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Zero-field atomic magnetometer to extract longitudinal magnetic field
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Zero-field atomic ensembles enable the development of ultrahigh-sensitivity magnetometry. However, their
intrinsic insensitivity to longitudinal magnetic fields along the pumping direction poses a fundamental limitation,
restricting precise weak-field quantification and complex system decoupling. Herein, we propose a novel zero-
field weak parametric modulation scheme capable of ultrahigh-sensitivity extraction of longitudinal magnetic
fields. Transverse modulation is employed to manifest the electron spin polarization projection induced by the
longitudinal fields. Based on the perturbation model established, first-order parametric resonance associated with
the longitudinal magnetic field yields significant signal enhancement under low-frequency and weak modulation
conditions, while simultaneously suppressing spin-exchange relaxation caused by magnetic field modulation. We
experimentally achieved a longitudinal measurement sensitivity of 16 fT/Hz1/2, more than an order of magnitude
improved over traditional schemes, with a bandwidth of 70 Hz. Benefiting from low spin relaxation, the noise
floor of the transverse magnetic field measurement is preserved at 4 fT/Hz1/2. The proposed scheme pushes
the boundaries of existing weak magnetic field measurement, providing critical capabilities for state-of-the-art
precision experiments including new physical quantity detection.
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Introduction. Optically pumped atomic ensembles detect
weak magnetic fields encountered by means of Larmor pre-
cession, giving rise to various types of atomic magnetometers.
Especially for zero-field atomic ensembles operated in the
spin-exchange relaxation-free (SERF) regime, it has the po-
tential for ultrahigh aT/Hz1/2-level measurement sensitivity
due to the resolution of the contradiction between atomic den-
sity and spin-exchange relaxation, becoming a new generation
magnetometer that can replace the superconducting quantum
interferometer device [1–3]. In recent years, the ability of
atomic magnetometers to precisely measure weak magnetic
fields has been further expanded [4–7]. Zero-field atomic
magnetometers have been used for multichannel magnetocar-
diography and magnetoencephalography systems, providing a
trending method for detecting organ and tissue abnormalities
[8–10]. In addition, atomic magnetometers have become a
powerful way to explore new physical quantities such as the
fifth force, as well as to detect extremely weak magnetism and
magnetic moments of materials [11–13].

By absorbing photons in the light field, the alkali metal
exhibits a longitudinal electron spin polarization direction
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parallel to the pump beam [14,15]. Under the premise of
consistent polarization orientation, when the atomic ensemble
is exposed to an external magnetic field B, it precesses around
B under the action of the torque [16,17]. However, since a
parallel magnetic field exerts no torque on the spin, the system
is inherently insensitive to fields aligned with the initial spin
polarization [18–20]. This defect in longitudinal magnetic
field extraction has become a constraint on the ability of
zero-field atomic magnetometers and remains an urgent issue
to solve across various quantum measurement applications.
Embodied in zero-field atomic magnetometers operating in
the longitudinal open-loop mode, significant low-frequency
scale factor drifts occur. These drifts introduce errors in weak
magnetic field quantization due to asynchronous frequency
responses during calibration and testing; furthermore, for co-
magnetometers employing multiple spin species, deviations
from the longitudinal field compensation point induce cou-
pled measurements of physical quantities [21,22] and result
in dynamic drifts linked to transverse magnetic fields arising
from the weakened electron-nucleus spin correlation [23–25].

Several research groups have identified this challenge and
are actively investigating approaches for longitudinal mag-
netic field extraction in zero-field atomic ensembles [26,27].
The single nuclear-species co-magnetometer achieves self-
compensation through electron resonance locking, thereby
extending the spin coherence time [25,28–30]. For enhanced
measurement accuracy, bias magnetic fields are employed
to rotate the initial electron spin polarization, obtaining a
mapping of longitudinal magnetic fields on the spin polar-
ization projection [31], but this causes serious aliasing in
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real-time measurements. Additionally, a series of methods
classified as coordinate transformation have been successively
proposed [27,32] to convert the initial longitudinal mag-
netic field into a relative transverse component perpendicular
to another independent pumping system. These indirect ap-
proaches demonstrate limitations in mechanistically resolving
longitudinal magnetic field responses within atomic ensem-
bles, while inducing substantial coherence loss through the
requisite application of high-amplitude multiaxis modulation
[33–36]. Currently, two distinct schemes are employed to vali-
date the direct longitudinal magnetic field detection capability
of zero-field atomic magnetometers [37–40]. However, their
sensitivity stagnates at pT/Hz1/2 or hundreds of fT/Hz1/2.
This substantial gap in sensitivity compared to conventional
modes originates from spin-exchange relaxation induced
by modulation fields and pronounced signal attenuation,
greatly limiting the application of longitudinal magnetic field
measurements.

