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Most triaxial-vectorial magnetic field measurements with spin-exchange relaxation free (SERF) atomic magnetometer
(AM) are based on the quasi-steady-state solution of the Bloch equation. However, the responding speed of these methods
is greatly limited because the frequency of the modulation signal should be slow enough to ensure the validity of the
quasi-steady-state solution. In this work, a new model to describe the response of the three-axis sensitive SERF AM with
high modulation frequency is presented and verified. The response of alkali-atomic spin to high-frequency modulation
field is further investigated by solving the Bloch equation in a modulation-frequency-dependence manner. This solution
is well verified by our experiments and can offer a reference for selection of modulation frequencies. The result shows a
potential to achieve a SERF AM operating in a geomagnetic field without heavy aluminum shielding when the modulation
frequencies are selected properly.

Keywords: triaxial-vectorial magnetic field measurement, spin-exchange relaxation free, atomic magnetome-
ter

PACS: 07.55.–w, 07.55.Ge, 85.70.Sq DOI: 10.1088/1674-1056/ad0b00

1. Introduction
Ultrahigh-sensitive atomic magnetometers (AMs) have

been used in many applications, from searches for physics be-
yond the standard model, magnetic resonance imaging to mag-
netoencephalography (MEG), magnetocardiography (MCG),
and so on.[1–6] Currently, the most sensitive AM is the spin-
exchange relaxation free (SERF) magnetometer.[7] With sensi-
tivities comparable to the traditional superconducting quantum
interference devices (SQUIDs) operating at cryogenic temper-
ature, SERF magnetometers also offer other advantages such
as low-power dissipation, compact packaging, and the absence
of complex cryogenic equipment.

Most commonly, AMs monitor the precession frequency
of the atomic spin polarization to measure the magnetic field,
which leads to a scalar operation mode.[8] The detection of the
magnitude of the spin polarization projection makes it pos-
sible for the SERF AM to be sensitive to the vector fields.
However, in most configurations, no matter whether the tra-
ditional orthogonal pump-probe configuration,[9–11] parallel
pump-probe configuration,[12,13] or single beam configuration
is adopted,[14,15] the SERF AM just acts as a single-axis sen-
sor. For some applications, however, trixial magnetic vectors
are also important such as geophysics and MEG. To this end,
various kinds of precession modulation methods were applied
to the atomic system to demodulate the magnetic vectors.

In 2004, Seltzer et al. designed an unshielded three-axis

SERF AM achieving a sensitivity on an order of 1 pT/
√

Hz
by modulating two AC magnetic fields at different frequen-
cies in the directions of the pumping beam and the vertical
probing beam respectively.[16] In 2006, Li et al. modulated
a large magnetic field in the direction of the pumping axis,
constructing a two-axis AM capable of detecting transverse
magnetic field with a white noise level of 60 fT/

√
Hz.[17] In

2015, by utilizing two additional light-shift beams for mod-
ulation, Patton et al. constructed a full-light vector magne-
tometer that could measure the direction of transverse field
with a noise of 0.5 mrad/

√
Hz.[18] In the same year, Huang

et al. demonstrated a triaxial magnetic field detection method,
based on a Bell–Bloom magnetometer, which applied a pulsed
pumping beam resonating with the magnetic field. Sensitivi-
ties of 0.8 pT/

√
Hz in x axis and 1.5 pT/

√
Hz in y and z axes

were achieved.[19] After that, by rotating field in the x–y plane
and modulating another field in the z axis, they designed a
single-beam three-axis AM in 2016, obtained sensitivities of
300 fT/

√
Hz in x and y axes and 3 pT /

√
Hz in z axis.[20]

