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Abstract: Three-axis atomic magnetometers have an excellent advantage for determining the complete
vector information of a magnetic field to be measured. However, the crosstalk effect, which leads to
an error output on one axis owing to a magnetic field on the other axes, can reduce the measurement
accuracy. In this study, we propose an effective suppression method for the crosstalk effect in a three-axis
atomic magnetometer. First, we investigated and analyzed the main factors that introduce the effect.
Based on this, the modulation parameters were optimized to improve the scale factors, which obtained a
coupling coefficient of less than 6% for the atomic magnetometer. Subsequently, the associated transfer
matrix was corrected to further suppress the crosstalk effect. After correction, all the coupling coefficients
were decreased to less than 3%, with the majority being lower than 1%.

Keywords: three-axis magnetometer; crosstalk effect; density matrix equation; magnetic fields
measurement

1. Introduction

Atomic magnetometers have been widely employed in medical diagnoses [1,2], bio-
magnetic measurements [3,4], and fundamental physics [5,6]. Atomic magnetometers
operating in the spin-exchange relaxation-free (SERF) regime have the advantages of high
sensitivity and non-cryogenic operation [7], which play a significant role in magnetoen-
cephalography (MEG) and magnetocardiography (MCG) [8–10].

However, traditional SERF atomic magnetometers can only detect one component of
the magnetic fields. Nonetheless, multi-axis measurements can be realized by applying
modulation technology or using a new configuration [11–15]. Li et al. realized a dual-axis
magnetic measurement based on a pump–probe configuration in which a modulation
field is applied along the direction of the pump light [16]. Seltzer and Romails described
a three-axis SERF magnetometer by applying two low-frequency modulation fields [17].
The three components of the magnetic field were obtained from the DC and demodulated
outputs. Osborne et al. demonstrated a dual-axis atomic magnetometer using only one
pump beam and one rotating modulation field [18]. Xiao et al. reported a compact three-
axis atomic magnetometer that uses only one pump beam [19]. The pump beam was
reflected at 90◦ in the vapor cell, and the incident and reflected lights could detect the
three components of the magnetic fields with three modulation magnetic fields. Boto
et al. described a dual-pump light configuration with three modulation magnetic fields
for triaxial measurements [20]. However, owing to numerous factors such as the non-
orthogonality between the lights and coils, residual magnetic fields, and the light shift
effect, these multi-axis atomic magnetometers are affected by the crosstalk effect, which
can decrease the measurement accuracy.
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Therefore, many researchers have studied the crosstalk effects in atomic magnetome-
ters. Pradhan and Behera investigated this effect in a three-axis atomic magnetometer
operated in the presence of a static magnetic field [21]. The three-axis response signal
and the coupling response were measured and compared for static fields with different
amplitudes. Li et al. analyzed the cross-axis isolation for a dual-axis atomic magnetometer
based on longitudinal field modulation [22]. An analytical solution of the Bloch equation
was obtained to optimize the modulation parameters and suppress the crosstalk effect.
However, the simulation results were not verified experimentally. Furthermore, some
researchers have only reported the value of the coupling coefficient for multi-axis atomic
magnetometers [23,24] without a thorough investigation of the suppression and correction
of the crosstalk effect.

We investigated this effect using a three-axis SERF atomic magnetometer and pro-
posed an effective method to suppress it. First, we analyzed the influencing factors for
this effect. Based on this, the modulation amplitude and frequency were optimized to
improve the scale factors and reduce the coupling coefficient. Furthermore, a correction
matrix, obtained by determining the inverse of the transfer matrix, was used to correct
the output of the atomic magnetometer. In addition, the root mean square of the coupling
coefficients was introduced to evaluate the correction performance. After the correction
procedure, low coupling coefficients were obtained within the bandwidth of the three-axis
atomic magnetometer. The proposed suppression method for the crosstalk effect can help
improve the measurement accuracy and further promote the practical applications of the
given magnetometer.

