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Investigation of the nonlinear CPT spectrum of 87Rb and its
application for large dynamic magnetic measurement∗
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The coherent population trapping (CPT) phenomenon has found widespread application in quantum precision mea-
surements. Various designs based on the narrow resonant spectrum corresponding to the linear Zeeman effect have been
demonstrated to achieve high performance. In this article, the nonlinear Zeeman split of the CPT spectrum of 87Rb in the
lin||lin setup is investigated. We observe re-split phenomenon for both magnetic sensitive and magnetic insensitive CPT
resonant lines at a large magnetic field. The re-split in the magnetic sensitive lines raises a practical problem to magne-
tometers worked in the lin||lin setup while the other one shows a good potential for applications in large magnetic field. We
propose a design based on the nonlinear split of the magnetic insensitive lines and test its performance. It provides a much
larger measurement range compared to the linear one, offering an option for atomic magnetometers where a large dynamic
range is preferred.
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1. Introduction

In recent years, magnetometers based on the CPT
resonant spectrum have found their applications in var-
ious fields like navigation,[1,2] geomagnetic mapping,[3,4]

bioscience,[5–8] and fundamental physics.[9] These magne-
tometers are all in the optical setup and are convenient for
miniaturization. High sensitivity of the pT/

√
Hz level has

been achieved by many designs.[7,10–14] These magnetome-
ters measure the external magnetic field by monitoring the fre-
quency shifts of the different Zeeman resonance transmission
peaks of the CPT spectrum. To gain a high SNR (signal-to-
noise ratio), methods like lin || lin setup or push-pull pump-
ing have been introduced in these magnetometers to overcome
the unwanted population pumped by the circularly polarized
light.[15,16] The spectrum of the lin || lin setup, however, is
more complex compared to the circularly polarized one due
to the various possible combinations for CPT among the en-
ergy levels. For magnetometers worked in lin || lin setup, the
frequency difference between the Zeeman levels with different
magnetic quantum number mF behaves quite linearly with low
external magnetic field. While for a relatively large magnetic
field, the Zeeman levels will split nonlinearly: the original
transition peak re-splits at a certain magnetic field, which will
cause problems for magnetometers loop-locked to the peak

and limit the dynamic range. In this article we first investi-
gate the nonlinear Zeeman CPT spectrum of 87Rb in a buffer
gas cell with the lin || lin setup and show its good potential for
large magnetic field measurements. We then propose a double
FM (frequency modulation) modulation measurement design
based on the nonlinear Zeeman effect and test its performance.
It provides several advantages. First, this measurement per-
forms an absolute magnetic field measurement. In addition,
this measurement has a much larger dynamic range than the
one based on the linear Zeeman effect and remains a linear
response. Finally, the double FM modulation technique en-
ables the magnetometer to monitor the magnetic field by the
measurement of the frequency signal instead of the amplitude
signal.[10] This proposal offers an option for atomic magne-
tometers for large magnetic field applications.

2. Nonlinear CPT spectrum and applications for
magnetic measurement
A typical CPT system can be simplified as a three lev-

els Λ structure. For practical applications of magnetometers
based on alkali metal atoms, the two lower levels usually come
from the ground hyperfine states with different magnetic quan-
tum number mF . In the presence of the external magnetic
field, these energy levels will shift according to the Breit–Rabi
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formula.[17] If the magnetic field is small enough that the lin-
ear approximation is valid, the energy difference among the
hyperfine levels will be proportional to the field B. By track-
ing the magnetic sensitive resonant peak in the CPT spectrum,
one can obtain the information of the external field. While at a
relatively larger field, the nonlinear effect cannot be neglected.
Thus the CPT spectrum will be more complicated according to
the specific pumping process. In the lin || lin pumping setup,
the nonlinear effect will lead to a re-split of the original CPT
peaks which introduces some practical problems. First, the re-
lationship between the output of the magnetometer and mag-
netic field can no longer be linear where corrections have to
be taken to compensate the nonlinear term. Second, for loop-
locked magnetometers, there exist problems at the moment
when re-split happens since nothing can guarantee which peak
the magnetometer is still locked to after the re-split. This will
limit the dynamic range of this kind of magnetometer in high
sensitivity magnetic field measurement.
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Fig. 1. (color online) (a) Energy level of the 87Rb atom with the F = 2→ F ′

