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It has been nearly half a century since optical pumping techniques 
pioneered by Kastler1, Dehmelt2, and Bell and Bloom3,4 have been 
applied to sensitive measurements of magnetic fi elds5,6. Th e general 
idea of the method is that light that is near-resonant with an optical 
transition creates long-lived orientation and/or higher-order moments 
in the atomic ground state, which  subsequently undergo Larmor 
spin precession in the magnetic fi eld. Th is precession modifi es the 
optical absorptive and dispersive properties of the atoms, and this 
modifi cation is detected by measuring the light transmitted through 
the atomic medium. Recent reviews of resonant magneto-optics have 
been given in refs 7,8.

Th e fi elds of resonant magneto-optics and atomic magnetometry 
have been experiencing a new boom driven by technological 
developments, specifi cally by the advent of reliable, small, 
inexpensive, and easily tunable diode lasers, and by the refi nement 
of the techniques of producing dense atomic vapours with long (in 
some cases ~1 s) ground-state relaxation times. Th ese advances have 
enabled atomic magnetometers to achieve sensitivities rivaling9–11 
and even surpassing12 that of most superconducting quantum 
interference device (SQUID)-based magnetometers that have been 
leading the fi eld of ultrasensitive magnetic fi eld measurements for 
a number of years13. As a result, optical magnetometers are starting 
to explore some of the applications that have previously been in the 
exclusive domain of SQUID magnetometers. Atomic magnetometers 
have the intrinsic advantage of not requiring cryogenic cooling, 
and off er a signifi cant potential for miniaturization. In contrast to 
SQUIDs, which measure magnetic fl ux through a pick-up loop, 
atomic magnetometers measure magnetic fi eld directly and can be 
used to detect other spin interactions. Th ey can be confi gured so 
that their output is directly related to the absolute magnitude of the 

magnetic fi eld through fundamental physical constants, so that no 
calibration is required. In contrast, SQUID magnetometers are relative 
fi eld sensors that can also be confi gured for direct measurement of 
magnetic fi eld gradients.

Currently, the most sensitive atomic optical magnetometer is 
the spin-exchange relaxation-free (SERF) magnetometer, whose 
demonstrated sensitivity exceeds 10–15 T Hz–1/2, with projected 
fundamental  limits below 10–17 T Hz–1/2 (ref. 12). SERF magnetometers 
also off er a possibility of spatially resolved measurements with 
millimetre resolution.

Th e present-day interest in optical magnetometers is driven by 
numerous and diverse applications, a partial list of which includes 
tests of the fundamental symmetries of nature, search for man-made 
and natural magnetic anomalies, investigation of the dynamics of the 
geomagnetic fi elds (including attempts at earthquake prediction), 
investigation of the magnetic properties of rocks, detection of 
magnetic microparticles at ultralow concentrations, detection of 
signals in NMR and MRI, direct detection of magnetic fi elds from the 
heart and the brain, magnetic microscopy, and measuring magnetic 
fi elds in space.

In this review we describe the basic principles and fundamental 
limits of the sensitivity of optical atomic magnetometers, and discuss 
several specifi c applications.

GENERAL FEATURES AND LIMITS OF SENSITIVITY

A general schematic of an optical atomic magnetometer is shown in 
Fig. 1. In many magnetometers, the resonant medium is a vapour of 
alkali atoms (Rb, Cs or K) contained in a glass bulb. Because atomic 
polarization is generally destroyed when atoms collide with the walls 
of the bulb, cells fi lled with buff er gas are commonly used. Th e gas 
ensures that the atoms optically polarized in the central part of the 
cell take a long time to diff use to the walls. Another technique for 
reducing wall relaxation is application of a non-relaxing coating, 
typically paraffi  n, on the cell walls (see below). As mentioned above, 
the light sources of choice today are diode lasers, however, discharge 
lamps, the original light sources for atomic magnetometers, are still 
used in most commercial ones, and can achieve sensitivity comparable 
to lasers in some research applications14. Figure 1 shows separate light 

Optical magnetometry

Some of the most sensitive methods of measuring magnetic fi elds use interactions of resonant light 

with atomic vapour. Recent developments in this vibrant fi eld have led to improvements in sensitivity 

and other characteristics of atomic magnetometers, benefi ting their traditional applications for 

measurements of geomagnetic anomalies and magnetic fi elds in space, and opening many new 

areas previously accessible only to magnetometers based on superconducting quantum interference 

devices. We review basic principles of modern optical magnetometers, discuss fundamental 

limitations on their performance, and describe recently explored applications for dynamical 

measurements of biomagnetic fi elds, detecting signals in NMR and MRI, inertial rotation sensing, 

magnetic microscopy with cold atoms, and tests of fundamental symmetries of nature.



