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We report on an ultrastable optical magnetometer based on nonlinear magneto-optical rotation in 87Rb
vapor. The atomic vapor is both optically pumped and probed on the F = 2 → F ′ = 1 hyperfine tran-
sition of the D1 manifold. A measurement over 26 h quantifies the magnetometer’s performance across
8 orders of magnitude in the Fourier-frequency domain, allowing us to measure the magnetic response
into the microhertz domain. We demonstrate a room-temperature sensitivity floor of 15 fTrms/

√
Hz at a

magnetic-field strength of 2.5 μT, which corresponds to a record 9 ppb/
√

Hz fractional sensitivity. The
magnetometer’s performance is photon shot-noise limited from 40 Hz to 10 kHz, while below 40 Hz it
slowly degrades as approximately f −1/4. At 1 mHz the performance is still better than 1 pTrms/

√
Hz. We

show that this worsening performance is not a characteristic of the sensor, but instead associated with
minute fluctuations of the magnetic field at the sensor from various identified sources.
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I. INTRODUCTION

Optical magnetometers are presently among the most
sensitive devices for measuring magnetic fields; their sen-
sitivities can rival [1] or even surpass [2–4] that of super-
conducting quantum interference devices (SQUIDs). With
their intrinsic accuracy, room-temperature operability, and
portability, these devices are finding applications in numer-
ous fields ranging from medical diagnostics and imag-
ing [5–15], to geomagnetism [4], and fundamental physics
research [16–19].

Optical magnetometers come in a number of fla-
vors, each with characteristic advantages and disadvan-
tages. Perhaps the two most frequently encountered fla-
vors make use of the nonlinear magneto-optical rota-
tion (NMOR) [20] or spin-exchange relaxation-free
(SERF) [21] techniques. SERF magnetometers have
demonstrated magnetic sensitivities below 1 fTrms/

√
Hz

[2–4]; however, they can only operate in near-zero mag-
netic field (� 1 nT) and have a relatively low bandwidth.
These aspects limit their practicality in many real-world
applications. In contrast, NMOR magnetometers, utilizing
frequency [22,23], amplitude [1,24], or polarization [25]
modulated-pumping techniques, can operate in magnetic
fields higher than that of Earth [22,26]. The absolute
sensitivity of NMOR magnetometers is generally 1 to
2 orders of magnitude worse than that of their SERF
counterparts.

The sensitivity of an optical magnetometer is subject
to two fundamental limits [27–29]: spin-projection noise
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and photon shot noise. For NMOR magnetometers, photon
shot noise always dominates over spin-projection noise,
and sets the performance limit of a well-designed magne-
tometer at relatively high frequencies (� 10 Hz). However,
at low frequencies a number of technical-noise sources
typically limit the magnetometer’s performance, or the
ability to measure that performance, such that one can-
not achieve this fundamental limit. These technical-noise
sources include fluctuations in optical power (both pump
and probe), optical-polarization drift, ambient-field fluctu-
ations, electronic noise in the detection, magnetic-shield
noise etc. This can prevent the application of a magne-
tometer in circumstances that demand high performance
at low frequencies. Examples would include magnetic
anomaly detection [30], earthquake monitoring [31–33],
and the search for plant biomagnetism [34].

In this work, we demonstrate an optical magnetome-
ter, which operates at room temperature and exhibits high
sensitivity over a broad range of Fourier frequencies.
We generate a magnetic field of 2.5 μT within a mag-
netic shield and subsequently measure that field with a
shot-noise-limited sensitivity of 15 fTrms/

√
Hz. This cor-

responds to a record fractional sensitivity of 9 ppb/
√

Hz.
Over a 26-h measurement, the measured magnetic field
drifts by only 100 ppm, and this instability arises in the
applied field rather than from the sensor itself. The result
presented here is, to the best of our knowledge, the most
sensitive magnetic-field measurement performed by an
NMOR magnetometer over an exceptionally broad range
of Fourier frequencies from 100 μHz to 10 kHz [1,35], as
well as the highest dynamic-range measurement performed
by an optical magnetometer of any kind. The fractional
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sensitivity reported here is around 2 orders of magnitude
superior to the best reported measurements with a SERF
magnetometer [2–4].

