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The nonlinear Zeeman effect can induce splitting and asymmetries of magnetic-resonance lines in the
geophysical magnetic-field range. This is a major source of “heading error” for scalar atomic
magnetometers. We demonstrate a method to suppress the nonlinear Zeeman effect and heading error
based on spin locking. In an all-optical synchronously pumped magnetometer with separate pump and
probe beams, we apply a radio-frequency field which is in phase with the precessing magnetization. This
results in the collapse of the multicomponent asymmetric magnetic-resonance line with ∼100 Hz width in
the Earth-field range into a single peak with a width of 22 Hz, whose position is largely independent of the
orientation of the sensor within a range of orientation angles. The technique is expected to be broadly
applicable in practical magnetometry, potentially boosting the sensitivity and accuracy of Earth-surveying
magnetometers by increasing the magnetic-resonance amplitude, decreasing its width, and removing the
important and limiting heading-error systematic.
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High-sensitivity magnetometers are used in a wide
variety of applications ranging from geophysics [1] to
fundamental physics [2,3] and to medicine [4,5]. Alkali-
metal-vapor atomic magnetometers have seen tremendous
progress in recent years, improving their sensitivities to
below the fT=

ffiffiffiffiffiffi

Hz
p

level for submicrotesla fields [1,6–9].
However, in the geophysical field range (up to 100 μT), the
nonlinear Zeeman (NLZ) effect [10–13] can cause splitting
of the different magnetic-resonance components and pro-
duce line shape asymmetries. This leads to a signal
reduction and a spurious dependence of the scalar-sensor
readings on the relative orientation of the sensor and
magnetic field. This important systematic effect is called
a heading error [14,15] and becomes particularly trouble-
some in airborne and marine systems.
Recently, NLZ shifts have been canceled using several

different approaches: double-modulated synchronous opti-
cal pumping [10], high-order polarization moments [11],
and tensor light-shift effects [12]. Here, we introduce an
alternative technique that is more generally applicable and
easier to implement. It involves “locking” the atomic spins
with an additional radio-frequency (rf) field to suppress the
NLZ effect and as a result also the heading error. Spin
locking is often used in nuclear magnetic-resonance

(NMR) experiments to prevent the precession or decay
of the nuclear magnetization [16]. In atomic systems, spin
locking prevents splitting, shifts, and line shape asymme-
tries. In contrast to other schemes, spin-locked magnetom-
eters are more robust against orientation changes.
For states with electronic angular momentum J ¼ 1=2,

the energies of the magnetic sublevels jmi of a state with
total angular momentum F as a function of the magnetic
field are given by the Breit-Rabi formula [17,18]:

Em ¼ −
Δhf

2ð2I þ 1Þ − gIμBmB

� Δhf

2

�

1þ 4mξ

2I þ 1
þ ξ2

�

1=2
; ð1Þ

where ξ ¼ ðgJ þ gIÞμBB=Δhf , gJ and gI are the electronic
and nuclear Landé factors, respectively, B is the magnetic-
field strength, μB is the Bohr magneton, Δhf is the hyper-
fine-structure interval, I is the nuclear spin, and the� refers
to the F ¼ I � 1=2 hyperfine components. The eigenener-
gies are shown in Fig. 1(a) as a function of the magnetic-
field strength. It follows from Eq. (1) that the Δm ¼ �1
Zeeman-transition frequencies in both manifolds are m
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dependent with the difference dependent on B. In the Earth-
field range, these contributions are already substantial.
Therefore, for the experiments presented here, we expand
the eigenenergies to second order in the magnetic field B.
For the Cs62S1=2F ¼ 4 state, the transition frequencies
between adjacent Zeeman sublevels are then given by