This study achieved for the first time the highly sensi-
tive real-time measurement of the longitudinal magnetic field
by zero-field atomic magnetometers. We utilize a transverse
weak modulation scheme to actively promote dynamic devia-
tions of electron spin polarization from the optical pumping
axis, enabling effective response separation of the longitu-
dinal magnetic field in the polarization projection. Then, a
complete analytical model is derived through systematic it-
eration of perturbation response terms. Under the combined
effect of parametric modulation, the method achieves optimal
signal gain in response to longitudinal magnetic fields at low
modulation frequency, while the spin-exchange relaxation is
almost eliminated. The effectiveness of the method has been
verified both theoretically and experimentally. Compared with
conventional approaches, the proposed scheme demonstrates
a remarkable enhancement exceeding 1 order of magnitude in
longitudinal field measurement sensitivity. This breakthrough
methodology, based on zero-field atomic magnetometers, rep-
resents a significant advancement in weak magnetic detection.
Furthermore, it establishes a groundbreaking paradigm for
physical decoupling in quantum sensing applications.

Theoretical model. For the atomic ensemble in the SERF
regime, alkali-metal atoms with their single valence electron
can be effectively modeled as spin-1/2 particles, and the dy-
namic evolution model of the electron spin polarization S can
be described by the Bloch equation. Assume that the pump
beam is along the z axis and the probe beam is along the x
axis. To decouple the longitudinal magnetic field, we apply a
modulation magnetic field Bmod cos(ωt ) with a frequency of
ω on the x axis. The model is transformed into

Ṡx(t ) = ωySz(t ) − ωzSy(t ) − �Sx(t ),

Ṡy(t ) = ωzSx(t ) − [ωx + ωmod cos(ωt )]Sz(t ) − �Sy(t ),

Ṡz(t ) = [ωx + ωmod cos(ωt )]Sy(t ) − ωySx(t ) + R − �Sz(t ),
(1)

where ω j=γeB0 j/q; γe is the gyromagnetic ratio of the bare
electron; B0 j is the magnetic field component to be measured,
j = x, y, and z; q is the nuclear slowing-down factor; ωmod =
γeBmod/q; Bmod is the amplitude of the modulation magnetic
field; β = γeBmod/qω is the modulation factor, � = (Rop +

Rrel )/q, R = Rop/2q; and Rop and Rrel are the pumping rate
and the relaxation rate of the atomic ensemble, respectively.
The relaxation rate Rrel incorporates contributions from the
spin-destruction rate and the wall-collision rate.

Assuming the spin-polarization projections Sx, Sy, and Sz

as independent variables, let S±(t ) = Sz(t ) ± iSy(t ) and ω± =
(ωz±iωy)/2; then Eq. (1) is further transformed into integral
form as

Sx(t ) = ie−�t
∫

e�t [ω−S+(t ) − ω+S−(t )]dt,

S+(t ) = e−[iωxt+iβ sin(ωt )+�t]

×
∫

e[iωxt+iβ sin(ωt )+�t][2iω+Sx(t ) + R]dt . (2)

Since Eq. (2) is more than complicated and exists coupling
between three-axis polarization projections, it cannot be di-
rectly solved in closed form. To separate the projection of the
electron spin polarization along the x axis, we consider ω± as
the perturbation component and expand Sx(t ) and S±(t ) in a
perturbation series as follows:

Sx(t ) = S(0)
x (t ) + · · · + S(N )

x (t ) + · · · ,

S±(t ) = S(0)
± (t ) + · · · + S(N )