REVIEW ARTICLE

228 nature physics | VOL 3 | APRIL 2007 | www.nature.com/naturephysics

sources for pumping and probing with orthogonal light beams. Many 
magnetometer confi gurations exist that diff er by relative direction 
and spectral tuning of the pump and probe light. In some schemes, 
pumping and probing is performed by the same beam. Th e two most 
common detection modes are those of monitoring the intensity or 
polarization of the transmitted probe light. Th e polarization method 
has certain intrinsic advantages, such as its ability to detect very 
small polarization-rotation angles, and a reduced sensitivity to the 
laser-intensity noise. Shown in Fig. 1 is an all-optical magnetometer; 
no other electromagnetic fi elds are applied to the atoms apart from 
the magnetic fi eld being measured and the pump and probe light. 
Some magnetometers require additional means for excitation of spin 
precession. A weak magnetic fi eld oscillating at the Larmor frequency 
is commonly used for this purpose3,11. Other techniques include 
application of microwave fi elds15 and all-optical excitation using 
various types of modulation of the light beams: intensity, frequency 
or polarization4,8.

Quantum mechanics sets fundamental limits on the best 
sensitivity that can be achieved in a magnetic-fi eld measurement 
using atoms. One such limit is associated with projection noise 
resulting from the fact that if an atom is polarized in a particular 
direction, a measurement of the angular-momentum projection m 
on an orthogonal direction yields a random result (+1/2 or –1/2 in 
the simplest case of angular momentum F = 1/2). Ignoring factors of 
order unity that depend on particulars of the system (for example, the 
total value of the angular momentum F, and the relative contributions 
of diff erent Zeeman sublevels), the sensitivity of a magnetic-fi eld 
measurement performed for a time T with an ensemble of N atoms 
with coherence time τ is
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where μB is the Bohr magneton, g is the ground-state Landé factor, 
and ħ is Planck’s constant. Equation (1) is derived by using the 
observation that a measurement with a single atom with a duration 
of τ produces an uncertainty in the Larmor precession angle of the 
order of 1 rad. With N atoms, this is improved by √N, and repeating 
the measurement multiple times gains another factor of √T/τ.

Recently, a possibility of overcoming the projection noise in 
magnetometry using the techniques of spin-squeezing was discussed 
and demonstrated (see ref. 16). Here, quantum states are prepared with 
unequal distribution of uncertainty between conjugate observables, in 
this case, the projections of the angular momentum on two orthogonal 
directions. Unfortunately, an improvement in sensitivity using spin 
squeezing seems to be possible only on a timescale signifi cantly 
shorter than the spin-relaxation time17.

In optical magnetometry, in addition to the atomic projection noise, 
there is also photon shot noise. For example, if the measured quantity is 
the rotation angle φ of the light polarization, the shot noise is

 √
1
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Here, N·ph is the probe-photon fl ux (in photons per second) behind the 
atomic sample. Depending on the details of a particular measurement, 
either the spin noise (equation (1)) or the photon noise (equation (2)) 
may dominate. However, if a measurement is optimized for statistical 
sensitivity, the two contributions to the noise are generally found 
to be comparable10,18. Another potential source of noise in atomic 
magnetometers is the a.c. Stark shift  caused by the probe and/or 
pump laser, which generates a fi ctitious magnetic fi eld proportional 
to the degree of circular polarization of the light19. Even in the absence 
of technical sources of intensity or polarization fl uctuations, quantum 
fl uctuations generate noise of the fi ctitious magnetic fi eld20. However, 
the noise due to a.c. Stark shift s can, in principle, be eliminated by 
choosing a laser frequency where it crosses zero21, or a geometry 
where the fi ctitious fi eld is orthogonal to the measured magnetic fi eld. 
Nevertheless, in practical implementations of magnetometers, light 
shift s due to drift s of laser properties are oft en a signifi cant concern.

Th e ultimate sensitivity of atomic magnetometers is given by the 
product of three quantities in equation (1), the magnetic moment of 
the atoms (gμB), the square root of the number of atoms involved in 
the measurement, and the square root of the spin-relaxation time. 
Consequently, to improve the sensitivity of a magnetometer, the 
number of atoms in the system and their spin-relaxation time should 
be maximized.

Th ere are several mechanisms that limit spin-relaxation time, 
one of the most important being depolarization caused by collisions 
with the cell walls that enclose the atomic vapour. Surface relaxation 
can be reduced by using a coating that has low adsorption energy 
for atoms, so they spend less time bound to the surface of the cell. 
Among such coatings, paraffi  n and other materials with long chains 
of hydrocarbons were found to work well with alkali metals22. In 
a seminal study23 Bouchiat and Brossel demonstrated that spin 
relaxation on paraffi  n is caused by two eff ects of comparable size: 
magnetic dipolar interaction and spin-rotation coupling. Magnetic 
dipolar relaxation is dominated by interaction between the magnetic 
moment of the electron and magnetic moments of protons in the 
coating. Th ey showed that replacing hydrogen with deuterium, which 
has a nuclear magnetic moment about three times smaller, reduces 
this type of relaxation. Despite work by several groups over the years, 
surface coating is still a rather laborious process with some degree of 
‘black magic’ that does not always yield reproducible results. Whereas 
collisions with bare glass are generally completely depolarizing for 
alkali atoms, high-quality coatings can allow more than 10,000 
bounces before depolarization, which also implies that even if a small 
fraction of the surface has defects, this will ruin the performance of 
the coating.