Due to the SERF regime’s requirements for low Lar-
mor frequencies, the methods with capability of obtaining
the value of the three-axis magnetic field simultaneously and
canceling the magnetic field to zero by feedback are very
suitable for the triaxial-vectorial magnetic field detection of
the SERF AM, such as the work of Seltzer and Romalis[16]

and Huang et al.[20] Benefiting from the feedback, these ap-
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proaches may also extend the application scenarios of SERF
AMs to geomagnetic field environments, as has been achieved
in Ref. [16]. In this kind of method, the magnetic fields of dif-
ferent frequencies are modulated on each axis, and the offset
fields of the respective axes are demodulated from the output
signals. However, the current demodulation process is usually
based on the steady-state solution of the Bloch equation, which
causes the frequency modulation that must be slow enough to
valid the quasi-steady-state solution. As a result, the band-
width of the system is greatly limited. This disadvantage is
even more unacceptable when we wish to utilize this method
with active magnetic field cancelation to operate SERF mag-
netometers in a non-magnetic shielding environment because
of the power line noise. This is also the reason why Seltzer
used a heavy aluminum shielding in his work.[16]

In this work, the response of a three-axis sensitive SERF
magnetometer designed based on Seltzer’s steady-state so-
lution method is further investigated, especially with higher
modulation frequencies beyond the steady-state solution. A
theory is presented to explain the response of the system to
high frequency modulation fields, which will offer a reference
for selection of the modulation frequency. The magnetic field
canceling experiment based on the theory shows a potential to

operate the SERF AM under a geomagnetic field environment
without heavy aluminum shielding.

2. Experimental setup
The schematic of the experimental setup is shown in

Fig. 1. A potassium based two-optical-axial SERF magne-
tometer is placed in a cylinder magnetic shield consisting of
four-layer µ-metal (Twinleaf, MS-2). The potassium vapor
cell is heated to 180◦C with an oven driven by high-frequency
AC current of 100 kHz. Two commercial distributed feed-
back (DFB) lasers are used for pumping and probing. Both
the beams are fiber coupled into the shielding and collimated.
The pumping beam propagating along ẑ axis is circularly po-
larized by a linear polarizer and a quarter-wave plate, and
the wavelength is tuned to the D1 resonance of potassium
at 770.106 nm. The prob beam propagating along x̂ axis is
linearly polarized and is detuned to 770.013 nm. The potas-
sium atoms are spin polarized by the pumping beam, and the
x̂ component of spin polarization Px is measured with the op-
tical rotation of the probing beam. After the probing beam
passes through the cell, this optical rotation is analyzed by a
polarimeter consisting of a polarization beam splitter (PBS)
and a balanced photodetector.
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Fig. 1. Schematic of the experimental setup.

The vapor cell is placed at the center of a set of triax-
ial Helmholtz coils, which is used to apply the modulation
fields and to control the bias fields. The coil is driven by three
home-made low noise current sources, whose outputs can be
controlled by a microcontroller and an external analog signal
simultaneously. The two inputs are summed inside the cur-
rent source. The microcontroller can scan the bias field or
lock the magnetic field to zero when a proportional-integral-
derivative (PID) controller algorithm is applied. The analog
input can be connected to an external modulation source. Here
the analog inputs of the current sources driving the coils in x̂
and ẑ axes are connected to the reference outputs of two lock-
in-amplifiers (LIA, Stanford Research Systems, SR860). The
inputs of the two lock-in-amplifiers are connected to the out-
put of the balanced photodetector. Finally, the outputs of the

two lock-in-amplifiers and the balanced photodetector are all
recorded by a data acquisition (DAQ) board.

3. Theory
3.1. Vector field demodulation method given by quasi-

steady-state solution

The evolution of the atomic spin polarization 𝑃 in a mag-
netic field 𝐵 can be described by the Bloch equation

d𝑃
dt

= γ𝐵×𝑃 +Rp

(1
2

sẑ−𝑃
)
−Rrel𝑃 , (1)

where γ denotes gyromagnetic ratio of potassium, Rp indicates
pumping rate, s indicates the optical-pumping vector along ẑ
axis, and Rrel is total relaxation determined by spin exchange
collision, spin destruction, and so forth. In the case of a slowly
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varying magnetic field 𝐵, by setting d𝑃 /dt = 0, we can obtain
the steady-state solution of the x̂-component Px as

Px = P0
∆ω/γBy +BxBz

∆ω2/γ2 +B2
x +B2

y +B2
z
, (2)

where ∆ω = Rp +Rrel is the magnetic resonance linewidth of
the system, P0 is the equilibrium spin polarization in the ab-
sence of any magnetic field given by P0 = sRp/(2∆ω).