When compared to state-of-the-art superconducting
quantum-interference devices, the reported performance is
only a factor of 40 inferior to the best-ever reported result
at high frequencies [36], and less than 2 orders of magni-
tude worse at ultralow frequencies around 100 μHz [37].
However, the optical approach reported here benefits from
avoiding cryogenics and giving an intrinsically accurate
measurement. This demonstration of low-frequency per-
formance of an optical magnetometer opens the potential
for many new applications, which are currently dominated
by the use of SQUIDs.

II. MAGNETOMETER CONCEPT

The magnetometer utilizes amplitude-modulated non-
linear magneto-optical rotation (AMOR) [20,24], in which
resonant, linearly polarized light produces spin coher-
ence in an alkali vapor through periodic optical pumping.
Pumping with linearly polarized light generates atomic
alignment (a rank-two polarization moment) [38]. Using
an atomic description in which the quantization axis is
aligned with the applied magnetic field, this corresponds
to a symmetric distribution of population between Zee-
man sublevels with respect to the |mF = 0〉 state, and
coherences between ground-state Zeeman sublevels of
�mF = 2 [22].

When exposed to a weak longitudinal magnetic field,
the energy levels of the Zeeman states are shifted by the
Larmor frequency, �L = μBgFB/�, where μB is the Bohr
magneton, gF is the hyperfine Landé g-factor, B is the
magnetic-field strength and � is the reduced Planck con-
stant. This energy splitting induces temporal evolution
of the �mF = 2 coherences at a frequency of 2�L [39],
yielding a modulation of the complex refractive indices
for the two polarization eigenmodes [28] (circular bire-
fringence). This consequently modulates the polarization
plane of a linearly polarized probe beam at the same
frequency [27,40]. One finds a strong resonant pumping
condition, which maximizes the atomic alignment within
the vapor, if the pump beam is modulated at a frequency
�m = 2�L. A measurement of the frequency of this res-
onant condition allows accurate estimation of the local
magnetic-field strength.

III. EXPERIMENTAL SETUP

The experimental setup is presented in Fig. 1. Isotopi-
cally pure 87Rb is contained in a cylindrical vapor cell with
a 40-mm diameter and 40-mm length. The walls of the cell
are coated with paraffin in order to preserve coherences
between ground-state Zeeman sublevels, with a measured
transverse spin-relaxation time of T2 = 36.5 ms. The cell
remains at room temperature (23.10 ± 0.04 ◦C), and is
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FIG. 1. Simplified experimental setup, showing the external
cavity diode laser (ECDL), acousto-optic modulator (AOM),
Glan-Thompson prism (GT), Wollaston prism (WP), photode-
tector (PD), lock-in amplifier (LIA), servo controller (SC), and
frequency counter (CNT). The probe beam is shown in blue,
while the pump beam is shown in red. All relevant electronic
components are referenced to the 10-MHz output of a cesium
atomic clock. The AM and FM labels denote amplitude and
frequency modulation, respectively.

housed within a six-layer cylindrical μ-metal magnetic
shield that has a calculated shielding factor of 2 × 105 [41].
A constant-bias magnetic field of 2.5 μT is generated along
the longitudinal axis of the cell using a solenoid installed
within the innermost shield. This value is chosen as it is
the strongest magnetic field that could be applied without
deteriorating the magnetometer’s performance via gradi-
ent broadening [42] due to the inhomogeneity of the field
generated by the solenoid.

The solenoid is driven by an ultralow-noise power sup-
ply, which produces a fixed voltage with a square-root
Allan variance [43] of 3 × 10−8 at 1 s, slowly degrad-
ing to 10−6 for integration times of 104 s. In order to
obtain fractional current fluctuations in the part-per-billion
range at high Fourier frequencies, the output voltage of
the power supply is filtered prior to driving the solenoid
using a first-order Butterworth filter with a cut-off fre-
quency of 0.3 mHz. The solenoid current is set by series
resistors with an ultralow temperature coefficient of 200
ppb/◦C. The current noise after the filter is below the level
that can be measured by any conventional instrumentation
and is seen not to limit the magnetometer performance
above 10 mHz. Below this frequency, we observe a tem-
perature dependence in the Butterworth filter that causes
unwanted current fluctuations that can be observed by the
magnetometer.
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The atomic vapor is optically pumped and probed on
the 52S1/2 → 52P1/2 (D1) transition of 87Rb by an exter-
nal cavity diode laser tuned near 795 nm. The laser is
frequency locked to the F = 2 → F ′ = 1 hyperfine transi-
tion using saturated absorption spectroscopy in a reference
cell. Both pump and probe beams pass through acousto-
optic modulators (AOMs) that downshift their frequencies
by 80 MHz, and are also used to control the optical
power incident on the vapor cell. The AOM for the pump
beam also applies a square-wave amplitude modulation at
�m/2π ≈ 34.7 kHz, with a modulation depth of 100% and
a duty cycle of 20%. This amplitude modulation resonantly
drives the polarization of the medium.

