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Abstract—We describe recent work at NIST to develop compact, 
sensitive atomic magnetometers using a combination of precision 
optical spectroscopy, atomic physics and techniques of micro-
electro-mechanical systems (MEMS). These instruments have 
sensor head volumes in the range of a few cubic millimeters but 
are capable of sensing magnetic fields of a few picotesla per root-
hertz in the earth’s field and as weak as 70 femtotesla per root-
hertz in a shielded, low-field environment. We discuss the design, 
fabrication and testing of several of these devices and propose 
several applications for which such instruments might be of use.  

I. INTRODUCTION  
Magnetic fields are ubiquitous in the world around us and 

are generated most commonly by electrical currents or by 
permanently magnetized ferromagnetic materials. Sensing these 
fields enables a characterization at some level of the source in a 
non-invasive, remote manner. Existing magnetic field sensors 
exploit a wide range of physical phenomena and include 
inductive pick-up coils, Hall probes, magnetoresistive elements, 
magneto-optic devices, flux-gates and superconducting quantum 
interference devices (SQUIDs) [1]. Applications range from 
industrial, for example, the sensing of the position of a moving 
metallic component in a machine, to the detection of exquisitely 
weak fields produced by biological systems. 

Particles that have both angular momentum and a magnetic 
moment precess in a magnetic field at their Larmor frequency 

 ω γ=L B ,   (1) 

where γ  is the gyromagnetic constant (the ratio of the magnetic 
dipole moment to the angular momentum) of the atom and B is 
the local magnetic field. Atomic (or optical) magnetometers [2, 
3] are based on a measurement of the Larmor precession by use 
of an optical field tuned to an appropriate optical transition in 
the atoms. While the measurement of the resonant Larmor 
precession is commonly used to monitor the magnetic field, 
there is also a “low-field” mode of operation [4], in which a 
weak magnetic field simply reorients the atomic spin slightly 

without causing a resonant precession. This regime is achieved 
when the atomic spin relaxation rate is much larger than the 
Larmor precession rate. These two regimes are shown 
schematically in Fig. 1. 
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Figure 1.  Modes of operation of an atomic magnetometer. (a) The resonant 
mode, in which the atoms are polarized along the direction of the strong 

magnetic field B0 and then resonantly driven into a precessing state. (b) The 
low-field configuration, in which the orientation of the atoms polarized by the 
pump field is rotated slightly by the presence of a weak field B0. In both cases, 

the transverse polarization is monitored with a weak probe field. 

Atomic magnetometers range from large, highly precise 
laboratory apparatus to smaller, but less sensitive instruments 
that can be used in the field. Magnetometers are typically 
characterized by their sensitivity, but also by a range of other 
features such as vector or scalar operation, bandwidth, heading 
error, size, weight, power, cost and reliability. These 
characteristics determine the range of applications for which the 
magnetometer is suitable. Commercial atomic magnetometers 
are used most frequently for the detection of magnetic anomalies 
produced by metallic objects such as unexploded ordinance, 
geophysical structures, vehicles, and ships. Recently, new 
applications for atomic magnetometers have emerged in 
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research laboratories, including the detection of biomagnetic 
signals [5, 6], the detection of nuclear magnetization [7-9] and 
the detection of magnetic particles [10]. While atomic 
magnetometers await widespread adoption by these new fields, 
the combination of sensitivity with ease of use compared to 
SQUID-based sensors, which require cryogenics, make them a 
promising alternative for detecting the weakest magnetic fields. 

Over the last few years, we have adapted the processes and 
designs developed at NIST for chip-scale atomic clocks [11-14] 
to compact atomic magnetometers. The basic idea behind many 
chip-scale atomic devices is to combine the use of advanced, 
low-power diode lasers (usually vertical-cavity surface emitting 
lasers or VCSELs) with the existing techniques of atomic 
spectroscopy and processes common in MEMS. This allows us 
to develop millimeter-scale structures that operate at low power, 
but retain much of the precision of their larger counterparts. 

We review here several recent magnetometer instruments 
constructed at NIST over the last few years and compare the 
performance. In addition, we discuss several promising 
applications where these instruments may find use and assess 
the remaining difficulties of implementing the technology in 
these emerging areas. 