Another way to improve magnetometer sensitivity is to increase 
the density of alkali-metal atoms. Th is typically requires increasing 
the temperature of the cell, although alternative approaches using 
light-induced desorption have been investigated (see ref. 24). As 
paraffi  n coatings do not work at temperatures higher than ~80 °C, 
high-density magnetometers usually use a buff er gas to slow down 
the diff usion of alkali-metal atoms to cell walls. Slow atomic diff usion 
combined with spatially resolved optical detection also allows many 
independent measurements of the magnetic fi eld inside one cell to be 
made12. As the density is increased, at some point the spin-relaxation 
time becomes dominated by collisions between alkali-metal atoms and 
the product Nτ approaches a constant, so that shot-noise sensitivity 
no longer increases with density. Th us, relaxation due to collisions 
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Figure 1 A general schematic of an all-optical atomic magnetometer. Pump light 
polarizes the atoms, atomic polarization evolves in the magnetic fi eld, and the resultant 
state of the atoms’ polarization is detected by measuring transmission or polarization 
rotation of the probe light.
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between alkali-metal atoms represents a fundamental obstacle to 
improvement in sensitivity for a given cell volume.

Collisions between alkali-metal atoms are dominated by the 
spin-exchange process in which the electron spins of the colliding 
atoms rotate with respect to their combined spin, which is conserved 
in the collision. Even though such collisions conserve the total 
spin, they can lead to loss of spin coherence. All alkali atoms have 
non-zero nuclear spin, I, and their ground states are split into two 
hyperfi ne-structure components, characterized by the total angular 
momentum F = I ± 1/2. Th e direction of magnetic precession, 
determined by the relative orientation of the electron spin with 
respect to the total angular momentum, is opposite for the two 
hyperfi ne states. Th us, in the presence of a magnetic fi eld, the spin-
exchange collisions that randomly transfer atoms between the two 
hyperfi ne states normally lead to spin-relaxation, as atomic angular 
momenta acquire random angles with respect to each other.

As was fi rst realized by Happer25, it is possible to suppress the 
eff ects of spin-exchange relaxation by increasing the rate of spin-
exchange collisions until it exceeds the Larmor precession frequency. 
Th e eff ect is quite similar to Dicke narrowing in microwave and 
optical spectroscopy or motional narrowing in NMR. In the rapid 
spin-exchange regime, the idea of magnetic precession of atoms in an 
individual hyperfi ne state is no longer appropriate. Instead, each atom 
experiences an average precession in the same direction as would a 
free atom in the F = I + 1/2 state. Th is is because atoms, while being 
redistributed among the sublevels, spend more time in this state, which 
has a higher statistical weight and higher electron-spin polarization. 
As a result, in a weak external magnetic fi eld, the average angular 
momentum of the atomic vapour precesses without spin-exchange 
relaxation, although at a rate that is slower than the precession rate 
for a free atom. Th e slowing down of the spin-precession rate depends 
on the distribution of atoms among magnetic sublevels, and is thus a 
sensitive function of the optical pumping process26. Th is dependence 
on local optical pumping conditions may lead to non-uniformity 
of the spin-precession frequency over the volume of the cell, and 
broadening of the resonance signal. Th e problem can be avoided by 
operating the magnetometer near zero magnetic fi eld.

In this regime the Zeeman resonance linewidth is not broadened 
at all by spin-exchange collisions, and the alkali-metal density can 
be increased to about 1014 cm–3, four orders of magnitude higher 
than in traditional atomic magnetometers. Eventually the relaxation 
time becomes limited by ‘spin-destruction’ collisions between alkali-
metal atoms that do not conserve the total spin of the colliding pair. 
Several mechanisms of comparable importance have been identifi ed 
for such relaxation27, but some aspects of this process remain poorly 
understood28. Th e measured spin-destruction cross-sections are 
smaller for lighter alkali-metal atoms and result in a fundamental 
limit on the sensitivity of a potassium magnetometer of about 
10–17V–1/2 T Hz–1/2 (ref. 29), where V is the active volume of the 
sensor in cm3.

Th e spin-exchange relaxation-free regime can be achieved only 
in a magnetic-fi eld range of less than ~10 nT. At higher magnetic 
fi elds such as the Earth’s fi eld, it is possible to use a single SERF 
magnetometer as a three-axis null-detector with external feedback30. 
Th e possibility of reducing spin-exchange relaxation in a fi nite 
magnetic fi eld has also been explored31. Th e idea is to pump most 
atoms into a stretched state with m = I + 1/2 where they cannot 
undergo spin-exchange collisions due to conservation of angular 
momentum. Th is technique works at any magnetic fi eld strength, 
but it cannot completely eliminate spin-exchange relaxation, 
because a high optical pumping rate required to put atoms into the 
stretched spin state in the presence of other relaxation processes also 
contributes to the resonance linewidth. For an optimal pumping rate, 
the minimum resonance linewidth is given by the geometric mean 
of the spin-exchange and spin-destruction rates18,32. Th is method for 

reduction of spin-exchange broadening has been used for narrowing 
of a microwave resonance in an alkali-metal atomic clock32, and to 
improve the sensitivity of a resonant magnetometer for detection 
of very weak radiofrequency fi elds18. However, this technique does 
not signifi cantly improve the sensitivity for measurements of static 
fi elds because excitation of large spin coherences, necessary to obtain 
an optimal signal/noise ratio, removes the atoms from the stretched 
spin state33.

