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Heading-Error-Free Optical Atomic Magnetometry in the Earth-Field Range
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We demonstrate an alignment-based ®’Rb magnetometer that is immune to nonlinear Zeeman (NLZ)
splitting, addressing an important problem in alkali-metal atomic magnetometry. In our scheme, there is a
single magnetic resonance peak and well-separated hyperfine transition frequencies, making the
magnetometer insensitive or even immune to NLZ-related heading errors. It is shown that the
magnetometer can be implemented for practical measurements in geomagnetic environments, and
the photon-shot-noise-limited sensitivity reaches 9 fT/+/Hz at 5 pT and remains at tens of fT/+/Hz at

50 pT at room temperature.
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Sensitive magnetometry in the Earth-field range is
important in various applications—for example, geophysi-
cal exploration [1-4], biomagnetic field detection [5,6],
fundamental physics experiments [7] searching for dark
matter [8—10], CP-violating electric dipole moments [11]
and spin-dependent exotic interactions [12,13], and mag-
netic field standards [14,15]. Scalar alkali-metal atomic
magnetometers, which are based on measuring the Zeeman
splitting of an alkali-metal ground state, are attractive for
such tasks because of their high sensitivity, reaching the
fT/v/Hz level, and cryogen-free operation [16-20].
However, heading error—i.e., the dependence of the
(nominally scalar) magnetometer reading on the direction
of the magnetic field, which is often at the nT level and is
several orders of magnitude larger than the state-of-art
sensitivity for 1 Hz bandwidth (~fT)—introduces motion-
related noise for mobile-platform-borne or wearable sys-
tems [17]. Even when the magnetometer is at motional rest,
there are heading-error-related systematic errors that
depend on various experimental parameters—e.g., light
power and frequency—reducing the long-term stability
(accuracy) that is important for fundamental physics [21].

Depending on the type of the atomic sensor, there are
mainly three physical sources of heading error: a major one
is the nonlinear Zeeman effect (NLZ) due to the coupling
between electron spin and nuclear spin [22-24], and the
other two are the different gyromagnetic ratios of the two
ground hyperfine states due to the nuclear Zeeman effect
(NuZ) [24,25], and the magnetic-field-direction-dependent
light shift (LS) [23]. The first two effects lead to the
direction-dependent asymmetry of the magnetic resonance
curve, and the third one leads to the direction-dependent
shift of the magnetic resonance frequency. The NLZ and LS
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effects are also the source of alignment-to-orientation
conversion [26,27].

There are three common strategies to suppress the NLZ-
related heading error: (1) physical or theoretical compen-
sation, including compensation with tensor light shift [28],
compensation with spatially separated pumping beams of
opposite circular polarizations [23], and using a high-power
pump and correcting with theoretical predictions [24,29];
(2) using modulation schemes to address atomic spins in
states less sensitive to direction-related magnetic resonance
asymmetry, including synchronous optical pumping with
double modulation [30], push-pull pump [31], and spin-
locking with synchronous optical pumping and a radio-
frequency (RF) [22] or modulated optical [32] field; and
(3) using transitions intrinsically free from NLZ-related
splitting—for example, the excitation of high-order atomic
polarization moments [33]. Compared with the first two
strategies, whose performance relies on the careful adjust-
ment of experimental parameters, theoretically, the latter
strategy should give a better heading-error suppression, as
it is intrinsically free from the NLZ effect, and it does not
require special hardware or additional modulation, which
is especially welcome for mobile or wearable systems.
However, these approaches suffer from a dramatic decre-
ase of signal amplitude in the geomagnetic field range,
which precludes their applications in high-sensitivity
magnetometry.

Here, we show an alternative all-optical ’Rb magne-
tometer which is intrinsically free from the NLZ-related
heading error, with the heading error due to the NuZ and LS
effects being largely suppressed at the same time. It retains
the NLZ-splitting-free property and simplicity of the
above third strategy, while allowing for high sensitivity.

© 2023 American Physical Society
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Experiments with a room-temperature vapor cell demon-
strate a photon-shot-noise-limited sensitivity of tens of
fT/+/Hz in the geomagnetic field range. Instead of using
the magnetic resonance between the stretched states [33],
the magnetometry technique developed here is based on the
alignment magnetic resonance of the 525, nF =1 state of
8Rb. As there is only a single alignment magnetic
resonance in the F = 1 ground hyperfine state, correspond-
ing to the transition between the F =1, m =l and F = 1,
m = —1 states [34], magnetometry based on this resonance
is free from the NLZ-related splitting and asymmetry of the
magnetic resonance curve, and thus is intrinsically free
from NLZ-related heading error. The higher efficiency to
produce and detect alignment (quadrupole moment) than
higher-order polarization moments, such as the hexadeca-
pole moment [33], enables highly sensitive magnetometry
in the geomagnetic field range.