2. Methods

In the SERF regime, the time evolution of the alkali atomic spin is often described
by the Bloch equation. The simpler Bloch equation can be derived from the density
matrix equations (DMEs) when the spin-exchange rate is much faster than the precession
frequency [7]. The spin-exchange relaxation rate should be considered for the Bloch
equation, but the calculation methods are different and complicated for different types of
magnetic fields [25]. Considering the three orthogonal modulation magnetic fields in this
study, the accuracy of the spin-exchange relaxation rate calculation cannot be guaranteed.
On the contrary, for calculations performed using the DMEs, only the spin-exchange rate
RSE is required. Therefore, the time evolution of the atomic spins for the three-axis atomic
magnetometer in this study was described by the DMEs [26,27]:

d
dt

ρ =
1
i} [H, ρ] + RSE[ϕ(1 + 4〈S〉 · S)− ρ] + Rrel[ϕ− ρ] + Rop[ϕ(1 + 2s · S)− ρ] (1)

where ρ is the density matrix, H = γB·S is the Hamiltonian, γ is the electronic gyromagnetic
ratio, S is the spin polarization vector, 〈S〉 is its expectation value, s is the average photon
spin, ϕ is the density matrix of the purely nuclear forces, RSE is the spin-exchange rate, Rop
is the optical pump rate, and Rrel = RSD + Rwall is the spin-relaxation rate including the spin-
destruction-relaxation rate RSD and spin-relaxation rate Rwall due to wall collisions. The
first term on the right-hand side of Equation (1) is the evolution due to Zeeman interactions.
The second term describes the spin-exchange collisions between atoms. Finally, the third
and fourth terms on the right-hand side represent the relaxation and optical pumping
processes, respectively.

In this study, we investigated a three-axis magnetometer with two orthogonal pump
lights, as shown in Figure 1 [20,28], which is a common configuration for three-axis measure-
ments. Three modulation magnetic fields Bmx sin(ωx·t)x̂ + Bmy cos(ωy·t)ŷ + Bmz sin(ωz·t)ẑ
were simultaneously applied along the three orthogonal axes. The pump light along the
x-axis was sensitive to the magnetic field along the y- and z-axes, while the light along the
z-axis could measure the magnetic fields along the x- and y-axes. The three components of
the magnetic field were measured by demodulating the two output signals.
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were defined as the coupling factors.  

Under ideal conditions, the x-channel response signal Rx does not respond to By or Bz 
(i.e., C12 = 0 and C13 = 0). However, a crosstalk effect generally exists in practice due to 
multiple reasons. For instance, in an integrated atomic magnetometer, installation error is 
inevitable when assembling the optical lens and coils. Therefore, there is a non-orthogonal 
angle between the lasers and magnetic coils [29], which can contribute to the crosstalk 
effect. Furthermore, the phase drift and error in the modulation and demodulation pro-
cesses lead to demodulated signal leakage to other channels. 

We quantified the crosstalk effect by defining the coupling coefficients in the x-chan-
nel [22]: 

12 11= /yxCT C C  (2)

13 11/zxCT C C=  (3)

where CTyx represents the error output in the x-channel owing to the magnetic field By, 
and CTzx represents the error output in the x-channel owing to the magnetic field Bz. Sim-
ilarly, we can define the coupling coefficients CTxy, CTzy, CTxz, and CTyz to describe the 
crosstalk effect in the y- and z-channels. 

 

Figure 1. Diagram of three-axis magnetic field measurement. Two pump beams along x- and z-axes
are used to polarize the alkali-metal atom.

As shown in Figure 2, Bx, By, and Bz are the small magnetic fields along the x-, y-,
and z-axes, respectively. The output of the atomic magnetometer was demodulated using
different reference signals to obtain the demodulated response signals Rx, Ry, and Rz. C11,
C22, and C33 were defined as the scale factors, while the others (C12, C13, C21, C23, C31, and
C32) were defined as the coupling factors.
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Figure 2. Schematic of the three-axis atomic magnetometer. Rx, Ry, and Rz are the response signals
and Bx, By, and Bz are the magnetic fields to be measured. RS1, RS2, and RS3 are the reference signal
with a frequency of ωx, ωy, and ωz, respectively.

Under ideal conditions, the x-channel response signal Rx does not respond to By or
Bz (i.e., C12 = 0 and C13 = 0). However, a crosstalk effect generally exists in practice due to
multiple reasons. For instance, in an integrated atomic magnetometer, installation error is
inevitable when assembling the optical lens and coils. Therefore, there is a non-orthogonal
angle between the lasers and magnetic coils [29], which can contribute to the crosstalk effect.
Furthermore, the phase drift and error in the modulation and demodulation processes lead
to demodulated signal leakage to other channels.