In Fig. 2 we show the Zeeman resonance curves obtained in a 
dense alkali-metal vapour in three diff erent regimes. Spin-exchange 
broadening for low spin-polarization is reduced by a factor of 10 by 
pumping most atoms into a stretched spin state. Th e linewidth can be 
further reduced by a factor of more than 100 in a very low magnetic 
fi eld, where spin-exchange relaxation is completely eliminated.

ADDITIONAL CHARACTERISTICS OF A MAGNETOMETER

Apart from sensitivity, there are many other characteristics of a 
magnetometer that are important for specifi c applications. We have 
already mentioned that some of the most sensitive magnetometers 
operate best at relatively small magnetic fi elds, that is, they have a limited 
dynamic range. An important benchmark for the magnetometer’s 
dynamic range is the geomagnetic fi eld ~50 μT of interest in many 
applications. Although traditional radiofrequency–optical double-
resonance magnetometers have operated in this range from their 
inception (see, for example, ref. 5), diode-laser-based all-optical 
magnetometers for the geophysical range have been also developed 
recently34–37. At geomagnetic fi elds, sensitive atomic magnetometers 
have to contend with the complications arising from the nonlinear 
Zeeman eff ect caused by the Breit–Rabi mixing of hyperfi ne energy 
levels. Th e nonlinear Zeeman eff ect leads to a splitting of the magnetic 
resonance into multiple lines (see, for example, ref. 37). Several 
approaches have been proposed to alleviate the adverse eff ects of 
the nonlinear Zeeman eff ect in all-optical magnetometers, including 
synchronous optical pumping at the quantum revival frequency 
given by the quadratic correction to the Zeeman energies38, and 
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Figure 2 Comparison of Zeeman resonances for different modes of operation in 
a potassium vapour with density n = 7 × 1013 cm–3. Green points: spin-exchange 
broadened resonance with a full-width at half-maximum of 3 kHz observed in a 
magnetic fi eld of 10 μT when spin polarization is low. Red dashed line: resonance 
is narrowed to a full width of 350 Hz at the same magnetic fi eld by pumping a large 
fraction of atoms into a stretched state parallel to the magnetic fi eld. Blue solid line: 
at a fi eld of 5 nT, the resonance width is 2 Hz due to complete elimination of spin-
exchange broadening in the rapid spin-exchange regime. (Adapted and printed with 
permission from ref. 18.)
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selective excitation and detection of coherences (which correspond 
to high-order polarization multipoles) between ‘stretched’ Zeeman 
sublevels unaff ected by the nonlinear Zeeman eff ect39–41.

Another important property of a magnetometer is whether it 
is scalar or vector, that is, whether it measures the total magnitude, 
or specifi c cartesian components of the magnetic fi eld. Although 
knowing all three vector components of a fi eld provides more complete 
information about it, a truly scalar sensor has an advantage in that the 
device is insensitive to the orientation of the sensor with respect to the 
fi eld, which is important for operation on a mobile platform.

Atomic magnetometers operating in a fi nite fi eld naturally 
tend to be of the scalar type as they rely on the resonance between 
a radiofrequency fi eld or a modulated light fi eld with Zeeman-
split energy eigenstates of an atom. However, there is a standard 
technique30,42,43 for converting a scalar sensor into a vector one that 
relies on the fact that if a small bias fi eld is applied to the sensor in 
a certain direction in addition to the fi eld to be measured, then the 
change in the overall fi eld magnitude is linear in the projection of 
the bias fi eld on the main fi eld, and is only quadratic (and generally 
negligible) in the projection on the orthogonal plane. Th us, on 
applying three orthogonal bias fi elds consecutively, and performing 
three measurements of the overall magnetic-fi eld magnitude, the 
overall fi eld vector is reconstructed. In practice, it may be convenient 
to apply all three bias fi elds simultaneously and modulate them at 
diff erent frequencies. Synchronous detection of the magnetometer 
output at a corresponding frequency yields the value of the cartesian 
component of the magnetic fi eld being measured.

For practical operation at fi nite fi elds, atomic magnetometers 
require a feedback loop to keep the frequency of the excitation locked 
to resonance as the magnetic fi eld is changing. One approach is to 
use a phase-sensitive detector with an external feedback loop and 
a voltage-controlled oscillator. Another approach, which is oft en 
simpler, is a self-oscillating magnetometer that uses the measured 
spin-precession signal to directly generate the radiofrequency 
fi eld in a positive feedback loop5. All-optical self-oscillating atomic 
magnetometers have been demonstrated recently, using transitions 
between hyperfi ne44 and Zeeman sublevels45,46.