± (t ) + · · · , (3)

where the superscript N represents the order of expansions.
Referring to the Dupont-Roc method [37,41], substituting the
expanded form into the integral equation, the recursive rela-
tionships are obtained as

S(N )
x (t ) = ie−�t

∫
e�t

[
ω−S(N−1)

+ (t ) − ω+S(N−1)
− (t )

]
dt,

S(N )
+ (t ) = e−[iωxt+iβ sin(ωt )+�t]

×
∫

e[iωxt+iβ sin(ωt )+�t]2iω+S(N−1)
x (t )dt . (4)

For solvable undisturbed parts, i.e., ω± = 0, S(0)
x (t ) and

S(0)
± (t ) have definite analytical solutions. Introducing the

Jacobi-Anger expansion and considering the zero-order res-
onance as the dominant term, their expressions are

S(0)
x (t ) = 0,

S(0)
+ (t ) = RJ0(β )

� + iωx
e−iβ sin(ωt ) = M (0)e−iβ sin(ωt )

S(0)
− (t ) = S(0)∗

+ (t ) = M (0)∗eiβ sin(ωt ), (5)

where Jk is the kth-order Bessel function of the first kind.
Based on solvable terms, the spin-polarization projection

can be corrected step by step according to established recur-
sive relationships until it approaches actual situations. The
first-order correction term of S+(t ) is

S(1)
+ (t ) = e−[iωxt+iβ sin(ωt )+�t]

×
∫

e[iωxt+iβ sin(ωt )+�t]2iω+S(0)
x (t )dt = 0 (6)

and the corresponding correction of Sx(t ) is

S(1)
x (t ) = ie−�t

∫
e�t

[
ω−M (0)e−iβ sin(ωt ) − ω+M (0)∗eiβ sin(ωt )

]
dt

=
∞∑

n=−∞
Jn(β )

[
iω−M (0) e−inωt

� − inω
− iω+M (0)∗ einωt

� + inω

]
.

(7)
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FIG. 1. Schematic of the longitudinal magnetic field extraction in a zero-field atomic magnetometer. (a) The initial spin polarization of
the atomic ensemble is along the z axis upon absorption of pump photons. By applying a modulation magnetic field on the transverse x axis,
the electron spin polarization is dynamically deviated from the z axis, so that the response of the atomic magnetometer to the longitudinal
magnetic field Bz to be measured is manifested on the x-axis projection. (b) The time-domain simulation of spin-polarization projection Sx

under the modulation magnetic field Bmod cos(ωt ) and the measured magnetic field B0z. (c) Experimental setup for the measurements. LP, linear
polarizer; HWP, half-wave plate; QWP, quarter-wave plate; LD PBS, lateral displacement polarized beam splitter; PD, photodetector.

Among the multiple resonance components constituting
the correction term, their amplitudes decrease successively
with increasing resonance order n. Therefore, by further it-
erating the spin polarization via the zero-order resonance,
the second- and third-order correction terms are obtained as
Eqs. (8) and (9), respectively:

S(2)
x (t ) = ie−�t

∫
e�t

[
ω−S(1)

+ (t ) − ω+S(1)
− (t )

]
dt = 0, (8)

S(3)
x (t ) = − 2iω+ω−J2

0 (β )

�

(
ω−M (0) − ω+M (0)∗)

×
∞∑

n=−∞
Jn(β )

[
e−inωt

(� + iωx )(� − inω)

+ einωt

(� − iωx )(� + inω)

]
. (9)

It can be concluded that the even-order corrections of
Sx(t ) are 0, while the amplitudes of odd-order terms decrease
with the order. Taking into account the response attenuation
of high-order parametric resonance, the DC and low-order
harmonic components containing the main magnetic field
information are decomposed. Sx(t ) is therefore modified by
these recursive resonance terms according to Eq. (3). Ignoring

the irrelevant minor terms, the analytical expressions of Sx(t )
after third-order correction are

Sx(t )

∣∣∣∣
n=0

= R�J2
0 (β )

�ωy + ωxωz(
�2 + ω2

x

)2 , (10)

Sx(t )

∣∣∣∣
n=±1

= 2R�2

�2 + ω2
J0(β )J1(β )

�ωz − ωxωy(
�2 + ω2

x

)2

× [� sin(ωt ) − ω cos(ωt )], (11)