II. MAGNETOMETER DESIGNS 

A.  Coherent Population Trapping Magnetometer 
The first chip-scale atomic magnetometer constructed at 

NIST [15] was based on magnetically sensitive coherent 
population trapping resonances at the atomic hyperfine 
frequency. Similar, large-scale magnetometers had been 
demonstrated previously with sensitivities in the range of 10 
pT/√Hz [16]. CPT resonances here are observed by illuminating 
the atomic sample with a modulated optical field generated by a 
diode laser. When the modulation frequency corresponds to a 
subharmonic of one of the Zeeman-split hyperfine resonances 
(near 6.8 GHz, in the case of 87Rb), the optical power absorbed 
by the atomic sample decreases and the resonance can be 
observed. 

The device structure consists of a VCSEL die mounted on a 
substrate and emitting light at 795 nm. A small stack of optics 
placed above the laser attenuates the light and ensures that the 
polarization is circular. The light then passes through a MEMS-
based alkali vapor cell, and the transmitted power is detected by 
a Si photodetector placed on the top. The cell is heated with a 
pair of resistive heaters implemented as films of Indium-Tin-
Oxide (ITO) on a glass substrate. These heaters produce a 
considerable magnetic field at the cell location when conducting 
current, so the heater current is chopped on and off. The 
magnetic field was measured only while the heater current was 
off. A schematic and a photograph of the instrument are shown 
in Fig. 2(a), and the transition excited for magnetometer 
operation is shown in Fig. 2(b). 
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Figure 2.  The NIST chip-scale CPT magnetometer [15]. (a) Photographs and 
schematic showing the laser, 1; the optics stack, 2; the vapor cell, 3; and the 
photodetector, 4. (b) The atomic energy levels of 87Rb relevant to the device 

operation. A CPT resonance is excited between the F = 1, m = –1 and                
F = 2, m = –1 transitions. 

This instrument was operated first as an atomic clock 
physics package by ensuring that the local oscillator was tuned 
to the F = 1, m = 0 → F = 2, m = 0 hyperfine transition, which is 
to first order magnetically insensitive. For operation as a 
magnetometer, the local oscillator was tuned to the F = 1,         
m = –1 → F = 2, m = –1 transition. The magnetic field 
sensitivity of this device was 40 pT/√Hz near 10 Hz, as shown 
in Fig. 3. 

 Features of CPT magnetometers include a lack of heading 
error, a single equatorial dead zone (no dead zone if multiple 
resonances are monitored simultaneously), and the need for a 
local oscillator at gigahertz frequencies. Since the CPT 
resonance is driven optically, there are in principle no magnetic 
fields applied to the instrument that might interfere with other 
sensors, for example in an array. In addition, the Larmor 
frequency is measured as a change in the hyperfine frequency 
and hence must be referenced to the magnetically insensitive 0-0 
transition. These last complications, and the fact that the 
sensitivity is considerably worse than that of the other 
magnetometer types described here, make this geometry useful 
only for some specialized applications. 
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Figure 3.  Equivalent magnetic field noise of the CPT magnetometer. 
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B. Mx Magnetmeter 
The Mx magnetometer configuration is based on a direct 

optical measurement of the Larmor precession frequency. The 
atomic spins are pumped into an oriented state with circularly 
polarized light. A coherent precession about the static magnetic 
field to be measured is then excited with an applied RF field at 
the Larmor frequency. The response of the atoms to the drive 
field is monitored with a probe optical field. In many cases, as is 
the case here, the pumping and probing can be done with a 
single optical field that has components lying both along and 
perpendicular to the magnetic field direction.  
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Figure 4.  The NIST chip-scale Mx magnetometer [17]. 

The design of the chip-scale Mx instrument [17], shown in 
Fig. 4, was quite similar to the CPT magnetometer design except 
for the addition of two coils in the stack that enabled the drive 
field to be applied to the atoms. These coils were wire-bonded to 
the conducting traces on the substrate with the rest of the 
electrical connections. One additional modification was the use 
of cell heaters designed to produce a reduced magnetic field at 
the cell location. With these heaters, simply modulating the 
heater current was sufficient to eliminate most of the effects of 
the heater magnetic field on the sensor operation. The sensitivity 
of this magnetometer, shown in Fig. 5, was about 6 pT/√Hz 
from 1 Hz to 1 kHz, an improvement by a factor of about seven 
over that of the CPT magnetometer. 
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Figure 5.  Equivalent magnetic field noise of the NIST Mx magnetometer. 

