoid is used to generate the bias magnetic field
that is applied to the NMR samples. The experimental results indi-
cate that the leakage field has a negligible effect on the atomic
magnetometer sensor. We create a solenoid with a single-layer
copper wire that is wound directly on a quartz-glass tube. The
NMR-sample chamber can slide along this quartz-glass tube. Thus,
the samples can be shuttled smoothly between the polarization
region and detection region. Unlike other pneumatic shuttling
devices [7,19,22,26], we demonstrate a new type of shuttling sys-
tem: a horizontal pneumatic shuttling system. We use this system
to transport the NMR samples horizontally, as illustrated in Fig. 3.
Axial-magnetic-field measurements are realized through this
method. If the chamber sensor is moved away from the magne-
tometer sensor (fixed), the sample can sense the local static field.
The NMR spectrum can be obtained in a single shot, with a 10-s
polarization time (or less) and 10-20-s acquisition time. Therefore,
this measurement method can provide the distribution of mag-
netic fields within only tens of seconds and obtain NMR spectra
with good frequency resolution.

The simulated static magnetic field is applied to verifying the
effectiveness of the static magnetic field measurement method.
However, the frequency information from the NMR signals is still
subject to chemical shift. Therefore, we have to consider the sym-
metry of the NMR samples’ chemical structures. Acetone and hex-
afluorobenzene are chosen for their structural symmetry. We
demonstrate a comagnetometer based on protons and '°F in a mix-
ture of acetone and hexafluorobenzene. These binary mixtures are

rich in different nuclear-spin species, which can support our future
research on non-magnetic spin interactions [12].

4. Results and discussion

Fig. 4(a) shows the single-shot raw NMR signal of distilled
water, and the inset shows its Fourier transform. To illustrate the
utility of low-field NMR, we also examine the case for a mixture
of acetone and hexafluorobenzene. Fig. 4(b)-(f) show the single
shot low-field NMR signals. To obtain more wave packets, we apply
a 738-nT bias magnetic field to induce nuclear precession. These
single-shot NMR signals consist of two-frequency signals, which
are a superposition of two decaying exponentials, each with their
own time constant. These two-frequency NMR signals traveled
through a 20-40 Hz band-pass filter. The proton and fluorine pro-
duce time-domain NMR signals in both the x and y directions, so
the phases of these signals are mixed. From the perspective of dif-
ferential detection, the NMR frequency information can be simul-
taneously measured to eliminate some of the error. This error
may have originated from gradient magnetic fields and conven-
tional numerical fitting. Gradient magnetic fields shift NMR fre-
quencies and broaden the NMR signals. For conventional
numerical fitting, the phase of NMR signals, which is very impor-
tant for the center frequency of NMR signals that are extracted
from the fit, is difficult to determine precisely. However, our
data-processing methods are still in development. We prepare
mixtures of acetone and hexafluorobenzene with different concen-
trations (volume ratios of 3:1, 2:1, 1:1, 1:2, and 1:3). The amplitude
of each peak proportional to the number of protons and fluorine
can be observed by using mixed solutions of different proportions,
as shown in Fig. 4(b)-(f). We demonstrate these time-domain sig-
nals as fundamental data to verify our measurements and theory.
Additionally, the volume ratio of the two mixtures can be deduced
by the relative amplitudes of the NMR signals of two nuclei.

The free-precession NMR spectra of protons are shown in Fig. 5.
Expanded views of these spectra from 14.6 to 17 Hz are provided.
As shown in Fig. 5(a), the static magnetic field measurements are
verified by using simulated static magnetic fields. The simulated
magnetic fields are calculated from the coil constant, which is also
calibrated with a fluxgate magnetometer (magnetic field resolu-
tion of 1 nT). The theoretical and measured coil constants (a linear
relationship between the magnetic-field strength of the coil and
the current) are 90 nT/mA and 89 + 1 nT/mA, respectively. Here,
we consider 90 nT/mA as simulated magnetic-field coil constant.
For the low-field (369 nT) NMR of protons, we apply the simulated
static fields of 0.72 nT and 1.44 nT and no simulated field to obtain
NMR spectra, as shown in Fig. 5(a), and we show the data of any
two transients that are obtained without averaging under the same

~10s | N |
Prepolarizationl | — B, W= =
inl L
Sample shuttling =t — B, T =
-
~0.15s
Walt tlme |_| ............................... m Bo “ —_
- s I
10s-20s
Data collection W‘ """""""""""""""" b B L =
V [ s |
~25 -
Sample return | | .............................. B ‘“ —_
- s I

Fig. 3. Time sequence for NMR-signal measurements and the corresponding operating state of the horizontal pneumatic shuttling.
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Fig. 4. Low-field NMR signals (single shot). (a) Raw low-field (369 nT) NMR signal obtained in distilled water. Two-frequency low-field (738 nT) NMR filtered signals from a

mixture of acetone and hexafluorobenzene with different volume ratios of 3:1 (b), 2:1 (c), 1:1

simulated field. As shown in Fig. 5(b), we present a set of 0-nT,
0.72-nT, and 1.44-nT spectra with averages that correspond to
the traces in Fig. 5(a), where smooth-trace overlaying each data
set from the average of these data produce Lorentz profile fitting.
Interestingly, these frequency shifts are clearly visible due to dif-
ferences in the simulated fields. Compared to the case without a
simulated static field, the proton’s frequency shift of the simulated
static field of 0.72 nT is 0.03(05) Hz and that for the simulated field
of 1.44 nT is 0.05(91) Hz. These experimental data are in excellent
agreement with the theory (yy = 42.5775 MHz/T [27]).