An important characteristic of a magnetometer is how fast the 
device responds to a change in the magnetic fi eld. Th e time response 
of a passive atomic magnetometer to a small variation in the magnetic 
fi eld is usually equivalent to a fi rst-order low-pass fi lter with a time 
constant τ. Hence the natural bandwidth of such a magnetometer 
is equal to (2πτ)–1 Hz. If it is desirable to make measurements on a 
time scale T<τ, the operating parameters, such as the probe beam 
intensity, of the magnetometer can be adjusted so that τ = T. If the 
number of atoms N is fi xed, then according to equation (1), sensitivity 
is lost as T–1 for short times. However, if the number of alkali atoms 
can be increased and the spin-coherence time is limited by collisions 
between alkali atoms, then the sensitivity decreases only as T–1/2. If the 
number of atoms or light power are limited for practical reasons, it is 
possible to increase the bandwidth of a magnetometer with external 
feedback by using a large gain in the feedback loop. However, if the 
bandwidth is increased by a factor K over the natural bandwidth, 
the magnetometer output noise spectral density also increases by the 
same factor K (ref. 47).

It is also interesting to consider the response of a magnetometer to 
an instantaneous change in the magnetic fi eld. As Larmor precession 
has no inertia, a magnetometer based on such precession responds 
instantaneously to a change in the fi eld. Our knowledge of the new 
value of the frequency will be at fi rst very uncertain, but will improve 
with time as T–3/2 (the best scaling for the uncertainty of a single-tone-
frequency determination from a noisy signal48). Th is is discussed in 
the context of a practical self-oscillating magnetometer in ref. 46, 
where the eff ect of additional noise sources such as photodetector and 
amplifi er noise are also considered.

Many magnetometer applications require operation at 
frequencies lower than 1 Hz where 1/f noise is oft en dominant. 
Atomic magnetometers have an intrinsic advantage over other 
types of sensors in this regard because they use a sensing element 
with very simple structure that does not generate intrinsic 1/f noise, 
which is usually observed in solid-state systems with many nearly 
degenerate energy states49. In practical situations, signifi cant 1/f 
noise may arise due to external elements, such as laser fl uctuations 
caused by air currents. Such noise may be reduced using 
spin-modulation techniques50.

In the case of portable and space-borne magnetometers, important 
characteristics include ‘heading errors’ — the dependence of the reading 
of the magnetometer on the orientation of the sensor with respect to 
the fi eld being measured, as well as the existence of ‘dead zones’, that is, 
spatial orientations where the magnetometer loses its sensitivity. Other 
parameters of importance include size and power consumption of 
the sensor system. A recent trend is the use of vertical-cavity surface-
emitting lasers (VCSEL) as light sources, which provide on the order of 
a milliwatt of light resonant with the D-lines of rubidium and caesium, 
do not require an external cavity, and consume only a few milliwatts 
of power. Miniaturization of the vapour cells to millimetre scales can 
be done using fairly standard techniques (see ref. 51 for a description 
of a prototype optical-rotation magnetometer using a 3-mm-diameter 
paraffi  n-coated Cs cell). Another approach, particularly appealing for 
future mass production of miniaturized low-cost magnetometers, is 
manufacturing an integrated sensor package incorporating a VCSEL 
laser, an alkali-vapour cell, optics, and a detector using the wafer-
production techniques well-developed by the semiconductor industry. 
Th e fi rst magnetometers based on this approach with a grain-of-rice-
sized integrated sensor have been recently constructed52, demonstrating 
a sensitivity of 50 pT Hz–1/2, with anticipated improvement by several 
orders of magnitude with further optimization.

A favourable feature of magnetometers with a small vapour cell 
is their reduced sensitivity to magnetic-fi eld gradients, which can 
otherwise lead to additional spin relaxation, line broadening and 
performance degradation. Magnetometers using buff er-gas-free anti-
relaxation-coated cells are also less sensitive to small fi eld gradients, 
because each atom samples the volume of the cell during its many 
bounces between the walls in the course of a relaxation time. Th is 
leads to a signifi cant averaging of the magnetic-fi eld inhomogeneities. 
A systematic study of the eff ects of the gradients on the Rb ground-
state spin relaxation in a coated cell is presented in ref. 53 along with a 
survey of earlier work.

Spatial resolution of magnetometers is important in applications 
requiring mapping of magnetic fi elds or measurements of fi elds from 
small, localized sources. Typically, spatial resolution is determined 
by the size of the vapour cell. In magnetometers using high-density 
buff er gas it is possible to make multiple measurements in the same 
cell with a spatial resolution given by the diff usion length in one spin-
coherence time12. Whereas these techniques can make measurements 
on millimetre length scales, higher resolution can be obtained with 
laser-cooled trapped atoms54,55, as discussed below. Another recently 
explored approach for high-spatial-resolution magnetometry is to use 
an evanescent wave to probe atoms very close to an anti-relaxation-
coated surface56.