Prior to the vapor cell, a small fraction of the pump and
probe beams is detected by two separate photodetectors.
These signals are used to keep the power of each beam
stabilized by actively controlling the rf driving power of
the AOMs. As the pump beam is amplitude modulated,
the photodetector signal is demodulated at �m/2π using
a lock-in amplifier referenced to the pump modulation
frequency prior to being fed into the power servo. Fol-
lowing stabilization, the square-root Allan variance of the
pump and probe powers is relatively flat (i.e., independent
of integration time) and below 10−4 for integration times
ranging between 0.2 and 400 s.

We note that optical-power fluctuations can result in
small changes in the observed Larmor frequency through
optical saturation and other nonlinear optical effects. With-
out sufficient power stabilization, this has the effect of
giving rise to a fictitious magnetic field. We measure
the sensitivity of the magnetometer to these effects by
intentionally inducing a large power modulation, and mea-
suring the magnetometer response. Using this sensitivity,
we calculate that the stabilized pump and probe beams
induce fictitious magnetic fluctuations with a flicker-noise
characteristic, the magnitude of which is 1 fTrms/

√
Hz

and 100 fTrms/
√

Hz at 1 mHz for the pump and probe
beams, respectively. These unwanted fluctuations are not
a dominant limitation of the magnetometer presented here.

Immediately prior to entering the cell, the pump beam is
vertically polarized by a Glan-Thompson (GT) prism and
set to propagate parallel to the magnetic field. The probe
beam is linearly polarized at 45◦ from the vertical by a GT
prism, and propagates antiparallel to the magnetic field.
Both pump and probe beams have a 1/e2 diameter of 1.5
mm, and are horizontally displaced by approximately 10
mm relative to each other.

The stability of the polarization of the probe beam is
an important quantity, as fluctuations in the polarization of
the probe can give rise to asymmetry in the resonance sig-
nals, which is indistinguishable from real magnetic noise.
The stability of the polarization of the probe beam, as mea-
sured after the cell, has a flicker-noise characteristic with a
magnitude of 700 μradrms/

√
Hz at 1 mHz. By intentionally

inducing a large polarization change in the probe beam and

subsequently measuring the magnetometer response, we
conclude that the effective magnetic noise associated with
probe polarization drift is about 100 fTrms/

√
Hz at 1 mHz.

As with the optical-power fluctuations described previ-
ously, the polarization instability of the probe beam is not a
dominant limitation for the magnetometer presented here.

After traversing the vapor cell, the probe beam passes
through a Wollaston prism, which separates the beam into
its orthogonal polarization components. These orthogo-
nal components are measured on separate photodetectors,
forming a balanced polarimeter. The optical power on each
photodetector can be converted into a polarization-rotation
angle via [27,40]

φ = 1
2

arcsin
(

P1 − P2

P1 + P2

)
, (1)

where P1 and P2 are the optical powers on the two
photodetectors and φ is the polarization-rotation angle.
The optical-rotation signal is measured in the frequency
domain by demodulating the balanced polarimeter output
at �m/2π .

IV. OPTIMIZATION

The magnetic-detection limit of the magnetometer is
determined by its signal-to-noise ratio; thus, for ultimate
performance, one needs to understand the dependence of
both signal and noise on key operational settings.