ωF;m ≈
μBB
4ℏ

þ ωrevð2m − 1Þ; ð2Þ

where ωrev ¼ ðμBBÞ2=ð16ℏΔhfÞ is the quantum-beat
revival frequency (see, for example, Ref. [18]). In
Earth’s magnetic field (typically 50 μT), this frequency
for Cs is ωrev ¼ 2π × 3.3 Hz and comparable to the low-
field magnetic-resonance width for the vapor cell used in
this experiment. Therefore, our magnetometer is strongly
affected by the nonlinear Zeeman effect at magnetic fields
at the level of Earth’s field. As shown in the data presented
in Figs. 1(b) and 1(c), the magnetic resonance is split into

eight peaks. The linewidth for each peak is 9 Hz, but the
effective linewidth of the NLZ-split magnetic resonance is
120 Hz. The broadening of the resonance reduces magnetic
sensitivity. Another effect, also visible in the data presented
in Fig. 1(c), occurs when the sensor is not properly oriented
with respect to the magnetic field. Instead of a symmetric
distribution of the peaks, a pronounced asymmetry appears
when the magnetic field is not perpendicular to the pump
and probe beams. This effect is called a heading error and
leads to a systematic false reading of the magnetic
field, which limits the usability of optical magnetometers,
for example, in airborne-exploration applications in
Earth’s field.
If spins are initially oriented at an angle to the magnetic

field, they precess around the magnetic field with frequency
ωL. However, in the presence of NLZ, the evolution of the
spins is more complex than just spin precession and is
characterized by the interconversion of different precessing
polarization moments leading to periodic disappearances
and revivals of orientation. The effect can be modeled as a
periodic conversion among polarization moments, such as
orientation-to-alignment conversion (OAC) [18] as dis-
cussed in Supplemental Material [19]. The main idea of
our method is to provide a small locking magnetic field in
the rotating frame along the direction of the main spin
component. This prevents the spins from undergoing OAC,
by forcing them to precess around this auxiliary field. If the
Larmor frequency associated to this spin-locking field is
much larger than the revival frequency ωrev, the nonlinear
Zeeman effect is compensated.
The experimental setup is shown in Fig. 2. A paraffin-

coated cylindrical cell [22–25] at room temperature with
4 cm diameter and 5 cm length containing 133Cs is enclosed
within a four-layer mu-metal magnetic shield. A − ŷ-
directed, circularly polarized pump beam is locked to the
CsD262S1=2F ¼ 3 → 62P3=2F0 ¼ 4 transition at 852 nm
with a dichroic atomic vapor laser lock [26]. A static
magnetic field up to 100 μT is applied along ẑ; an
oscillating magnetic field can be applied along ŷ using
coils within the inner shield. Additional dc magnetic fields
can also be applied along x̂ and ŷ to tilt the total
field away from ẑ to study the heading error. The polari-
zation of a 10 μW, −x̂-directed, linearly polarized probe
beam detuned by 4 GHz to the blue from the CsD2F ¼
4 → F0 ¼ 5 transition is measured with a balanced polar-
imeter upon transmission through the cell.
The pump beam is intensity modulated (3% duty cycle)

with an acousto-optic modulator (AOM). The light power
during the “on” part of the cycle is 50 μW. We fix the
modulation frequency at a particular value and scan the
leading magnetic field until the polarization oscillation
frequency is resonant with the Larmor precession, as
detected via the maximum polarization rotation amplitude
of the probe beam [27]. The signal from the balanced
polarimeter is fed into a lock-in amplifier and demodulated
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FIG. 1. (a) Hyperfine structure of the Cs ground state manifolds
in an external magnetic field. In this work, we are concerned with
fields that correspond to ∼10−4 of the shown range, where the
NLZ effect is a small perturbation. (b) Optical-rotation signal
amplitude (see Fig. 2) from the lock-in amplifier for a fixed
pump-modulation frequency of 216 560 Hz and a sweep of the
magnetic field (given in Larmor frequency of the magnetic
resonance neglecting NLZ shifts). The central field is
B ≈ 62 μT. The data are fit with eight Lorentzian peaks arising
due to the NLZ effect. (c) The same data collected with a 20° tilt
of the sensor and a pump-modulation frequency of 230 475 Hz.
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at the modulation frequency. Examples of experimental
scans are shown in Fig. 3. In the absence of the spin-locking
rf field, the magnetic resonance is composed of eight
Lorentzian peaks with a width of 14.7 Hz each.
Applying the rf field compresses all the different
Lorentzians into a 21.8-Hz-wide central peak with a
3.4× increased amplitude.