We quantified the crosstalk effect by defining the coupling coefficients in the x-channel [22]:

CTyx = C12/C11 (2)

CTzx = C13/C11 (3)

where CTyx represents the error output in the x-channel owing to the magnetic field By, and
CTzx represents the error output in the x-channel owing to the magnetic field Bz. Similarly,
we can define the coupling coefficients CTxy, CTzy, CTxz, and CTyz to describe the crosstalk
effect in the y- and z-channels.

The relationship between the magnetic field vector B = [Bx By Bz]T and the demodu-
lated output signal vector R = [Rx Ry Rz]T can be described as

R = CB (4)
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where C is a 3 × 3 transfer matrix,

C =

C11 C12 C13
C21 C22 C23
C31 C32 C33

 (5)

From Equations (2) and (3), we find that the coupling coefficients are influenced by
scale factors (diagonal elements of the transfer matrix C) and coupling factors (non-diagonal
elements of the transfer matrix C). Therefore, we investigated the relationship between
the scale factors and modulation parameters, including the modulation amplitude and
frequency, by numerical simulation of the DMEs. Based on the simulation results, the mod-
ulation amplitude and frequency could be tuned to maximize the scale factors. Therefore,
the crosstalk effect can be preliminarily reduced by optimizing the modulation parameters.

To further suppress the crosstalk effect, we proposed a signal processing method in
which the inverse matrix of the transfer matrix C was used to correct the demodulated
output vector R. Similar correction methods have been employed in triaxial fluxgate mag-
netometers [30,31]. As the SERF atomic magnetometer has a relatively narrow bandwidth
(generally lower than 200 Hz in the open-loop mode) [18,32], the influence of the frequency
response on the correction method should be considered.

A correction process was performed in the frequency domain to accurately determine
the amplitude of the response signal. The demodulated output vector R was converted
into the frequency domain using a fast Fourier transform (FFT). A correction matrix P was
applied to correct the output signal R:

Rcor( f ) = PR( f ) (6)

where P is the correction matrix, and R(f ) and Rcor(f ) are the demodulated output signal
vectors related to the signal frequency f before and after correction, respectively.

As the transfer matrices R(f ) are not the same at different frequencies, the correspond-
ing correction matrices are also different. In this study, several groups of transfer matrices
were measured at different frequencies within the bandwidth, and corresponding correction
matrices were calculated. Each correction matrix was used to correct the demodulated out-
put vectors. The root mean square of the coupling coefficients was introduced to evaluate
the correction performance quantitatively.

CTrms =

√√√√ 1
N

N

∑
n=1

[CT2
xy( fn) + CT2

yx( fn) + CT2
xz( fn) + CT2

zx( fn) + CT2
yz( fn) + CT2

zy( fn)] (7)

where f n is the signal frequency; CTxy(f n), CTyx(f n), CTxz(f n), CTzx(f n), CTyz(f n), and
CTzy(f n) are the coupling coefficients after the correction process; and N is the number of
data groups.

3. Experimental Setup and Procedure

The experimental setup is illustrated in Figure 3. A cubic glass cell with an inner length
of 8 mm was filled with a drop of 87Rb, 2100 Torr 4He as the buffer gas, and 70 Torr N2 as
the quenching gas, which was heated to 423 K using two flexible heating films. To avoid
magnetic interference from the heater current, the heating films were designed to suppress
the magnetic field using a genetic algorithm [33] and were driven by a current with a
frequency of 500 kHz [34]. The cell temperature was monitored using a non-magnetic
sensor Pt1000 and controlled using a PID program.
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Figure 3. The setup of the dual-axis atomic magnetometer. PMF: polarization-maintaining fiber; CL:
collimating lens; QWP: quarter-wave plate; PD: photodiode; TIA: trans-impedance amplifier; LIA:
lock-in amplifier; DAQ: data acquisition equipment.