The two-channel demodulated polarimeter signal, con-
taining the AMOR resonance (cf. Fig. 2), has in-phase,
φP (v), and quadrature, φQ (v), components. These com-
ponents are well approximated as the real and imaginary
components of a complex Lorentzian lineshape defined by

L (v) = A
[ (

�
2

)2

(v − v0)
2 + (

�
2

)2 + i
�
2 (v − v0)

(v − v0)
2 + (

�
2

)2

]
,

(2)

where A is the amplitude, � is the full width at half max-
imum, and v0 is the resonant frequency. The maximum
slope S of the quadrature component, φQ, is given by

S = lim
v→v0

dφQ

dv
= 2A

�
. (3)

Equation (3) is effectively the sensitivity of the magne-
tometer. This sensitivity is seen to vary as certain oper-
ational parameters are changed. Here, we explore how
this sensitivity varies with the time-averaged pump and
probe power. To understand the origin of this sensitivity
variation, we measure the resonant response in each oper-
ational setting (cf. Fig. 2) and fit to it an equation of the
form of Eq. (2). This allows us to obtain the optical-power
dependence of the resonant amplitude A, resonant width
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FIG. 2. In-phase and quadrature components of the AMOR
resonance measured using time-averaged pump and probe pow-
ers of Ppump = 15 μW and Pprobe = 5 μW respectively, with a
complex Lorentzian fit using Eq. (2). The quadrature compo-
nent has an amplitude of A = 7.57 mrad, a width of � =
13.4 Hz = 0.96 nT, and a calculated slope of S = 1.13 mrad/Hz
using Eq. (3). The resonance is centered around a modula-
tion frequency of �m/2π = 34.672 kHz, corresponding to a
magnetic-field strength of B = 2.4781 μT.

�, and consequently S through Eq. (3). These outcomes
are shown across the first three panels of Fig. 3.

Figure 3(a) demonstrates that for low pump power
there is a monotonic increase in resonance amplitude, A,
as the pump power is increased. This is reasonable as
in this limit the pump power determines the maximum
achievable spin polarization. However, for the highest
pump powers shown, the atomic response is saturated
and we observe a plateau and subsequent decrease of
the resonance amplitude [44]. On the other hand, as the
probe power increases we observe a monotonic decrease
in the resonance amplitude, which is associated with
the destruction of ground-state coherence via unwanted
optical pumping by the probe [27]. An optimum ampli-
tude is observed at (Ppump, Pprobe) = (30 μW, 3 μW).
By contrast, the resonance width, �, presented in

Fig. 3(b), shows a broadening that scales approximately as
� ∝

√
P2

pump + 3P2
probe. Figure 3(c) gives the resulting

slope of the resonance in magnetic units, Sγ /π , calcu-
lated via Eq. (3). The steepest slope (and hence maximum
sensitivity) is found at (Ppump, Pprobe) = (7 μW, 3 μW).

We now turn our attention to the noise of the detection
process, which determines the minimum detectable opti-
cal rotation per unit bandwidth, δφ. Combining this with
the slope, S , we obtain the minimum detectable magnetic
signal per unit bandwidth, δB:

δB = πδφ

Sγ
, (4)

where γ is the gyromagnetic ratio of the ground state. For
the F = 2 ground state of 87Rb, the gyromagnetic ratio is
γ /2π = 6.9958 GHz/T [45].

For all measurements presented here the photodetec-
tors are shot-noise limited. In this case, a beam of light
with time-averaged power, P, has a power spectral density
as measured at the photodetector of S (ν) = 2hνPη (ν),
where hν is the energy per photon and η (ν) is the
quantum efficiency of the photodiode. Therefore, given
approximately equal detected powers, P, on the two pho-
todetectors in the polarimeter, the minimum detectable
optical rotation per unit bandwidth in the case of shot
noise can be calculated from Eq. (1) as δφ ≈ 1

2

√
hν

η(ν)P .
In Fig. 3(d) we combine the signal and noise results to
estimate the magnetic-noise floor of the instrument. This
indicates an optimum operation point, (Ppump, Pprobe) =
(15 μW, 5 μW), that is not identical to the optimal sensi-
tivity (slope) point seen in Fig. 3(c). The atomic response
around the magnetic resonance is shown under these opti-
mal conditions in Fig. 2.

V. PERFORMANCE

The magnetometer performance is examined over a
wide range of Fourier frequencies in Fig. 4. For fast fluc-
tuations (> 0.5 Hz) we characterize this performance by

(a) (b) (c) (d)

FIG. 3. Optical-power-optimization contour plots for the magnetometer, showing the resonance amplitude A (a), resonance width �

(b), resonance slope in magnetic units Sγ /π (c) and the shot-noise-limited sensitivity δB (d). The optimum operating point occurs for
time-averaged pump and probe powers of Ppump = 15 μW and Pprobe = 5 μW, respectively. Using this combination of optical powers
results in a shot-noise-limited sensitivity of 15 fTrms/