This scheme is also good at suppressing the heading
error due to the NuZ and LS effects. The fully resolved
ground hyperfine states in the antirelaxation-coated cell
enable individual addressing of the desired 55, pkF=1
hyperfine state, suppressing the NuZ-related heading error
to at most the tens of fT level. Besides this, the use of
linearly polarized pump and probe beams largely sup-
presses the vector light shift of the F =1 alignment
magnetic resonance. The only light shift comes from the
Zeeman-shift-related unbalanced detuning of optical tran-
sitions involving, respectively, the F =1, m =1 and
F =1,m=—1 states and the imperfect polarization of
the light. An advantage of the presently introduced method
for heading-error suppression for practical implementation
is its particular simplicity: no special hardware or additional
modulation is required.

The NLZ effect of an alkali ground state, such as the
578, state for ¥Rb shown in Fig. 1(a), is described by the
Breit-Rabi formula [35]. The energies of Zeeman sublevels
have a nonlinear dependence with respect to the magnetic
field strength, and thus, the intervals between adjacent
Zeeman sublevels become unequal as the field increases.
As aresult, in the F' = 2 (F' = 1) hyperfine state, there are
four (two) different Am = 1 magnetic resonance frequen-
cies, which leads to asymmetric broadening or splitting of
the magnetic resonance curve when the background field is
in the geomagnetic field range [22-24]. As the populations
and transition matrix elements for different Zeeman sub-
levels change with the magnetic-field direction, the ampli-
tudes of different components of the magnetic resonance
change as well, which leads to the magnetic-field-direction-
dependent asymmetry of the overall magnetic resonance
and gives rise to heading errors [22-24]. In contrast to the
Am = 1 magnetic resonance, there is only a single Am = 2
resonance in the F =1 hyperfine state. Such a single
magnetic resonance is intrinsically free from the NLZ-
related splitting and asymmetry of the resonance curve, and
thus is free from the NLZ-related heading error.

In order to generate and measure atomic polarization in
the F = 1 hyperfine state [see Fig. 1(b)], we pump with
795 nm laser light resonant with the 8Rb D1 transition
(5%Sy)pF =2 — 5%P;pF' =2) and probe with 780 nm
laser light tuned to the low-frequency side of the 8’Rb
D2 transition (about 0.5 GHz from the 5%S;,F =1 —
5°Ps ;2" = 0 transition). The pump beam generates atomic
polarization in the F = 1 state via repopulation pumping
[36], and the polarization is monitored by detecting the
optical rotation of the probe light. To achieve magnetic
resonance, the pump beam is modulated at 2 times the
Larmor frequency of the F =1 hyperfine state. In the
geomagnetic field range, the splitting between the F = 1
and F = 2 resonance frequencies is in the kHz range; see
Fig. S2 in the Supplemental Material [37]. As this splitting
is much larger than the relaxation rate of the ground-state
polarization, the F' = 2 state will not be trapped in the dark
state, and the pumping process is efficient. Since the pump
and probe beam are resonant with transitions starting from
different ground hyperfine states, such a technique con-
stitutes indirect pumping which does not cause power
broadening of the magnetic resonance [38,39].

The experimental arrangement for measuring the align-
ment magnetic resonance is shown in Fig. 1(c). The
cylindrical antirelaxation-coated atomic vapor cell has a
diameter of about 4 cm and a length of about 5 cm, filled
with isotope-enriched 3’Rb. Both the pump and the probe
beam are linearly polarized and propagate through the
atomic vapor cell along the z direction. The pump beam is
square-wave modulated with an acousto-optic modulator
(AOM) at around 2 times the Larmor frequency, with a duty
cycle of 20%. The corresponding alignment magnetic
resonances with a background magnetic field set along
the z axis are shown in Fig. 2(a). We also built an
orientation-magnetic-resonance setup to compare the align-
ment and orientation resonances, as shown in Fig. 1(d). The
pump (probe) beam is circularly (linearly) polarized and
propagates through the atomic vapor cell along the y (x)
direction. In this case, the pump beam is square-wave
modulated with a duty cycle of 20% at around the Larmor
frequency. The orientation magnetic resonances with a
background magnetic field set along the z axis are shown in
Fig. 2(b). In order to maintain the consistency of exper-
imental conditions, the two setups share the same vapor
cell, and the pump and probe beams of these two setups are
derived from the same pump and probe lasers, respectively.