According to the theory in Refs. [16,21], modulation
fields Bx = Bx0 +Bm

x cos(ωxt) and Bz = Bz0 +Bm
z cos(ωzt) are

introduced along the x and y axes, respectively. Here, Bx0 and
Bz0 are the bias components in the x̂ and ẑ axes, Bm

x and Bm
z are

the modulation amplitudes. Then, Eq. (2) is expanded as

Px =P0
∆ω/γBy +Bx0Bz0 +Bx0Bm

z cos(ωzt)+Bz0Bm
x cos(ωxt)

∆ω2/γ2 +B2
x +B2

y +B2
z

+P0
Bm

x Bm
z cos[(ωx +ωz)t]+Bm

x Bm
z cos[(ωx−ωz)t]

∆ω2/γ2 +B2
x +B2

y +B2
z

. (3)

In the case that |𝐵| � ∆ω/γ and the components of frequen-
cies (ωx +ωz) and (ωx−ωz) are ignored, Eq. (3) can be sim-
plified to

Px =
P0γ2

∆ω2 [∆ω/γBy +Bx0Bz0 +Bx0Bm
z cos(ωzt)

+Bz0Bm
x cos(ωxt)]. (4)

Thus Bx0 and Bz0 can be demodulated from the components of
frequencies ωz and ωx in Px, respectively. If the magnetic field
canceling feedback loops are established, Bx0 and Bz0 can be
treated as zero and By can be obtained from DC component.

Equation (3) indicates that the response of demodulated
signals to Bx0 and Bz0 are both given by a dispersive curve.
The sensitivities of Bx0 and Bz0 depend on the slope at the cen-
ter of the dispersive curve. The amplitude of the dispersive
curve is independent of the modulation frequencies according
to Eq. (3). In order to improve the response speed of the mag-
netic field cancelation feedback and to suppress the power line
frequency noise and its harmonics, the modulation frequen-
cies should be as high as possible. However, the actual re-
sponse of the system will deviate from the quasi-steady-state
solution as the modulation frequencies increase. The form of
the response and its relationship with modulation frequencies
should be discussed further. To simplify the problem, we dis-
cuss the responses of the two modulations separately and only
consider the response at the fundamental frequency.

3.2. Response to Bz0 given by frequency-dependence solu-
tion

Considering the condition that a bias magnetic field along
ẑ axis 𝐵z0 = ωz0/γ ẑ and bias magnetic fields of other axes is
zeroed. The transverse components of the spin and transverse
magnetic field can be written in the complex form as

P̃xy = Px + iPy

B̃xy = Bx + iBy. (5)

The evolution of the spin projection in x–y plane can be
given by the transverse Bloch equation

dP̃xy

dt
= iγ

(
ωz0

γ
P̃xy−P0B̃xy

)
−∆ωP̃xy. (6)

With a modulation field along x̂ axis 𝐵m
x = Bm

x cos(ωxt)x̂,
which can be decomposed into B̃m

x = iBm
x (e

iωxt + e−iωxt)/2,
the response to the field B̃m

x is given by the solution to Eq. (6).
The probe beam measures the spin component Px =

Re[P̃xy], given by

Px = Ai
mx cos(ωxt)+Ao

mx sin(ωxt), (7)

with

Ai
mx(ωx,ωz0)

=
1
2

P0γBm
x

[ (ωz0−ωx)

∆ω2 +(ωz0−ωx)2 +
ωz0 +ωx

∆ω2 +(ωz0 +ωx)2

]
,

Ao
mx(ωx,ωz0)

=
1
2

P0γBm
x

[
∆ω

∆ω2 +(ωz0−ωx)2 −
∆ω

∆ω2 +(ωz0 +ωx)2

]
. (8)

From Eq. (8), the responses of in-phase component Ai
mx

or out-of-phase component Ao
mx to magnetic fields Bz0 =ωz0/γ

is given by two overlapping dispersive or Lorentzian curves
centered at +ωx/γ and −ωx/γ , respectively. The numerical
calculation results of Eq. (8) are given in Fig. 2.
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Fig. 2. The numerically analyzed result of Eq. (8) with ∆ω = 50 Hz
in the ranges of Bz0 ∈ [−100,100] nT and ωx ∈ [1,300] Hz. (a) The
in-phase component Ai

mx demodulated from Px as a function of ωx and
Bz0. (b) The out-of-phase component Ao

mx demodulated from Px as a
function of ωx and Bz0.