An external cavity laser (Toptica DL Pro) provided two pump lights that were intro-
duced into the atomic magnetometer using polarization-maintaining fibers. The optical
power density of each pump beam was set to 12 mW/cm2, and the laser wavelength was
794.96 nm. The laser beam was converted into circularly polarized light using a quarter-
wave plate. The pump light from the cell was collected by a photodiode. The photocurrent
generated from the photodiode was transferred to a voltage signal using a trans-impedance
amplifier, which was then demodulated by a lock-in amplifier (Zurich Instruments, MFLI).
The demodulated signals, Rx, Ry, and Rz were acquired using data acquisition equipment
for analysis and processing.

A four-layer cylindrical µ-metal magnetic shield was employed to provide a near-zero
magnetic field to the atomic magnetometer. A triaxial coil was mounted around the vapor
cell, which was driven by a function generator (Keysight 33522 B). The coils were applied to
nullify the residual magnetic field in the magnetic shield [35] and generate the modulation
magnetic fields to manipulate the alkali metal atoms.

In the following sections, the scale factors (i.e., the diagonal elements of the transfer
matrix) were increased by optimizing the modulation parameters (modulation amplitude
and frequency). With an increase in the scale factors, the coupling coefficients were reduced
according to Equations (2) and (3). The transfer matrices at different frequencies were
experimentally calibrated. Finally, a correction matrix was employed to suppress the
crosstalk effect.

4. Result and Discussion
4.1. Optimization of the Modulation Parameters

As mentioned in the Methods section, the three-channel scale factors were optimized
to reduce the coupling coefficients. First, the relationship between the scale factors and
the modulation amplitude was investigated by numerical simulation of the DMEs. The
three-axis modulation frequency was set to 1 kHz. As shown in Figure 4, the simulation
results (i.e., the orange curve) indicate that the scale factor increased with the modulation
amplitude, reaching a maximum value at an amplitude of 13 nTrms. On the further
increase in amplitude, the scale factor decreased. Employing the optimization value of
the modulation amplitude, the relationship between the scale factors and modulation
frequency was simulated using the DMEs. As shown in Figure 5, the simulation value of
the scale factor (i.e., the orange curve) decreased with modulation frequency in the range
of 0.8 kHz to 2.0 kHz. There was no maximum for the scale factors in the simulation range.
It should be noted that the simulation results of C11, C22, and C33 were the same, so only
one simulation curve is plotted in Figures 4 and 5.



Photonics 2022, 9, 654 6 of 10

Photonics 2022, 9, x FOR PEER REVIEW 6 of 10 
 

 

It should be noted that the simulation results of C11, C22, and C33 were the same, so only 
one simulation curve is plotted in Figures 4 and 5. 

Based on the simulation results, the modulation amplitude and frequency were op-
timized experimentally. The three-channel scale factors C11, C22, and C33 were investigated 
under different modulation parameters through experiments and simulations. An AC cal-
ibration field with an amplitude of 100 pTrms at 30.5 Hz was applied along the x-, y-, and 
z-axis. The scale factors for different modulation parameters were measured to verify the 
consistency between the experiment and the simulation. As shown in Figures 4 and 5, the 
changing trend of the three-channel scale factors was in good agreement with the simula-
tion results. After the optimization, all the coupling coefficients were less than 6%. 

 
Figure 4. Three-channel scale factors under different modulation amplitudes. The square, round, 
and triangular points represent the experimental results. The orange curve is the simulation result. 

 
Figure 5. Three-axis scale factors under different modulation frequencies. The square, round, and 
triangular points represent the experimental results. The orange curve is the simulation result. 

  

Figure 4. Three-channel scale factors under different modulation amplitudes. The square, round, and
triangular points represent the experimental results. The orange curve is the simulation result.

Photonics 2022, 9, x FOR PEER REVIEW 6 of 10 
 

 

It should be noted that the simulation results of C11, C22, and C33 were the same, so only 
one simulation curve is plotted in Figures 4 and 5. 

Based on the simulation results, the modulation amplitude and frequency were op-
timized experimentally. The three-channel scale factors C11, C22, and C33 were investigated 
under different modulation parameters through experiments and simulations. An AC cal-
ibration field with an amplitude of 100 pTrms at 30.5 Hz was applied along the x-, y-, and 
z-axis. The scale factors for different modulation parameters were measured to verify the 
consistency between the experiment and the simulation. As shown in Figures 4 and 5, the 
changing trend of the three-channel scale factors was in good agreement with the simula-
tion results. After the optimization, all the coupling coefficients were less than 6%. 