A comparison of the magnetic field dependence of
alignment and orientation magnetic resonances is shown
in Fig. 2, in which the background magnetic field is set
along the z direction, with strength varying from 20 pT to
50 puT (data are shifted vertically for clarity). The time-
averaged optical power of the pump and probe beam in the
alignment (orientation) experiment are 100 pW (50 pW)
and 300 pW (15 pW), respectively. These parameters are
chosen to produce relatively strong signals with minimal
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FIG. 1. Schematic of NLZ-heading-error-free magnetometer. (a) Nonlinear Zeeman effect of the 3Rb ground state 5%S, 2 and
corresponding magnetic resonance frequencies. In the F = 2 (F = 1) hyperfine state, there are four (two) different Am = 1 magnetic
resonance frequencies, labeled from w; to w4 (@5 to wg), respectively, and three (one) different Am = 2 magnetic resonance frequencies,
labeled from o to )y (w)), respectively. (b) Energy levels of 8’Rb atoms and its excitation scheme. The pump beam is a 795 nm laser
beam exciting the 5°S; nkF=2to 5%P, F " =2 transition, which generates atomic spin polarization in the 5°S, pF =1 state via
repopulation pumping; the probe beam is a 780 nm laser tuned to the low-frequency side relative to the 5%, pF =1t 5%P, o F "=0
transition. (c¢) Alignment resonance setup. Pump: a linearly polarized 795 nm laser beam used to generate the atomic alignment
polarization. Probe: a linearly polarized 780 nm laser beam used to detect the Larmor precession of the atomic alignment polarization via
optical rotation. AOM: the acousto-optic modulator used to pulse the pump beam. PBS: polarizing beam splitter. BS: beam splitter. 1/2:
half-wave plate. BPD: balanced photodiode. BPF: bandpass filter with central wavelength of 780 nm, which is used to prevent the pump
beam from entering the BPD. BD: beam dump. LIA: lock-in amplifier. PC: personal computer. (d) Orientation resonance setup. Pump: a
circularly polarized 795 nm laser beam used to generate the atomic orientation polarization. Probe: a linearly polarized 780 nm laser
beam used to detect the Larmor precession of the atomic orientation polarization via optical rotation. A/4: quarter-wave plate. Other
labels are the same as those in (c).

power broadening of the magnetic resonances. A 0B_/0z
gradient coil is used to compensate the magnetic field
gradient. We find that compensating this gradient is
sufficient for the purpose of this Letter. The alignment
signal is always a single Lorentzian peak, with the central
frequency at 2wy, corresponding to the Am = 2 magnetic
resonance between the F =1, mp = -1 and F = 1, mp =
1 states, while the orientation signal consists of two peaks
with increased splitting as the magnetic field is increased.
Both the alignment and orientation resonances slightly

broaden at stronger magnetic fields due to residual mag-
netic gradients.

When the magnetic field is not along the z direction, the
relative heights of the two Lorentzian peaks in the ori-
entation magnetic resonance are dependent on the magnetic
field direction, which leads to an asymmetry and a central-
frequency shift of the magnetic resonance [see Figs. S1(c)
and S1(d) in the Supplemental Material [37] ]. This gives
rise to the NLZ-related heading error. In contrast, the
alignment resonance is always symmetric [see Figs. S1(a)
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FIG. 2. Magnetic resonances of alignment and orientation
polarization with background magnetic fields of different
strengths. (a) Alignment resonance. (b) Orientation resonance.
The background magnetic field is set along the z direction, with
strength ranging from 20 pT to 50 pT. Different magnetic
resonances are shifted vertically for clarity. Since the align-
ment-resonance frequency is about twice that of the orientation
resonance, the scale of detuning in (a) is also twice that of (b).
The amplitude of the alignment signal is smaller than that of the
orientation signal for the reasons explained in Ref. [40].

and S1(b) in the Supplemental Material [37]]. This means
that magnetometry based on this alignment resonance is
free from the NLZ-related heading error.

In the geomagnetic field range, the estimated photon-
shot-noise-limited sensitivities [41-45] of the alignment-
based magnetometry are in the tens of fT/+/Hz range [see
Fig. S3(a) in the Supplemental Material [37]]. The best
sensitivity is about 9 fT/+/Hz. When the background field
gets larger, there is a degradation of the sensitivity. One
possible reason for this is the increased magnetic field
gradient.