transition. The σ+ and σ− component of the linear polarized light are plot-
ted as dash and solid lines, respectively. The levels belonging to the group
N = 0 are plotted with bold lines. These resonances result in 7 resonant
peaks in the CPT spectrum which can be classified to 3 groups due to their
behavior in the external field. For simplicity, the energy shift of the excited
levels is not shown. (b) Schematic diagram of the electric and optical lay-
out of the system. Control sections 1 and 2 are shown in the dash boxes.
The quarter-wave plate is for observation of the CPT spectrum excited by
differently polarized light. In the lin || lin configure for the magnetometer
experiment, the fast axis of the quarter-wave plate is set along the polariza-
tion of the linearly polarized light.

We illustrate the nonlinear Zeeman split with 87Rb atom
(Fig. 1(a)) pumped by the D1 line. The hyperfine structure of

87Rb atom can form 7 combinations in the lin || lin pumping
setup which result in 7 resonant peaks in the CPT spectrum.
According to the relationship with the external field in the lin-
ear approximation ∆E = Nh̄γB = NgF µBB, where gF is the
absolute value of the landé “g-factor”, h̄ is the Planck con-
stant and γ is the gyromagnetic ratio, these resonant peaks
can be classified into three groups with N = ±2,0. The
group with N = 0 includes three components: (|F = 2,mF =

−1〉, |F = 1,mF = +1〉),(|F = 2,mF = 0〉, |F = 1,mF = 0〉)
and (|F = 2,mF = +1〉, |F = 1,mF = −1〉). While at a large
field, each group will re-split due to the nonlinear terms in the
Breit–Rabi formula,

E|J= 1
2 ,mJ,I,mI〉 = −

∆Ehfs

2(2I +1)
+gIµBmB

± ∆Ehfs

2

(
1+

4mx
2I +1

+ x2
)1/2

(1)

x =
(gJ−gI)µBB

∆Ehfs
, (2)

where the ∆Ehfs is the hyperfine splitting of 87Rb, gI is the
nuclear g-factor, gJ is the fine structure landé “g-factor” of
52S1/2, m = mI±mJ (the± sign is the same with the one in the
formula). The specific value of these coefficients for calcula-
tion and more detailed information of Breit–Rabi formula can
be found in Reference.[18] Thus one can figure out that for a
lin || lin setup magnetometer monitoring the N = +2 resonant
peak with a linewidth narrower than 1 kHz, re-split will hap-
pen at a field below 350 mGs (1 Gs = 10−4 T), which is even
smaller than the Earth’s field. Since a much narrower reso-
nant peaks is preferable in the high precision measurement,
the re-split will greatly limit the dynamic range of these mag-
netometers.

The peaks with N = 0 will re-split as well. We observe
the re-split for both N = +2 (Fig. 2(a) insert) and N = 0
(Fig. 2(b)). It is noted that from the formula Eq. (1), the
frequency difference between the two peaks (indicated by the
bold Λ structures in Fig. 1(a)) within the N = 0 group remains
linear:

∆E = 4gIµBB = h̄γ̃B. (3)

The formula refers the frequency shift to the external field B
directly through the nuclear landé “g-factor” which also offers
a way to measure gI directly. The frequency difference of the
two peaks can be used to monitor the external field B. The
advantage and disadvantage are both obvious: First, the rela-
tionship between the frequency shift and the external field re-
mains linear as long as the Breit–Rabi formula is valid; second,
the measurement is absolute due to the measurement of the
frequency difference between the two CPT peaks; finally, be-
cause of the smaller effective gyromagnetic ratio gI (which is
much smaller than gJ

[19]), the magnetometer provides a large
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dynamic range with a relatively reduced sensitivity. In appli-
cations such as the unshielded large field measurements, the
ambient magnetic noise can be larger than the intrinsic noise
of the high sensitivity magnetometer itself, making it suitable
to sacrifice the sensitivity to gain other properties like the large
field measurement.