To provide the spin-locking field, a sinusoidal current
derived from the same function generator that modulates
the pump-beam intensity is applied to the magnetic field
coils in the ŷ direction. By using the internal control of the
local oscillator andadjusting thephaseϕbetween thepumping
pulsesand theoscillatingmagnetic field, theeffectivedirection
of the staticmagnetic field in the rotating frame (spannedby x̂0,
ŷ0) can be changed like cosðϕÞx̂0 þ sinðϕÞŷ0, where ŷ0 points
along the magnetization.
Figure 3 shows the amplitude of the lock-in output as a

function of the leading magnetic field around 92 μT with
the pump-laser modulation frequency fixed at 324 840 Hz.
The data are presented without and with applying the spin-
locking field in black and red, respectively. For this field,
the spin-locking field is applied along ŷ and has a 5.4 nT
root-mean-square (rms) amplitude. The phase of the spin-
locking field with respect to the pump-modulation signal is
optimized by maximizing the lock-in signal (R) in the
center of the resonance. With a spin-locking field, the
amplitude of the optical rotation signal is 3.4 times larger,
while the effective linewidth of the central peak is an order
of magnitude smaller. If the atomic spins are locked, ideally
only one Larmor frequency exists in the system. The
magnetic resonance should have the same amplitude and
linewidth at low and high fields. Experimentally, however,
the linewidth is broader at high fields [21.85(7) Hz] than at
low fields [3.94(4) Hz]. We attribute this difference to
power broadening by the oscillating field when high fields
are applied. Plots illustrating the linewidth dependence on
the rf power and the signal line shape for different values of
the phase are presented in Supplemental Material [19].
Figure 4(a) shows the lock-in output for a tilt angle of

10° without and with a spin-locking field. About 10 μT
misalignment field is applied along the x̂ direction, tilting
the overall magnetic field towards the probe beam. As
shown in Fig. 1, this shifts the weight of the individual
magnetic resonances. This causes the combined line shape
to shift and to become asymmetric. The heading-error shift
(difference between the central frequency and the maxi-
mum of the signal) is 12 Hz. Applying an rf field, the
single peak of the optical-rotation signal appears at the
central frequency again. Figure 4(b) shows the heading
error as a function of the magnetic-field tilt angle in the
direction of the probe beam for different amplitudes of the
rf field. Without the rf field, the heading error goes linearly
with the tilt angle at a rate of 1.1 Hz per degree. The slope
of the heading-error shift tends to zero with an increase in
the spin-locking rf amplitude. The heading-error compen-
sation with tilt along both x̂ and ŷ is discussed in
Supplemental Material [19].
In conclusion, a method for suppressing the NLZ effect

and heading error for magnetic fields in the range of Earth’s
magnetic field using spin locking is demonstrated. An rf
field along the ŷ direction is applied which effectively
suppresses NLZ-related broadening and heading error. The
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FIG. 2. Experimental setup. AOM, acousto-optic modulator
used to pulse the pump beam; HWP, half-wave plate; PBS,
polarizing beam splitter; PD, balanced photodetector; LIA, lock-
in amplifier; LO, local oscillator. Atoms are contained in a vapor
cell positioned in the center of the magnetic shield and are
pumped and probed by laser beams under a static (along ẑ) and an
oscillating magnetic field (along ŷ). A partial view of the
magnetic shield is shown in the figure.
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FIG. 3. Normalized magnetic-resonance data for a pump-
modulation frequency of 324 840 Hz as a function of the leading
magnetic field along the ẑ axis with (red, right vertical scale) and
without (black, left vertical scale) an applied spin-locking rf field.
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optimal spin-locking field corresponds to the Larmor
frequency in the rotating frame comparable to the
spin-revival frequency; the phase is chosen such that the
corotating part of the rf magnetic field is collinear with the
precessing spins. We note that the sensitivity of
Earth-field magnetometers can be improved quadratically
due to the increase in signal amplitude and the reduction in
effective linewidth. The effect of spin-locking rf fields at
frequencies different from that of the pump-modulation
frequency will be assessed in future work.
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