APPLICATIONS TO BIOMAGNETISM

Detection of magnetic fi elds of biological origin enable non-invasive 
studies of the time dependence and spatial distribution of biocurrents. 
Most biological magnetic-fi eld studies have focused on detection of 
the fi elds from the heart and the brain. Measurements of the magnetic 
fi elds generated by the heart (magnetocardiography) provide richer 
diagnostic information about heart function than traditional 
electrocardiography and do not require placing electrical contacts on 



REVIEW ARTICLE

nature physics | VOL 3 | APRIL 2007 | www.nature.com/naturephysics 231

the patient57. Useful diagnostic information is obtained by measuring 
the spatial distribution of the magnetic fi eld during diff erent parts of the 
cardiac cycle. Most magnetocardiography studies have been performed 
in magnetically shielded rooms, but they are considered too expensive 
for clinical application, and widespread use of magnetocardiography 
requires development of relatively low-cost sensors that can operate in 
an unshielded environment. Measurement of magnetic fi elds generated 
by the brain (magnetoencephalography) has been used extensively for 
functional brain studies58. Magnetic fi elds associated with a particular 
sensory input, such as auditory, visual or tactile stimulation, are 
recorded by averaging the signals over many presentations of the 
same stimulus. Detailed measurements of the spatial distribution of 
the magnetic fi eld around the head allows the identifi cation of regions 
of the brain that become active during processing of the sensory 
input. However, spatial localization is complicated by the fact that the 
inverse problem of fi nding the current distribution responsible for a 
particular magnetic fi eld distribution does not have a unique solution. 
Additional information, such as MRI data and sophisticated numerical 
algorithms, are used for spatial localization. Magnetoencephalography 
also fi nds increasing use in clinical diagnostic applications, for example 
for treatment of epilepsy59.

Th e fi rst measurements of biological fi elds with an atomic 
magnetometer60 were performed in the 1970s, but this approach was 
not widely pursued and most biomagnetic applications have relied on 
SQUID magnetometers. Recent progress in atomic magnetometry 
has again attracted interest to its application for measurements of 
biological magnetic fi elds with non-cryogenic sensors. Figure 3 shows 
examples of magnetic fi elds from the heart and the brain detected 
with atomic magnetometers in a magnetically shielded environment. 
Th e cardiomagnetometer is based on optical-radio-frequency double 
resonance and uses Cs atoms at 30 °C, allowing it to be placed close 
to a human body61. Cardiomagnetic fi elds are recorded sequentially 
on a grid of points above the human chest. Measurements of the 
brain’s magnetic fi eld have been performed with a potassium SERF 
magnetometer, which operates at the vapour cell temperature of 180 °C 
and uses a multichannel photodetector to simultaneously record the 
spatial distribution of the magnetic fi elds62. Even though heating is 
required to maintain the operating temperature of the cell positioned 
close to the subject’s head, it is technically easier and cheaper to do 
than maintaining cryogenic temperature at the sensor, as required in 
the case of SQUIDs.

FUNDAMENTAL APPLICATIONS

Many fundamental interactions reduce at low energy to a spin-
coupling similar to magnetic interaction, as the spin is the only vector 
available in the rest-frame of the particle. Atomic magnetometers 
are intrinsically sensitive probes of the spin precession and hence 
are important in tests of fundamental symmetries. An example 
of the magnetometers’ versatile nature is a Cs magnetometer 
constructed at Amherst. It was used to set limits: (i) on the electric 
dipole moment (EDM) d of electrons, which violates parity (P) and 
time-reversal invariance (T) and generates dES coupling63; (ii) on 
violation of Lorentz invariance manifested as a spin coupling bs to 
a background vector fi eld b (ref. 64); and (iii) on spin-dependent 
forces that can be mediated by axions65.

Magnetometers based on nuclear (rather than electron) spin 
precession are also important in tests of fundamental symmetries. 
Although nuclei, such as 3He, have a magnetic moment smaller than 
that of an electron by three orders of magnitude, they also display a 
much longer spin-relaxation time τ and thus can be competitive with 
electron-spin magnetometers in magnetic-fi eld measurements66. In 
the searches for non-magnetic spin interactions, the smallness of the 
nuclear magnetic moment is actually an advantage, as it reduces the 
sensitivity to spurious magnetic eff ects. Measurements of nuclear spin 

precession of 199Hg have been used to set a limit on the EDM of the 
mercury atom67 — which is also the tightest limit on an EDM of any 
particle — as well as for monitoring magnetic fi elds in a neutron EDM 
experiment68. Th ese results place stringent constraints on sources of 
combined charge-parity symmetry violation beyond the Standard 
Model69. Comparison of 129Xe and 3He precession sets the most stringent 
limit on the Lorentz-violating vector coupling to a nuclear spin70.

A number of new ideas for tests of fundamental symmetries using 
atomic magnetometers are currently being explored, such as searches 
for a permanent electric dipole moment using laser-cooled Cs atoms 
in an optical lattice71 or an atomic fountain72, and the possibility of 
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using ultra-sensitive magnetometers for detecting P- and T-violating 
magnetization in solid-state samples induced by an applied electric 
fi eld73 or an internal fi eld of a ferroelectric74.