We propose a magnetometer design based on the re-split
of the CPT spectrum at large field as an extra operation op-
tion for the linear effect. To realize the measurement of the
frequency difference between the two individual resonance
peaks simultaneously, we introduce the double-FM technol-
ogy to form a closed-loop operation. The coherent pumping
light for CPT is obtained from a FEOM (fiber electro-optic
modulator) with its RF signal controlled by a local oscillator
at the frequency of the hyperfine split of 87Rb. We add an-
other frequency modulation to the driving RF signal, creating
new sidebands beside the carrier. Local maximum will occur
if the carrier and the sideband resonant with the two CPT tran-
sition simultaneously. Thus by tracking the frequency of the
added modulation we can determine the frequency difference
between the two CPT peaks.

3. Experimental setup and results
The schematic diagram of the optical and electronic com-

ponents in our experiment is shown in Fig. 1(b). An isotopi-
cally pure 87Rb cylindrical cell serves as the atom source, with
approximately 10 Torr (1 Torr = 1.33322×102 Pa) of Ne as the
buffer gas. The cell is 20 mm in diameter and 60 mm in length.
The pumping light (795 nm with linewidth below 1 MHz)
comes from an external cavity diode laser (DL 100, Toptica)
resonant with the D1 transition line of 87Rb. Part of the light
is split to stabilize the laser’s frequency using the AC Zeeman
frequency stabilization. The remaining light passes through
the FEOM through fiber to generate the coherent component
for CPT pumping. The FEOM is driven by an RF signal from
a frequency synthesizer. The synthesizer gives the RF signal
at the frequency of 6.834 GHz which meets the hyperfine split
of 87Rb. The sidebands needed to simultaneously excite the
two CPT resonances is produced by feeding an extra signal at
a frequency ω to the FM port of the synthesizer. Thus, the
spectrum of the output driven RF signal will have frequency
components at Ω , Ω ±ω . The power of the RF is optimized
to make the CPT signal maximum. After the FEOM, the light
passes a polarizer, and a quarter-wave plate in sequence, then
pumps and probes the alkali atoms in the cell. The cell is held
in a self-wrapped magnetic shielding tube with µ-metal tape.
The inside solenoid generates the homogeneous magnetic field
𝐵 over the cell. The laser beam is expanded to 10 mm in di-
ameter before entering the cell and is focused for detection.
We use a differential balanced detection setup to reduce the

influence of the intensity fluctuation of the laser light and re-
move the bias. In the closed-loop operation, the signal of the
PD is fed back to the control sections. A third sinusoidal mod-
ulation, whose frequency ω̃ is tuned far away from ω to avoid
crosstalk, is used in the control section 2 to help locking one
of the two CPT peaks ((|F = 2,mF =+1〉, |F = 1,mF =−1〉)
or (|F = 2,mF = −1〉, |F = 1,mF = +1〉)) while the control
section 1 locks ω which can be directly read out from the fre-
quency counter and monitor the external field. The cell is at
room temperature during all experiments.
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Fig. 2. (color online) (a) Linear CPT spectrum observed in the lin || lin con-
figure. The FWHM (full width at half maximum) of the peak at 100 kHz is
about 1 kHz (dash line: F = 2→ F ′ = 1, solid line: F = 2→ F ′ = 2). In-
sert: nonlinear split of the N =+2 at a magnetic field about 280 mGs. This
spectrum is observed at a relatively low light intensity with an FWHM of
600 Hz. (b) Nonlinear split of the magnetic insensitive CPT resonant peaks.
Observation of the two re-split resonant peaks (solid line) in group N = 0 at
a large magnetic field, together with their error signal (dash line) after the
lock-in amplifier in the control section 2. The resonant peak at the middle is
almost covered by noise due to destructive interference.

Figure 2(a) shows a usual linear CPT spectrum with reso-
nant peaks N = 0,±2 at a small external field. The linewidth is
about 1 kHz, mainly due to the light broadening. We measure
the CPT spectrum for F = 2→ F ′ = 1 and F = 2→ F ′ = 2
transitions, respectively. The relative amplitude between the
N = 0 peak and the N = +2 one is quite different, which of-
fers options for particular application of the magnetometers or
atomic clocks.[20] We also show the re-split of the N = +2
happening at a magnetic field of 280 mGs. The frequency
difference between the re-split peaks is about 700 Hz, which
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will contribute an error of about 0.2% if the magnetometer is
locked to the wrong peak after the re-split. Such an error can-
not be neglected in precision measurement especially when the
field is comparable to or larger than the geomagnetic field. For
a high sensitivity CPT magnetometer with a linewidth much
narrower, the magnetic field for the re-split occurrence will be-
come much smaller, significantly limiting the dynamic range.