Another source of heading error comes from the different
Larmor frequencies of the F'=1 and F = 2 hyperfine
states (~27.9 Hz/uT; it is in the kHz range in geomagnetic
fields), as the tails of the nearby F = 2 resonance that
change in size depending on the magnetic field direction
introduce direction-related error to the measurement of the
F =1 Larmor frequency. Taking a resonance at 20 pT, for
example (Fig. S2 in the Supplemental Material [37]), the
F = 1 Larmor frequency can be determined from either the
peak frequency of the demodulated X signal or the zero-
crossing frequency of the demodulated Y signal. These
frequencies, however, are shifted by the F = 2 resonance,
because the X (Y) contribution from the F = 2 resonance
leads to a sloping background (residual background)
around the F = 1 resonance frequency. As the efficiency
of producing and detecting atomic spin polarization is
dependent on the orientation of the pump or probe laser
beam relative to the magnetic field, the F = 2 resonance
amplitude depends on the field direction as well, thus

leading to heading error. Reducing the relative amplitude of
the F =2 resonance is beneficial for reducing its tails
around the F = 1 resonance and the consequent heading
error. Due to the fully resolved ground hyperfine states, the
probe beam is far detuned from the transitions involving the
undesired 5%, o F = 2 state, suppressing the amplitude of
the F = 2 resonance to about 1/100 of the F =1 reso-
nance [see Fig. S2 in the Supplemental Material [37] ].
Considering the large frequency difference between these
two resonances, the influence from the F = 2 resonance on
the F = 1 Larmor frequency only leads to heading error on
the order of tens of fT [see Supplemental Material [37] ].

The light shift due to the probe beam is also a source of
error. When the background magnetic field is not aligned
with the polarization of the probe beam, this beam gen-
erally contains 7 component together with the ¢+ and o~.
As the light shiftsof the F =1, m = —-land F =1,m =1
states are almost identical, the shift of the alignment
resonance (corresponding to the transition between the F =
I,m=—1and F =1, m = 1 states) is largely suppressed
[46]. However, there is still residual shift due to the
Zeeman-effect-related unbalanced detuning of optical tran-
sitions involving, respectively, the F =1, m = 1 and F =
1,m = —1 states, which is on the order of several pT,
according to simulations based on the ADM package [47].
If the polarization of the probe beam is actively rotated to
keep it perpendicular to the magnetic field, the light shift
will only lead to a constant bias, rather than a heading error.
This method also helps in building a dead-zone-free
magnetometer [48]. In principle, there may also exist
systematic effects due to interference effects including
those mediated by radiative polarization transfer [49,50].
The presence of such effects can be identified by measuring
the heading error as a function of the light power (par-
ticularly, the pump power) and eliminated using a “free-
decay” protocol, where atomic evolution occurs in the
absence of applied light between pump and probe light
pulses.

To conclude, we demonstrated a simple-to-implement
(not requiring application of additional fields or modula-
tions), sensitive, heading-error-free scalar magnetometer
which can work in geomagnetic environment. This mag-
netometer is based on the Am = 2 magnetic resonance in
the ¥Rb F =1 ground hyperfine state. In contrast to
conventional alkali-metal magnetometry, where the mag-
netic resonance curve is split and distorted in the geo-
magnetic field, the resonance demonstrated here is a single
Lorentzian, free from NLZ-induced splitting and asymme-
try. For our magnetometer, photon-shot-noise-limited sen-
sitivity can reach 9 fT/ \/}E with the vapor cell at room
temperature. The sensitivity can be further improved by
heating the cell to increase atomic-vapor density [51]. This
scheme is also effective at suppressing the heading error
due to the NuZ and LS effects. Due to the fully resolved
ground hyperfine states in the antirelaxation-coated cell, the
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residual signal from F = 2 is relatively small, and thus its
influence is at most at the tens of fT level, which is at the
limit of the sensitivity of this magnetometer for 1 Hz
bandwidth. Moreover, as only linearly polarized light is
used, the vector light shift is also largely suppressed [46],
which is another possible source of heading error.
Considering that the remaining tensor light shift will not
change the frequency difference between m = +£1 mag-
netic sublevels in the ground F =1 system—i.e., the
central frequency of the desired Am = 2 magnetic reso-
nance—this scheme is promising for more accurate mag-
netometry. It should be noted that though the Am =2
magnetic resonance is free from NLZ-induced splitting and
asymmetry, the magnetic resonance frequency itself still
has cubic corrections in the strength of the magnetic field.
Finally, a similar method can be implemented with other
alkali metals that have a F = 1 ground level, such as K,
4K and **Na.
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