MEASURING MAGNETIC FIELDS IN SPACE

Measurements of planetary and interplanetary magnetic fi elds have 
been integral to space missions from their early days75. Th e on-board 
instruments designed for such missions have been able to successfully 
meet various inherent design challenges, including the necessity to 
have a very broad dynamic range for the instrument, as the magnetic 
fi elds to be measured could vary by many orders of magnitude 
between planetary fl y-bys and the craft ’s sojourn in interplanetary 
space. Other challenges include, for example, stringent requirements 
on reliability, the ability to withstand thermal and mechanical 
stresses associated with the launch and varying conditions during the 
fl ight, limited weight and size, power consumption and the ability to 
characterize and correct for errors due to the craft  spin.

Most spacecraft  measuring magnetic fi elds currently rely on 
fl ux-gate magnetometers because of their small size and power 

consumption. However, optically pumped 4He magnetometers 
are used in most advanced space applications because of their 
relative simplicity, reliability and high absolute accuracy. In a 4He 
magnetometer, a weak electric discharge excites helium atoms to 
the metastable 23S1 state, and optical pumping with a 4He discharge 
lamp is used to polarize and detect spin precession of atoms in the 
metastable state. Such instruments typically have sensitivity of 
the order of 1–10 pT Hz–1/2 and have been successfully fl own on 
Ulysses76 and Cassini77 missions, recently providing new information 
about magnetospheres of Saturn78 and its moon Enceladus79. Laser-
pumped 4He magnetometers are currently being developed and have 
demonstrated sensitivity of 200 fT Hz–1/2 (ref. 80); their fundamental 
sensitivity limit is estimated to be about 5 fT Hz–1/2 (ref. 81).

Deployment of more sensitive magnetometers in space will 
enable magnetic-fi eld measurements to be made in weak-fi eld space 
environments, as in the outer heliosphere and in the local interstellar 
medium. At distances from the Sun beyond about 80 astronomical 
units, the strength of the ambient, nominally d.c., magnetic fi eld could 
be as low as a few tens of picotesla82, near the limit of detectability 
of sensors used at present. Fluctuations of magnetic fi elds in space 
are caused by a plasma process and have a bandwidth of the order 
of 1 Hz, corresponding to typical electron cyclotron frequency in 
the outer heliosphere. Atomic magnetometers are ideally suited for 
measurements of such fi elds.

ATOMIC MAGNETOMETERS AND NMR

One of the rapidly growing applications of atomic magnetometers 
is detection of NMR signals. NMR is usually detected with 
inductive radiofrequency pick-up coils whose sensitivity drops at 
low frequency, precluding many applications of low-fi eld NMR. 
SQUID magnetometers have been widely used for NMR detection 
at low frequencies83, but they still require cryogenic cooling, negating 
one of the main advantages of low-fi eld NMR — the absence of a 
cryogenic superconducting magnet. Atomic magnetometers can be 
used in place of SQUIDs to detect the magnetic fi eld generated by the 
nuclear magnetization84–86.

One of the promising applications is ‘remote’ NMR, where spin 
polarization, NMR-signal encoding and detection are performed 
sequentially in diff erent parts of the apparatus87. Such remote 
NMR88 and MRI89 have recently been demonstrated with an 
atomic magnetometer.

For both remote and in situ NMR detection, having the NMR 
sample and the magnetometer sensor spatially separated (as, for 
example, in refs 88,89) has experimental advantages, such as an ability 
to apply an independent, relatively strong magnetic fi eld to the sample, 
which is not ‘seen’ by the sensor if a proper geometrical arrangement 
is used. On the other hand, atomic magnetometers can achieve an 
even higher sensitivity by taking advantage of contact interactions 
between alkali-metal and nuclear spins. Th ese interactions have been 
particularly well studied for noble gas atoms90, and can be described 
by a scalar Fermi-contact interaction between the two spins. For 
heavy noble gases, such as 129Xe, this interaction can enhance the 
magnetic fi eld produced by nuclear magnetization by a large factor of 
the order of 600. Th us, by allowing noble gas atoms to interact directly 
with the alkali-metal vapour, high sensitivity to low concentration of 
129Xe spins can be obtained86.

Th e contact interaction between nuclear and electron spins is 
also useful for inertial rotation sensing. Nuclear spins make good 
quantum gyroscopes because of their long spin-coherence time, but 
their magnetic moment causes signifi cant precession in stray magnetic 
fi elds91. An alkali-metal magnetometer can then serve two purposes, 
to measure the ambient magnetic fi eld and to detect the inertial 
precession of nuclear spins with high sensitivity. Th e requirement 
for magnetic fi eld stability is rather stringent. For example, a stray 
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magnetic fi eld of 1 fT would cause a false spin-precession rate for 
3He of about 0.04 degrees per hour, more than can be tolerated in a 
navigation-grade gyroscope. A SERF magnetometer can achieve this 
level of magnetic sensitivity, allowing it to be used for cancellation 
of stray magnetic fi elds and enabling a competitive nuclear-spin 
rotation sensor92.