3.3. The response to Bx0 given by frequency-dependence
solution

Considering that a bias magnetic field along x̂ axis 𝐵x0 =

ωx0/γ x̂ and bias magnetic field of ŷ and ẑ axis are zeroed, the
spin polarization precesses around the x̂ axis. We can give the
transverse Bloch equation in y–z plane as follows:

dP̃yz

dt
= (iωx0−∆ω)P̃yz + i

1
2

sRp, (9)

where P̃yz = Py + iPz. From Eq. (9), P̃yz can be derived as fol-
lows:

P̃yz =C e−∆ωt cos(ωx0t)−
sRpωx0

2(ω2
0 +∆ω2)
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+ i
[
C e−∆ωt sin(ωx0t)+

sRp∆ω

2(ω2
x0 +∆ω2)

]
. (10)

C is a constant. Py is given by the real part of P̃yz, ignoring the
first item in Eq. (10) which will decay to zero,

Py =
sRpωx0

2(ω2
x0 +∆ω2)

. (11)

When a modulation field along ẑ axis 𝐵z = Bm
z cos(ωzt)ẑ

is applied, bringing Py and Bm
z into the x̂-direction Bloch equa-

tion yields
dPx

dt
=−BzPyγ−∆ωPx, (12)

Px can be derived as follows:

Px = Ai
mz cos(ωzt)+Ao

mz sin(ωzt), (13)

with

Ai
mz(ωz,ωx0) = γBm

z P0
ωx0

(ω2
x0 +∆ω2)

∆ω
2

(∆ω2 +ω2
z )

,

Ao
mz(ωz,ωx0) = γBm

z P0
ωx0

(ω2
x0 +∆ω2)

ωz∆ω

(∆ω2 +ω2
z )

. (14)

From Eq. (14), the responses of in-phase component Ai
mz

or out-of-phase component Ao
mz to Bx0 = ωx0/γ are given by

a dispersion curve centered at zero, whose amplitude depends
on the modulation frequency ωz in a form of Lorentzian or
dispersive shape, as shown in Fig. 3.
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Fig. 3. The numerically analyzed result of Eq. (14) with ∆ω = 50 Hz
in the ranges of Bx0 ∈ [−100,100] nT and ωz ∈ [1,300] Hz. (a) The
in-phase component Ai

mz demodulated from Px as a function of ωz and
Bx0. (b) The out-of-phase component Ao

mz demodulated from Px as a
function of ωz and Bx0.

4. Result and discussion
In order to measure the response of the magnetometer

more precisely and offer the condition of the SERF regime,
the residual magnetic field in the shielding cylinder was can-
celed further by the triaxial compensation coils. Modulation
fields are applied in x̂ and ẑ axes in turn according to Eq. (4).
The modulation frequency is set to 3 Hz to ensure the validity
of the quasi-steady-state solution. The applied compensation
fields are adjusted by detecting the components of DC or 3 Hz.
The specific process is as follows: First, the modulation field
is applied on x̂ axis, and the bias field on ẑ axis is adjusted to
minimize the 3 Hz component in the output signal. Likewise,

the bias field on x̂ axis is adjusted to minimize the 3 Hz com-
ponent when the modulation field is applied on ẑ axis. Then
the bias field on ŷ is adjusted to zero of the DC component. In
actual operation, the offset of one axis may need to be read-
justed after the offset of the other axis is changed. Therefore,
we repeat this process until the offsets on all three axes be-
come stabilized. In subsequent experiments, we take this state
as the zero magnetic field point.

When the magnetic field offsets of the other two axes are
canceled, by setting the corresponding terms in Eq. (2) to zero,
the response to the bias field on ŷ axis By0 can be given by

Px = P0
∆ω/γBy

∆ω2/γ2 +B2
y
. (15)

It can be seen from Eq. (15) that the response to By0 is in the
form of a dispersion curve. By scanning By0, we measured
this response as shown in Fig. 4. The fitting results of this
response indicate that, within the gyromagnetic ratio range of
4.7–7, the magnetic resonance linewidth ∆ω of the system is
between 40 Hz and 60 Hz.
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Fig. 4. The magnetometer response obtained by scanning By0 and the
curve of fitting by Eq. (15).