Sx(t )

∣∣∣∣
n=±2

= 2R

�2 + 4ω2
J0(β )J2(β )

�ωy + ωxωz(
�2 + ω2

x

)2

× [�3 cos(2ωt ) + 2�2ω sin(2ωt )]. (12)

Special for the proposed modulation scheme, the resonance
orders correspond to the harmonics. Among them, since the
magnetic field measured by the zero-field atomic magnetome-
ter is extremely weak, i.e., ω j/� � 1, its higher-order terms
become safely negligible. Consequently, the DC component
exhibits sensitivity to the transverse magnetic field along the
y axis, as described by Eq. (10), while the primary oscillation
term responds primarily to the longitudinal magnetic field
B0z, as expressed in Eq. (11). The relative response ampli-
tude between the two is closely related to the total relaxation
rate and the modulation parameters. Therefore, it is com-
pletely feasible to achieve independent measurement of the
longitudinal magnetic field with ultrahigh sensitivity while en-
abling real-time dual-axis detection by means of simultaneous
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FIG. 2. Relationship between the response intensity to magnetic
fields and the modulation factor β at different modulation magnetic
field frequencies ω. The frequencies were set to 157, 177, and
197 Hz, respectively, represented by yellow, green, and blue lines.
Figure (b) shows a partial enlargement of panel (a). The modulation
factor varies accordingly by the modulation amplitude at a certain
frequency. (a) The response intensity to the longitudinal magnetic
field exhibits a peak, which is related to the product of Bessel func-
tions, i.e., J0J1, and (b) the enhanced output response relies on the
low modulation frequency. Similarly, (c) the relationship between the
response of transverse magnetic fields and the modulation factor is
affected by the square of the zero-order Bessel function, showing a
decreasing trend. The distortion of curves stems from the frequency
response characteristic of the low-pass filter. (d) The relative ratio of
the output response to longitudinal and transverse magnetic fields
with the same magnitude. Under the appropriate modulation fre-
quency ω and factor β, close signal gain and optimal longitudinal
response can be obtained.

decoupling of the DC and primary oscillation terms in zero-
field atomic magnetometers.

Results. A schematic of the experimental setup is shown
in Fig. 1(c). A cubic glass cell with a side length of 14 mm
and a wall thickness of 1 mm is used as a sensitive element to
confine alkali-metal 87Rb atoms and approximately 500 Torr
N2. This vapor cell is placed in a boron nitride oven with a
pair of flexible heating films attached to two side surfaces.
The oven and the vapor cell are heated to 160 ◦C by applying
an alternating current with a frequency of 180 kHz in heat-
ing films. Both pumping and detection for the alkali-metal
atoms use distributed feedback diode lasers with a spot size of
7.8 mm. The pump beam is tuned to the D1 line of 87Rb atoms,
with a power of 6.3 mW; the probe beam is right-detuned by
70 GHz, with a power of 4.8 mW. The entire experimental
setup is enclosed in a magnetic shielding system comprising
four permalloy layers supplemented with low-noise ferrite
to suppress magnetic noise below 1 fT/Hz1/2. The uniform
magnetic field coils inside the magnetic shield are used to
compensate and regulate three-axis magnetic field compo-
nents, driven by the signal generators.

The magneto-optical rotation angle of the probe beam
transmitted through the vapor cell, expressed as Eq. (13),
is measured via balanced polarimetry, which can suppress

FIG. 3. (a) Under the proposed scheme of transverse weak mod-
ulation, the z-axis magnetic field detection sensitivity is improved
to 16 fT/Hz1/2, while the sensitivity of the y-axis magnetic field in
the DC component is 4 fT/Hz1/2. The sensitivity is characterized by
the power spectral density, averaged over 1-Hz intervals. The results
include responses to calibrated magnetic fields with an amplitude of
100 pT rms and a frequency of 30.5 Hz and their harmonics, as well
as additional peaks introduced by industrial frequency interference.
(b) Frequency response of the zero-field atomic magnetometer to the
magnetic field on the y and z axes. The longitudinal magnetic field
measurement bandwidth is increased to 70 Hz.

common-mode detection noise:

θ = 1

2
lnRbrec fD1

ν − νD1

(ν − νD1)2 + (�D1/2)2 Sx, (13)

where l represents the optical path length through the vapor
cell, nRb denotes the number density of rubidium atoms, re is
the electron radius, fD1 is the transition frequency of the D1
line, (ν − νD1) is the detuning of the probe light frequency
from the D1 resonance, and �D1 is the pressure broadening
fullwidth of the D1 transition. In addition, the employed vapor
cell exhibits a linewidth �D1 of approximately 13 GHz, so
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far-detuned linearly polarized light enables precise measure-
ments of atomic spin states.