 
Figure 4. Three-channel scale factors under different modulation amplitudes. The square, round, 
and triangular points represent the experimental results. The orange curve is the simulation result. 

 
Figure 5. Three-axis scale factors under different modulation frequencies. The square, round, and 
triangular points represent the experimental results. The orange curve is the simulation result. 
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triangular points represent the experimental results. The orange curve is the simulation result.

Based on the simulation results, the modulation amplitude and frequency were opti-
mized experimentally. The three-channel scale factors C11, C22, and C33 were investigated
under different modulation parameters through experiments and simulations. An AC
calibration field with an amplitude of 100 pTrms at 30.5 Hz was applied along the x-, y-,
and z-axis. The scale factors for different modulation parameters were measured to verify
the consistency between the experiment and the simulation. As shown in Figures 4 and 5,
the changing trend of the three-channel scale factors was in good agreement with the
simulation results. After the optimization, all the coupling coefficients were less than 6%.

4.2. Correction of the Transition Matrix

The frequency responses in all the channels were measured by applying a sinusoidal
magnetic field with an amplitude of 100 pTrms along the three axes in turn. As shown in
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Figure 6, the response signals were slightly different among the three channels because of
the non-orthogonality of the magnetic coil and lights. The frequency response was fitted
using a first-order low-pass filter [36],

H(s) =
G0

1 + s/ωc
(8)

where ωc is the cutoff angular frequency, and G0 is the DC response factor.
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120Hz, 100 Hz, and 120 Hz in x-, y-, and z-channel, respectively.

According to the fitting results, the bandwidths were 120 Hz, 100 Hz, and 120 Hz in x-,
y-, and z-channel, respectively.

The transfer matrices at different frequencies were calibrated within the atomic magne-
tometer bandwidth. Following the results in the previous section, the modulation frequency
and amplitude were set to 1 kHz and 13 nTrms, respectively, to maximize the signal response.
Ten calibration signals with amplitudes of 100 pTrms and different frequencies were applied
along the three axes. The three-channel response signals were simultaneously collected by
applying the calibration magnetic field along the x-, y-, and z-axis sequentially. The demodu-
lated output was analyzed in the frequency domain using FFT. The coupling factors (i.e., the
nondiagonal elements of the transfer vector) are shown in Figure 7. As the frequency of the
magnetic field increased, the coupling scale factors decreased in every channel.

After calibrating the transfer matrix and coupling scale factors, the correction matrices
at different frequencies were calculated. Each correction matrix was used to correct the
demodulation output. The values of the root mean square of the three-channel coupling
coefficients for these ten groups of data were calculated using Equation (7) and compared
to obtain the most suitable correction matrix. The correction matrix at 40 Hz exhibited
the best suppression performance for the crosstalk effect. Therefore, all the demodulated
signals at different frequencies were corrected using this matrix, which was the inverse
matrix of the transfer matrix at 40 Hz. As shown in Figure 8, the coupling coefficients
before and after the correction were compared at different frequencies. The cold-color
groups were the coupling coefficients before the correction, and the warm-color groups
were the ones after the correction. Before the correction, the coupling coefficients diverged
at different frequencies. The highest coupling coefficient was the CTzy at 1 Hz, which
was approximately 5.74%, and the lowest one was less than 1%. After the correction, all
coupling coefficients were reduced to below 3%, with the majority being lower than 1%,
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as shown in Figure 8. As the correction matrix was calculated from the transfer matrix at
40 Hz, the coupling coefficients at 40 Hz were approximately zero after correction.
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5. Conclusions

In this study, we investigated the crosstalk effect in a three-axis SERF atomic magne-
tometer. The optimization values of the modulation parameters were determined based
on the simulation results. In the experiment, the value of the coupling coefficient was less
than 6% using the simulation optimization parameters. To further suppress the crosstalk
effect, a correction method was proposed. The inverse of the transfer matrix was used to
correct the output signal. After the correction, all the coupling coefficients were reduced to
less than 3%, most of which were lower than 1%. The investigation and suppression of the
crosstalk effect in this study can help improve the practicality of the three-axis SERF atomic
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magnetometer, which would further contribute to various applications such as medical
diagnosis, fundamental physics, and biomagnetic measurement.
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