The static magnetic field measurement method is used to mea-
sure the magnetic field’s strength in the axial direction of MS-S.
Fig. 5(c) shows the data of three sets under the same experimental
conditions based on the low-field NMR of protons. Fig. 5(d) shows
the NMR spectra of the positive and negative fields, each resulting
from the average of three transients. The experimental data verify
a 0.02(42) Hz difference between the positive and negative fields’
precession frequencies for low-field NMR. According to Eq. (6),
the NMR frequency resulting from the corresponding residual
magnetic field is 0.01(21) Hz, which corresponds to a magnetic
field strength of 235 (+50) pT. The maximum absolute error is
+0.0015 Hz, which corresponds to a magnetic field strength is
135 pT. Therefore, we realize the experimental measurements with

(d), 1:2 (e), and 1:3 (f). These insets show their Fourier transforms.

the MS-S magnetic shield, whose axial-magnetic-field strength is
about 235 pT in the z direction (along the pump beam). In the case
of magnetic shielding in the geomagnetic field, the shielding factor
of the magnetic shielding material is better than 10° without con-
sidering the magnetism that is carried by the inner magnetic
shielding material (the shielding material itself usually has a
~nT-level field). Our results can be used to evaluate the shielding
factor from existing shields and guide the design of new shields
for precision measurements. Furthermore, our next step is to
develop a more accurate method for directly extracting the fre-
quency from low-field NMR data [28].

This atomic magnetometer that is demonstrated in our labora-
tory can be applied to research the optimal instrument index and
basic physics. The miniaturization of atomic magnetometers is a
hot topic in magnetometer design and an important method to
expand its applications. A miniaturized atomic magnetometer sen-
sor (MAMS) is an integrated detector with small size, decreasing
the detection distance. An MAMS can be utilized to measure the
three-axis magnetic fields to reduce the detection distance and
improve the signal-to-noise ratio. This miniaturized sensor can
be used to detect low-field NMR signals and provide information
on the static magnetic field. A three-axis static magnetic field is
measured by a MAMS, as illustrated in Fig. 6.
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Fig. 5. Experimental demonstration Fourier transforms of low-field NMR signals. (a) Simulated magnetic field measurements and the lines with the best Lorentz fit: the red
lines (stars) are obtained with no simulated static field, blue lines (squares) are obtained with a simulated field of amplitude 0.72 nT, and green lines (circles) are obtained
with 1.44 nT. (b) Set of 0-nT, 0.72-nT, 1.44-nT spectra, respectively, with averaging and fits. (c) Residual magnetic-field measurements in MS-S: the red lines (triangles) are
obtained with the negative-direction bias field (B_) and the blue lines (rhombuses) are obtained with the positive-direction bias field (B.). (d) Smooth traces of NMR spectra
with averaging and fits under B_ and B.. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

We have used the horizontal pneumatic shuttling for remote
detection and realized experimental measurements with MS-S.
We design a new magnetic shielding MS-L in view of the experi-
mental results with MS-S. Various methods exist to measure
three-axis magnetic fields [29,30], and we propose a new detection
method of three-axis static magnetic fields in space. The total field
in the three-axis measurement is

BTotal =\ B;2< + Bﬁ +B§

9)

As shown in Fig. 6, we can move the MAMS and sample cham-
ber along the black arrow to acquire the distribution of magnetic
fields. The yellow regions indicate moveable areas, which are the
measurement spaces that are limited by the shields openings.
Therefore, we present a more rational design of magnetic-shield
openings, while cylindrical magnetic shields and their flat covers
can use square openings. In the future design of magnetic shields,
the dimension parameters must be reasonably configured to effec-
tively expand the application of atomic magnetometers.
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Fig. 6. Schematic of three-axis static weak magnetic field measurements with a MAMS. (a) Magnetic field measurements in the x direction, (b) magnetic field measurements

in the y direction, and (c) magnetic field measurements in the z direction.

5. Conclusion

We have demonstrated a new method to measure static weak
magnetic fields based on low-field NMR. Analyzing these NMR sig-
nals enable us to obtain NMR-frequency information to deduce the
corresponding magnetic strength. We show the single-shot raw
low-field NMR signals of distilled water and the single-shot filtered
signals from a mixture of acetone and hexafluorobenzene under a
bias magnetic field as fundamental signals to verify our measure-
ment method. The simulated static magnetic field is applied to
confirm the effectiveness of the method. We realize the experi-
mental measurements with the MS-S magnetic shield, whose
axial-magnetic-field strength is about 235 pT in the z direction.
We also design a new MS-L magnetic shield based on the MS-S
experiment. Furthermore, we discuss a nuclear-spin comagne-
tometer to detect static weak magnetic fields according to NMR
signals from protons and fluorine nuclei, which can support our
future research on non-magnetic spin interactions. We also pro-
pose a theoretical analysis regarding the usage of a MAMS to mea-
sure static weak magnetic fields, which is left for a future study.
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