Mx magnetometers implemented with a single pump/probe 
light field have both  polar and equatorial dead zones as well as 
a significant heading error due to the nonlinear Zeeman effect. 
An additional, but important, source of heading error arises due 
to any misalignment of the optical field axis with the axis along 
which the drive field is applied. This misalignment produces a 
heading error on the order of θΔB where θ is the misalignment 
angle and ΔB is the width of the Larmor resonance. While the 
heading error of the chip-scale Mx magnetometer was not 
measured, it is expected to be several tens of nanotesla if 
traditional compensation schemes are not used and careful 
alignment tolerances are not maintained. The magnetic field 
generated by the RF coils can also interfere with adjacent 
magnetometers in an array. This interference can be largely 
eliminated by the use of the Bell-Bloom excitation scheme [18], 
in which the spin precession is driven optically by modulating 
the pump-light frequency or amplitude at the Larmor frequency 
instead of applying an RF field. 

5P1/2 

5S1/2 

C. SERF Magnetometer 
The sensitivity of most atomic magnetometers is limited 

ultimately by alkali-alkali collisions. Since the signal from the 
atoms is proportional to the number of atoms, at low alkali 
densities the signal-to-noise ratio, and hence the sensitivity, 
improves as the atom density (at fixed cell volume) increases. 
However, at a certain density, alkali-alkali spin-exchange or 
spin-destruction collisions begin to broaden the magnetic 
resonance, and any gains in sensitivity created by the increased 
atom number are offset by the correspondingly broader 
resonance. In 1973, it was discovered that when the density of 
alkali atoms is very high and the Larmor precession frequency 
very small (weak magnetic fields), the alkali spins no longer 
relax due to spin exchange but only via much weaker spin-
destruction processes [19]. This effect was used recently to great 
advantage in magnetometry: the suppression of spin-exchange 
broadening can lead in the case of 39K to magnetometer 
sensitivities up to one hundred times better than can be achieved 
under spin-exchange-broadened conditions [20, 21]. This type of 
magnetometry, know as spin-exchange relaxation free (SERF) 
magnetometry occurs at very high cell temperatures and very 
weak magnetic fields.  

We implemented a SERF magnetometer using a single-beam 
low-field geometry similar to that described in [4] in a MEMS 
vapor cell of dimensions 1 × 2 × 3 mm3. A single circularly 
polarized laser beam was directed through the cell, polarizing 
the atoms along the direction of propagation of the laser beam 
when no magnetic field was present. In the presence of a 
magnetic field, the atomic polarization was re-oriented as in Fig. 
1(b) and a change in absorption measured, leading to a zero-
field magnetic resonance. The experimental configuration and 
zero-field resonance are shown in Fig. 6. 

The sensitivity of this instrument was less than 70 fT/√Hz at 
a signal frequency of about 100 Hz. This sensitivity, while still a 
factor of 50 worse than that of the best atomic and SQUID-
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based magnetometers, compares favorably with high-Tc SQUID 
magnetometers. However, the small potential size of this 
instrument and simplicity of its implementation make it 
appealing for some applications such as inexpensive, widely 
deployed magnetocardiological systems. Some improvements in 
the sensitivity will likely be required before such an instrument 
could find use in magnetoencephalographic systems. 

Another feature of the chip-scale SERF magnetometer (and 
more generally of all SERF magnetometers constructed so far) is 
that it appears to operate as a vector magnetometer, being 
sensitive only to the components of the magnetic field 
perpendicular to the optical axis. This and the requirement for 
operation in low fields suggests that these types of 
magnetometers will be most useful in shielded environments. 
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Figure 6.  (a) Optical arrangement for the single-beam SERF magnetometer 
implemented in a MEMS cell. (b) The zero-field magnetic resonance with a 

width suppressed by a factor of three with respect to the expected spin-
exchange width at this cell temperature. 