To observe the response forms of the Bx0 and Bz0 and their
relationships to the modulation frequency, a series of modula-
tion fields at different frequencies are applied in the x̂ and ẑ
axes respectively, and Bx0 or Bz0 are swept accordingly. With
5 Hz, 60 Hz, and 600 Hz modulations on x̂ axis, the scanning
results of Bz0 and the fitting results of Eq. (8) are shown in
Figs. 5(a), 5(b), and 5(c). With 5 Hz, 40 Hz, and 600 Hz mod-
ulations on ẑ axis, the scanning results of Bx0 and the fitting
results of Eq. (14) are shown in Figs. 5(d), 5(e), and 5(f).

We could find that the in-phase signals reach the maxi-
mum, and the out-of-phase signals will approach zero when
the modulation frequencies are much lower relative to ∆ω , no
matter whether it is for modulations along the x̂ axis or the ẑ
axis. This implies that the responses converge to the quasi-
steady-state solution. Under the condition that the modulation
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frequencies are close to the linewidth ∆ω , the in-phase sig-
nal responding to the modulation in x̂ axis is insensitive to Bz0

near zero meanwhile the slope of the out-of-phase signal is
maximized. The in-phase and out-of-phase signals respond-
ing to the modulation in ẑ axis perform equal amplitude. In
our experiments, the frequency with equal in-phase and out-
of-phase signal amplitudes occurs at 40 Hz, which differs by
about 15 Hz from the magnetic resonance linewidth measured

by By0 scanning. One of the reasons may be that we neglected

the difference of the polarization relaxation times in the ẑ axis

direction and in x–y planes in our calculations. In the case that

the modulation frequency is much larger than the linewidth

∆ω , the slope of the out-of-phase signal near the zero mag-

netic field is larger than the in-phase signal. However, they are

both attenuated a lot in two modulations.
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Fig. 5. The system responses to Bz0 and Bx0 under different modulation frequencies. (a) The response to Bz0 with modulation field
of 5 Hz in x̂ axis. (b) The response to Bz0 with modulation field of 60 Hz in x̂ axis. (c) The response to Bz0 with modulation field of
600 Hz in x̂ axis. (d) The response to Bx0 with modulation field of 5 Hz in ẑ axis. (e) The response to Bx0 with modulation field of
40 Hz in ẑ axis. (f) The response to Bx0 with modulation field of 600 Hz in ẑ axis.

In addition, we further investigate the frequency response
of the system to the triaxial magnetic field components. For
unshielded applications, the frequency response of the magne-
tometer is also important because it is directly related to the
bandwidth that the magnetic field feedback compensation sys-
tem can achieve.

In the solutions given in Subsections 3.2 and 3.3, we
only considered the fundamental frequency components of
the modulation frequencies. However, for the actual signal,
there are not only the harmonics of the modulation frequen-
cies but also the sum and difference frequency components of
the two modulation frequencies, which are also been indicated
by Eq. (3).

To compromise between the amplitude of the signal and
the bandwidth that can be achieved after demodulation, the
modulation frequency in x̂ axis is set to 150 Hz and that in ẑ
axis is set to 250 Hz, which also ensures that there will be no
spurious signals caused by modulation within the frequency
band of 100 Hz. The effective values of the modulation sig-
nals are all 20 nT. The time constants of the two lock-in am-
plifiers are both set to 3 ms and the filter slopes are set to 6 dB.
The same parameters are applied for the low-pass filter which

extracts the ŷ axis signal. Another lock-in-amplifier is used
to apply AC magnetic fields with an effective value of 1 nT
on three axes sequentially. The fields are offered by the self-
contained coils by the shielding cylinder which is composed
of a solenoid and two sets of saddle coils, and are not shown
in Fig. 1. The frequency of the fields is swept in the range of
1–100 Hz to test the frequency response of demodulated sig-
nal to the triaxial magnetic field components, and the results
are shown in Fig. 6.