The nonlinear CPT splitting of the N = 0 group with the
lin || lin setup is observed and shown in Fig. 2(b) with the
F = 2→ F ′ = 1 transition at a magnetic field of 5 Gs. Due
to a destructive interference effect, the CPT constructed by the
states |F = 1,mF = 0〉 and |F = 2,mF = 0〉 is at minimum.[21]

To verify the linear relation of Eq. (3), we measure the reso-
nant frequency of the two peaks respectively in the open loop
operation. The magnetic field range is tested up to 30 Gs lim-
ited by our current source. The magnetic field generated by
the solenoid with respect to its current is measured by a flux-
gate first. The result is shown in Fig. 3(a), which shows a good
agreement. The slope is estimated to be (5.58±0.02) kHz/Gs
in a good agreement with the calculation of 5.57 kHz/Gs using
Eq. (3). The primary uncertainty comes from the measurement
of the solenoid current.

We then test the closed-loop operation. The magnitude
of the magnetic field to be measured is around 5 Gs which
is far larger than the geomagnetic field. With the help of the
error signal from the lock-in amplifier in loop II we can lock
the carrier frequency Ω at one of the two CPT peaks in group
N = 0. Then, we turn on the frequency modulation of the syn-
thesizer which generates the sidebands at Ω ±ω . When ω

scans over the resonant point of the other CPT peak in group
N = 0, the quadrature component of the lock-in amplifier gives
a dispersive line shape. At the zero point of the lock-in ampli-
fier output, ω is locked to the frequency difference of the two
CPT peaks which reveals the external magnetic field. We test
the noise performance by recording ω in the closed-loop oper-
ation for 20 s with a sampling rate at 500 Hz. We analyze the
FFT spectrum of the recording signal which shows a sensitiv-
ity about 2.4 nT/

√
Hz in average from 1 Hz to 100 Hz. The

electric noise of the control sections is found to be negligible
and the sensitivity is mainly limited by the noise of the laser
light and the weak resonant signal. Since the cell is set under
room temperature, improvement on sensitivity can be achieved
by heating. We repeat the experiment at the same condition
except that the self-wrapped magnetic shielding is removed to
investigate the performance when the cell is exposed to the ge-
omagnetic environment and other magnetic noises in the lab.
Since the effective gyromagnetic ratio of the nonlinear Zee-
man is much smaller compared to the linear one, measure-
ments based on the nonlinear splitting will be less sensitive to
the magnetic gradient, to which high sensitive magnetometers
are usually susceptible. We observe a 2.5 times worsening in

performance, with a noise level of 6 nT/
√

Hz on average from
1 Hz to 100 Hz. The results are shown in Fig. 3(b).
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Fig. 3. (color online) (a) Checking of the linear relationship given by Eq. (3).
The squares and dots represent the frequency shift vs external magnetic field
B of the two peaks in group N = 0, respectively and the triangles represent
the frequency difference between the two peaks. The red line is the lin-
ear fit which shows a good agreement with Eq. (3). (b) Effective magnetic
noise density spectrum. The data above shows the noise performance of
the measurement based on the nonlinear split of group N = 0 in the dou-
ble modulation loop-lock operation (ii), compared with an operation in the
same condition but without magnetic shielding (i). The plot (iii) shows the
electric noise of the system. The data is all normalized to 1Hz bin.

4. Conclusion

In summary, we investigate the nonlinear splitting of the
CPT spectrum in a lin || lin setup of 87Rb and observe the re-
split of the CPT spectrum. Based on the nonlinear Zeeman
effect we propose and demonstrate a larger dynamic range,
absolute magnetometer with a sensitivity about 2.4 nT/

√
Hz

at room temperature. Further work will include optimizing
the cell temperature and reducing the noise of the laser light
to improve the sensitivity. The double frequency modulation
method which locks the two peaks simultaneously can also be
applied to the linear Zeeman split. Thus the magnetometers
utilizing this technique can switch freely between the linear
and nonlinear operation setups depending on particular appli-
cations where high sensitivity or large dynamic range is pre-
ferred.
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