Another new application of atomic magnetometers is for detection 
of nuclear quadrupole resonance (NQR) signals. In crystalline 
materials, nuclei with a quadrupole moment are aligned by the electric 
fi eld gradient and can generate a weak radiofrequency signal following 
application of a resonant radiofrequency pulse. Th e physics of this 
phenomenon can be understood in the language of alignment-to-
orientation conversion93, a process well studied in atomic physics. For 
practical applications, it is particularly important that NQR signals do 
not average out in materials with randomly oriented crystallites such 
as powders. Resonance frequencies are highly material-specifi c and 
typically range from 0.1 to 5 MHz. Detection of NQR is a promising 
technique for identifi cation of explosives, as most explosive materials 
contain the 14N nuclei, which has a large quadrupole moment. 
However, widespread use of NQR for this purpose has been limited 
due to the weakness of the NQR signals, which are typically detected 
with a radiofrequency coil only aft er substantial signal averaging94. 
Detection of weak radiofrequency signals requires modifi cation of 
usual atomic-magnetometer arrangements that are designed for 
detection of quasi-d.c. magnetic fi elds. A tunable magnetometer for 
detection of a weak radiofrequency fi eld can be realized by using a 
bias fi eld to tune the Zeeman energy splitting to the frequency of the 
radiofrequency fi eld18,95. Recently, such a magnetometer has been 
built for operation at 423 kHz with a sensitivity of 0.24 fT Hz–1/2 and 
bandwidth of 600 Hz and used to detect NQR signals from ammonium 
nitride96. A detailed analysis of the fundamental limits on sensitivity 
of a radiofrequency atomic magnetometer18 and an inductive pick-
up coil show that atomic magnetometer has higher sensitivity up to 
frequencies of about 50 MHz (ref. 97).

MAGNETOMETERY WITH COLD ATOMS

Recent breakthroughs in laser cooling and trapping have opened new 
avenues for precision measurements using long-lived, near-stationary 
collections of atoms. In particular, far-off -resonance optical traps 
provide a benign environment for trapping atoms with negligible 
photon scattering rates and storage lifetimes in excess of 300 s in an 
ultra-high-vacuum environment98. Th us, the spin-coherence time 
of laser-cooled and trapped atoms can be substantially longer than 
the typical value of 1 s obtained in a buff er gas or surface-coated cell. 
However, due to the small volume of atom traps and limits on atomic 
number density from cold collisions, the total number of trapped 
atoms is typically of the order of 106–108, many orders of magnitude 
smaller than 1011–1015 atoms contained in a centimetre-sized vapour 
cell. Although trapped atoms do not have the highest sensitivity to 
uniform magnetic fi elds, they are particularly well suited for making 
fi eld measurements with high spatial resolution corresponding to 
the trap size. Atomic magnetic microscopes can potentially compete 
with SQUID sensors and Hall probes in such applications as studies 
of vortices in superconductors99 and imaging of currents in integrated 
circuits100. Two magnetometery techniques have been recently 
demonstrated with rubidium Bose–Einstein condensates (BEC). 
Th e fi rst involves holding the condensate in a weak magnetic trap 
so the energy of interaction with the magnetic fi eld to be measured 
causes a perturbation of the trapping potential and changes the local 
atomic density54. A typical chemical potential in a weak magnetic 
trap of the order of 1 nK gives a magnetic fi eld sensitivity of about 
1 nT. Th e other technique55 is similar to measurements done with hot 
atoms — the BEC is held in an optical dipole trap and spin precession 
is measured using phase-contrast imaging with an off -resonant 

circularly polarized probe beam. Th is non-destructive imaging 
enables spin precession to be monitored, as shown in Fig. 4. Th e 
magnetic fi eld sensitivity obtained with this method is 900 fT (in a 
single run with 250 ms integration time and an integrating area of 
100 μm2). In both methods, cooling atoms to quantum degeneracy 
improves measurement sensitivity, but whether the coherence of the 
BEC plays a direct role is currently an open question.

OUTLOOK

Recent progress in atomic magnetometry techniques can be expected 
to have a signifi cant impact in four general areas. Th e fi rst is the 
development of robust laser-pumped atomic magnetometers, largely 
driven by recent availability of electronically tunable VCSEL and 
distributed-feedback semiconductor lasers. Such magnetometers 
can replace existing discharge-lamp-pumped devices, providing 
higher sensitivity in geological, military and space applications. Th e 
second area is the development of micro-fabricated millimetre-size 
magnetometers, which will open entirely new applications of magnetic 
monitoring in a wide range of environments. Th e third area is the 
increasing use of atomic magnetometers as sensitive detectors for 
weak signals, in NMR, biological applications, magnetic microscopy 
and inertial rotation sensing. Th e fourth area is the exploration of 
the frontier of magnetic sensitivity, where atomic magnetometers are 
already surpassing the best sensitivities that have been achieved by 
SQUID sensors and can be expected to reach sensitivities signifi cantly 
below 10–17 T Hz–1/2. Th e future of measuring magnetic fi elds with 
atoms and light is indeed bright.

doi:10.1038/nphys566
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