√
Hz.
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FIG. 4. Amplitude spectral density of the magnetometer noise
floor (blue trace) calculated via Welch’s method [46], using a
26-h measurement. The noise floor is shot-noise limited (red
trace) above 40 Hz, but exhibits excess noise at low Fourier
frequencies arising from unwanted fluctuations in the magnetic
field at the sensor. In the intermediate frequency range (30 mHz
to 40 Hz), Johnson current noise in the solenoid generates mag-
netic noise (solid purple trace, with a 5-Hz-filtered version shown
in the dashed purple trace). Between 1 and 30 mHz, magnetic
noise arising from the innermost shield dominates [47] (black
trace), while at the lowest frequencies, temperature sensitivity of
the solenoid current modulates the magnetic field (green trace).
The measured temperature fluctuations of the current source are
scaled by an experimentally-determined factor of 100 pT/◦C.

directly measuring φQ with a spectrum analyzer when the
pump modulation frequency is tuned to the resonance con-
dition �m = 2�L. We subsequently convert this signal to
an equivalent magnetic fluctuation using Eq. (4). Slow
fluctuations (< 0.5 Hz) are measured by actively locking
the pump modulation frequency to the magnetic resonance,
and then using a frequency counter to measure the varia-
tions in pump modulation frequency. Both approaches are
shown in Fig. 4 and are in excellent agreement where they
overlap.

The key determinant of the read-out system noise is
photodetection noise. The bespoke photodetectors used
here implement a transimpedance amplifier with a gain
of 106 �, and show an effective magnetic noise of about
2 fTrms/

√
Hz due to the combined dark-current noise of

both photodetectors.
The photodetector output signals are then sent to a com-

mercial lock-in amplifier with a measured input noise of
6 nVrms/

√
Hz. Using the experimental parameters reported

here, the input noise of the lock-in amplifier gives rise
to an effective magnetic noise of 0.4 fTrms/

√
Hz. We

note that changes in the phase of the lock-in amplifier
can give rise to an asymmetry in the resonance signals,
which is indistinguishable from real magnetic fluctua-
tions. The specified phase noise of the lock-in amplifier is
about 60 nradrms/

√
Hz, which corresponds to an effective

magnetic noise of about 90 aTrms/
√

Hz.
When measuring high-frequency magnetic-field noise

using a spectrum analyzer, the input noise of the spectrum
analyzer will give rise to an effective magnetic noise. For

the measurements performed here, this effective noise is
consistently below 1 fTrms/

√
Hz at 1 Hz, dropping as low

as 150 aTrms/
√

Hz at high Fourier frequencies (i.e., above
100 Hz).

When measuring low-frequency magnetic-field noise by
actively locking the pump modulation frequency to the
magnetic resonance and subsequently observing variations
in the modulation frequency, the effective magnetic noise
introduced by the frequency counter must also be con-
sidered. The noise of the frequency counter is dependent
upon both the signal-to-noise ratio of the signal, which it is
counting, as well as the gate time. Under the experimental
conditions presented here, the measured effective magnetic
noise due to the frequency counter is about 2 fTrms/

√
Hz.

The bandwidth of the magnetometer is determined by
introducing a small sinusoidal modulation to the applied
magnetic field using a high-bandwidth (> 100 kHz) coil
wrapped around the center of the solenoid. The mag-
netometer’s response to this modulation is observed by
performing a free-induction decay measurement [48], in
which the spin-polarized atomic vapor is allowed to relax
in the presence of the modulated magnetic field. An exam-
ple free-induction decay time trace and its corresponding
Fourier transform is shown in Fig. 5, for an applied ac
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FIG. 5. (a) Free-induction decay measurement performed in the
temporal domain, with a carrier frequency of �L/π = 29.567
kHz and a small sinusoidal frequency modulation at 500 Hz.
Dashed black lines highlight the damped exponential envelope,
which has a time constant of 14.5 ms. (b) Fourier transform of
the free-induction decay data presented in (a), showing a peak
at the carrier frequency of 29.567 kHz (indicated by the dashed
vertical line), and both first- and second-order sidebands arising
from the sinusoidal modulation at 500 Hz.
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magnetic-field strength of 10 nT at a frequency of 500 Hz.
The measured transfer function shows that the bandwidth
of the magnetometer is greater than 10 kHz.

The photon shot noise, calculated from the measured
current from the photodetectors, corresponds to a magnetic
noise of 15 fTrms/

√
Hz, and is shown in red in Fig. 4.