The in-phase and out-of-phase components in the fre-
quency response of the ŷ axis magnetic field are in the forms
of Lorentzian and dispersion curves, respectively, which are
given by[21]

F(ω) =
K ·∆ω

(ω−ω0)2 +∆ω
2 +C,

F(ω) =
K · (ω−ω0)

(ω−ω0)2 +∆ω
2 +C, (16)

where F(ω) is the fitted function, K is the amplitude, ∆ω is
the linewidth, ω0 is the peak position, and C is the baseline
offset.
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Fig. 6. The open-loop frequency response of demodulated signal to the triaxial magnetic field components. (a) The frequency response
to x̂ axis component. (b) The frequency response to ŷ axis component. (c) The frequency response to ẑ axis component.
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Fig. 7. The closed-loop frequency response of the amplitude and phase of the signal to the triaxial magnetic field components compared
with the open-loop response. The open-loop responses are marked with solid lines, and the closed-loop responses are marked with
dashed lines. Blue represents the magnitude response and red represents the phase. (a) The frequency response to x̂ axis component.
(b) The frequency response to ŷ axis component. (c) The frequency response to ẑ axis component. (d) The inhibition ratio to x̂ axis
component. (e) The inhibition ratio to ŷ axis component. (f) The inhibition ratio to ẑ axis component.

Interestingly, for the demodulated signals of x̂ and ẑ axes,
the in-phase and out-of-phase components in their frequency
responses can also be well fitted by Lorentzian and dispersive
curves. It should be noted that in this test, the signal of x̂ axis
which is demodulated from the modulation in ẑ axis is given
by the out-of-phase component, because at the set modulation
frequency the amplitude of the out-of-phase signal is much
larger than that of the in-phase signal. The signal of ẑ axis
which is demodulated from the modulation in x̂ axis is given
by the in-phase component because of its larger amplitude. Of
course, the signal amplitude can be maximized by optimizing
the demodulation phase. Herein, we tend to show this result
which is in good agreement with the Lorentzian and dispersion
curves in the experiments. The signal amplitude improvement
brought from the phase optimizing will not be too much. This
suggests that a uniform control algorithm can be employed for
providing feedback control to magnetic fields in all three di-
rections, requiring parameter adjustments exclusively.

Based on the frequency response results given above, we

design the three-axis magnetic field feedback compensation.
The PID control algorithm is implemented by the microcon-
troller, and the three-way output signals of the system are read
by the three analog-to-digital converters (ADCs) directly con-
trolled by the microcontroller, due to the real-time require-
ments of the feedback system. The test magnetic fields are
still provided by the shielding cylinder’s own coils and are still
swept in the range of 1–100 Hz. After the closed-loop com-
pensation is established, the frequency response of the system
is measured again, as shown in Fig. 7. For comparison, the
results without feedback compensation are also shown again
in Fig. 7 in the form of bode plot (in comparison with the in-
phase and out-of-phase signals in Fig. 6, here the Bode plot
system is used to compare the system responses). Addition-
ally, the proportional relationship between the two response
curves is utilized to showcase the attenuation ratio. Utilizing
the mentioned modulation frequencies and operating within
the vicinity of the DC frequency range, a remarkably pro-
nounced suppression effect on the magnetic field becomes evi-
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dent. Notably, the suppression ratios for the ambient magnetic
fields exceed 10 times within the frequency band below 20 Hz
along all three axes. The ratios are not less than 3 and 5 times
at 50 Hz in x̂ and ẑ axes. The capability of the suppression to
power line noise shows the potential of the system to operate
in a completely unshielded environment.

5. Conclusions

In this work, a model describing the response of the three-
axis SERF magnetometer under high frequency modulations
is presented and verified experimentally, which can serve as a
reference for modulation frequency selection. We observe a
magnetic resonance linewidth of approximately ∆ω ≈ 55 Hz.
Across the specified modulation frequency, the suppression ra-
tios for all three axes relative to the ambient magnetic field ex-
ceed 10 within the frequency range below 20 Hz. At 50 Hz,
the suppression ratios along the x and z axes are at least 3 and 5
times, respectively. The magnetic field canceling experimen-
tal result shows an ability to suppress power frequency noise of
the system, which reflects its potential to operate in a geomag-
netic field environment without heavy aluminum shielding.
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