The current signal is converted into the voltage by a
transimpedance amplifier and then transmitted to a low-pass
filter and a lock-in amplifier to decouple the DC and first-
harmonic components, respectively. The reference end of the
lock-in amplifier is connected to the synchronous output of the
modulation signal generator and its output end is connected
to the signal acquisition system to evaluate the noise floor
through power spectral density (PSD) analysis. The experi-
mental responses of the magnetometer to magnetic fields on
the y and z axes are shown in Fig. 2. It can be seen that
the signal amplitude is closely related to the modulation fac-
tor associated with the Bessel functions [42,43]. In addition,
since the first harmonic component exhibits an approximately
quadratic decay with respect to the modulation frequency
following from Eq. (11), the signal amplitude related to the
longitudinal magnetic field obtains the optimized gain at low
modulation frequency. Therefore, in contrast to conventional
high-amplitude magnetic field modulation, this study intro-
duces a weak modulation scheme. This scheme significantly
enhances the longitudinal field response in zero-field atomic
magnetometers while effectively circumventing the issue of
aggravated spin-exchange relaxation.

To prevent the applied low-frequency modulation from
raising the overall noise floor, we adopted a modulation
frequency of 177 Hz in the experiment to verify the lon-
gitudinal measurement sensitivity under the corresponding
optimal modulation factor. The amplitude of the modulation
magnetic field was set to about 20 nT. The corresponding
frequency response curves of the y- and z-axis magnetic fields,
as well as the sensitivity of the magnetometer, were mea-
sured. Besides, we additionally applied a calibration magnetic
field at 30.5 Hz with an amplitude of 100 pT rms for ver-
ification purposes. As shown in Fig. 3, we have achieved
a longitudinal measurement sensitivity of 16 fT/Hz1/2 while
maintaining a noise floor of 4 fT/Hz1/2 in the y axis. Exper-
imental verification confirms that our real-time measurement
scheme greatly improves the sensitivity of zero-field atomic
magnetometers in measuring longitudinal magnetic fields and

exhibits low-frequency response characteristics comparable to
those of transverse magnetic fields, which is of great signifi-
cance for various quantum physics researches. In addition, this
scheme improves the working bandwidth of the dual-beam
zero-field atomic magnetometer. The measured −3 dB band-
width reaches approximately 70 Hz on the z axis, representing
a threefold improvement over the 23-Hz bandwidth achieved
on the y axis.

Conclusion. In this Letter, we present a novel scheme for
ultrahigh-sensitivity measurements of the longitudinal mag-
netic field in a zero-field atomic magnetometer and provide
a complete perturbative analytical model. Eliminating con-
ventional requirements for strong modulations or auxiliary
optics, this methodology enables direct extraction of the
first-harmonic response associated with longitudinal magnetic
fields through optimized weak modulation with nearly elim-
inated spin-exchange relaxation. Experiments have verified
that the longitudinal measurement sensitivity and bandwidth
have reached 16 fT/Hz1/2 and 70 Hz, respectively. This para-
metric resonance scheme breaks through the limitation of
extracting longitudinal magnetic field by zero-field atomic
magnetometers, which achieves more than an order of magni-
tude improvement in sensitivity. This research creates feasible
conditions for weak magnetic field measurements of atomic
magnetometers in the field of quantum metrology; this also
paves the way for the real-time control of the longitudi-
nal self-compensation points of multispin species ensembles,
which can significantly increase the coherence and stability
in systems such as Lorentz invariance testing, searches for
anomalous spin-dependent force, and inertial rotation sensing
[29,44,45], providing broader prospects for applications in
various related fields.
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