We see that the measured magnetometer performance is
limited by this noise source over a frequency range of
40 Hz to 10 kHz. This corresponds to a dynamic range
of the instrument of over 108/

√
Hz, which, to the best of

our knowledge, is the highest ever reported for an optical
magnetometer of any kind.

Evident in the high-frequency region of Fig. 4 is a peak
in the noise at 50 Hz and harmonics thereof. The amplitude
of this noise component is observed to be largely inde-
pendent of the number of layers of shielding. Since the
high-permeability shields are appropriate for the attenua-
tion of low-frequency magnetic fields via flux shunting, the
noise must be originating from within the shields. Given
that the measured transfer function of the Butterworth filter
is around −100 dB at 50 Hz, the electronics, which drive
the solenoid, cannot be the source. We therefore believe
that these peaks originate from electromagnetic coupling
of ambient magnetic fields through the conductors that
connect the solenoid to the driving electronics.

In the intermediate region between 30 mHz and 40 Hz,
the performance is limited by Johnson current noise aris-
ing in the finite impedance of the solenoid. A SPICE model
including the voltage reference, current-setting resistors,
and the solenoid (both inductance and resistance) pre-
dicts a current noise of 53 pArms/

√
Hz, corresponding to

92 fTrms/
√

Hz of magnetic noise (cf. solid purple trace in
Fig. 4). The SPICE model also predicts that this Johnson
noise should have a low-pass-filter characteristic with a
cut-off frequency of 170 Hz. We see excellent agree-
ment between the observed magnetic noise and the model
prediction at low frequency; however, the experiment
suggests a cut-off frequency close to 5 Hz. The dashed
purple trace in Fig. 4 shows the Johnson noise filtered
using a 5-Hz low-pass filter. The origin of this difference
is unknown; however, we speculate that the distributed
nature of the solenoid noise may lead to some additional
filtering over that predicted by the lumped-element SPICE
model.

For frequencies below 30 mHz, the performance is lim-
ited by a combination of two factors: thermal fluctuations
of the magnetization of the innermost layer of magnetic
shielding [47] (shown by the black trace in Fig. 4), and
a temperature sensitivity of the current source that drives
the solenoid. We noted a strong correlation between the
observed magnetic field and the temperature of both the
Butterworth filter and voltage reference. The measured
temperature fluctuations are shown in the green trace in
Fig. 4, after conversion to magnetic-field units using an
experimentally-determined scaling factor of 100 pT/◦C

(≡ 57 nA/◦C), that was measured independently by delib-
erately heating the Butterworth filter.

We note that in the region of elevated noise (i.e.,
below 40 Hz), the observed fluctuations arise not from the
sensor itself, but rather from low-level residual fluctuations
in the magnetic field generated inside the magnetic
shields.

VI. DISCUSSION

A. Measurement limitations

As discussed in Sec. V of the manuscript, the sensi-
tivity across the majority of the Fourier-frequency range
presented here is limited by the stability of the measured
magnetic field, rather than by the magnetometer itself. All
of the present limitations have been identified, and there
are a number of avenues remaining to be explored, which
may yield increased performance in these areas.

At high Fourier frequencies (i.e., � 40 Hz), the shield
noise is only a factor of 2 below the shot-noise limit and
hence an improvement in sensitivity of the magnetometer
by only a small factor would result in the shield noise lim-
iting the measurement. In this frequency region, the shield
noise is associated with Johnson currents arising from the
relatively low resistivity of μ-metal. The magnitude of this
noise contribution can be reduced through the use of fer-
rite as the inner layer of shielding, as ferrite shields have
been demonstrated to generate up to 25 times less John-
son magnetic noise than that of μ-metal shields of similar
dimensions, owing to an electrical resistivity that is as
much as 6 orders of magnitude larger than μ-metal [49].
Furthermore, ferrite shields also generate less than half the
thermal magnetization noise than their μ-metal counter-
parts [49], which would reduce the noise that is presently
limiting the measurement in the 1 to 30 mHz range.

In the intermediate range between 30 mHz and 40 Hz,
the measurement is limited by Johnson current noise aris-
ing from the solenoid. SPICE modeling indicates that this
noise could be reduced by using a higher-impedance con-
ductor, which would improve the performance over this
frequency range.

In the ultralow-frequency range below 1 mHz, the mea-
surement is limited by magnetic noise associated with tem-
perature drift of the coil-driving electronics, as determined
by a strong correlation between the observed magnetic
field and the temperature of the Butterworth filter and volt-
age reference. The noise in this region can be effectively
suppressed via active temperature stabilization of these
components.

B. Magnetometer limitations

The ultimate performance limit of the magnetometer is
determined by various noise sources, which are intrinsic to

044034-6



ULTRASTABLE OPTICAL MAGNETOMETRY PHYS. REV. APPLIED 11, 044034 (2019)

the device. Many of these sources have been identified and
have immediate pathways for improvement.

At high Fourier frequencies (i.e., � 40 Hz), the mag-
netometer is limited by photon shot noise. There are two
ways in which to improve the performance in this fre-
quency region: by increasing the sensitivity of the mag-
netometer to changes in magnetic-field strength, and by
reducing the effect of shot noise.

The optical rotation experienced by the probe beam may
be improved by increasing the optical depth of the vapor
via heating the cell. Due to the tradeoff between increas-
ing vapor density, spin-exchange collisions [50], and shot
noise, the optimal optical depth is around unity [24].
This optical depth could be achieved with a tempera-
ture increase of about 30 ◦C [45], which would yield
approximately an order of magnitude increased magnetic
sensitivity.

The shot-noise limit could be improved through the use
of polarization-squeezed light, which has previously been
shown to improve the sensitivity of NMOR magnetometers
by 2–3 dB [51,52].

At low frequencies, i.e., below 1 Hz, the two main limi-
tations intrinsic to the magnetometer are the optical-power
stability and polarization stability of the probe beam.

The fractional optical-power stability of the probe beam
is presently about 100 ppm, which corresponds to an effec-
tive magnetic noise of 100 fTrms/

√
Hz at 1 mHz. Fractional

power stabilities on the order of 1 ppm have previously
been demonstrated [53], which would reduce the effective
magnetic noise due to optical power instability by 2 orders
of magnitude if implemented here.

The polarization drift of the probe beam also introduces
an effective noise of 100 fTrms/

√
Hz at 1 mHz, as dis-

cussed in Sec. V. This polarization drift is associated with
mechanical or thermal alignment drift of the polarization
optics with respect to the incident beam. This can, in prin-
ciple, be improved through the use of mounting materials
with low thermal-expansion coefficients [54].

C. Applications

The measurements presented here are performed in a
2.5-μT bias field due to gradient-broadening limitations
described in Sec. III. In principle, if the field variations
across the cell volume can be minimized, this demon-
strated performance can be achieved at geophysical mag-
netic fields [22].

As it stands, the demonstrated performance of the mag-
netometer is sufficient for high-sensitivity, high-bandwidth
applications such as magnetocardiography [13,55] and
magnetoencephalography [55]. These two applications
require the measurement of small magnetic fields of around
100 pT and 100 fT, respectively, within a bandwidth of
up to 1 kHz [55]. Furthermore, due to the large dynamic

range of this device, these applications may also be pos-
sible within Earth’s field, thereby removing the need for
magnetically shielded rooms. The demonstrated sensitivity
on long timescales is also highly suited for low-frequency
applications such as the search for plant biomagnetism,
which requires resolution of fields less than 60 pT at
frequencies around 1 mHz [34].

We envisage that future work will involve measuring
small magnetic samples within the shielded environment.
For larger samples, the techniques presented here can be
readily transferred to an unshielded environment in a sim-
ilar fashion to a previous demonstration using a SERF
magnetometer [56]. However, depending on the magnitude
and inhomogeneity of the ambient field, there may be some
reduction in sensitivity arising from the nonlinear Zeeman
effect [22] and gradient broadening [42], respectively.

VII. CONCLUSION

We develop a magnetometer based on amplitude-
modulated nonlinear magneto-optical rotation in 87Rb
vapor. Through careful optimization and stabilization
of experimental parameters, a 2.5-μT magnetic field
is measured with a shot-noise-limited noise floor of
15 fTrms/

√
Hz, corresponding to a fractional sensitivity of

9 ppb/
√

Hz. We observe the performance of the magne-
tometer over 8 orders of magnitude in Fourier frequency,
and note that the low-frequency performance is limited
by the ability to produce a sufficiently quiet magnetic
environment, rather than a limitation of the sensor itself.
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