D. High-bandwidth chip-scale magnetometers 
For certain applications, a magnetometer with a high 

bandwidth is useful. For example in pulsed-electromagnetic 
sensing of buried metallic objects, a strong magnetic field is 
applied above the ground and is quickly shut off. The magnetic 
sensor then detects the decay of the induced magnetization of 
the metallic object; time constants of a few hundred 
microseconds characterize this decay. In most pulsed-
electromagnetic measurements, induction coils are used as the 
magnetic sensor. However, it is desirable to have a single 
magnetometer that can measure both the DC field and the decay 
of the induced magnetization. In this case a magnetometer that 
can detect both DC signals and fields varying in the range of 10 
kHz is of use. The scalar nature of atomic magnetometers is an 
additional benefit in this application because sensor platform 
rotations do not cause a changing projection of the induced field, 
which adds noise. 

Since the bandwidth of an atomic magnetometer is generally 
limited by the transverse relaxation rate of the spins, a higher 
bandwidth is achieved by shortening this relaxation time. 
However, the increased resonance width then typically reduces 
the sensitivity. There is one particular operating regime in which 
the sensitivity is not reduced, and that is when the transverse 
atomic relaxation is caused by collisions between the alkali 
atoms themselves. In this regime, we increase the magnetometer 
bandwidth by increasing the alkali atom density, but the 
corresponding increase in the signal strength due to the larger 
number of atoms implies a fundamental sensitivity independent 
of relaxation rate. In some sense chip-scale atomic 
magnetometers are naturally aligned to the high-bandwidth 
design goal due to the larger linewidth associated with the small 
size of the vapor cell. 
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Figure 7.  Bandwidth and predicted sensitivity as a function of alkali atom 
density for an atomic magnetometer with a cell volume of 1 mm3 under the 

assumption that spin-projection noise is the most important source of noise. It is 
assumed that the bandwidth of the magnetometer is determined by the spin-

exchange collision rate 

In Fig. 7, the magnetometer bandwidth (transition linewidth) 
and sensitivity are plotted as a function of alkali density (cell 
temperature) for a set of specific design conditions. It is 
assumed here that the magnetometer noise is determined by 
atom spin-projection (shot) noise and that the signal contrast is 
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unity. At low alkali densities, the bandwidth is determined by 
the relaxation processes independent of alkali density (collisions 
with the walls of the cell, and with buffer-gas atoms), and the 
sensitivity improves with alkali density because of the increased 
number of alkali atoms that produce the signal. At higher alkali 
atom densities, the bandwidth begins to increase due to the 
broadening due to alkali-alkali collisions, while the sensitivity 
remains constant. While this plot illustrates the basic principle of 
the high-bandwidth magnetometer design, there are of course 
many additional physical and design factors that are not 
included in the model that will potentially degrade the 
sensitivity. These factors include: photon shot noise and laser 
AM and FM noise, optical absorption of the atoms, and the 
presence of magnetic field gradients. 

E. Photonic Magnetometer 
It is often advantageous to have a magnetic field sensor that 

itself creates no magnetic fields that might perturb the field 
source or interfere with other nearby sensors. This is particularly 
important when designing array-based magnetometers for 
imaging of localized field sources, for example, in animal heart 
or brain tissue. The chip-scale magnetometer designs described 
above have sources of magnetic fields within the instruments 
themselves. These sources include: 

• Currents that drive the cell heaters 

• The current that drives the laser 

• The drive field coils in the Mx design 

• Thermal currents in the metallic components and traces 
near the cell. 

We therefore propose a magnetometer design in which all 
sources of magnetic fields are located away from the sensor 
head but that also includes the possibility of MEMS-based 
fabrication. The key aspects of these sensors are (a) the coupling 
of the excitation and probe light to the sensor head via optical 
fibers, (b) the use of optical excitation of the Larmor resonance 
[18] and (c) the use of light to heat the cell. The sensor design is 
shown in Fig. 8. 

 

Figure 8.  Design of the “photonic” magnetometer.  

In this magnetometer, the MEMS-based vapor cell is held in 
a cavity by a suspension of low thermal conductance to the 
cavity walls. The use of the suspension allows the cell to be 
raised to its operating temperature with a minimum of heating 
power.  

III. APPLICATIONS 
We envision several important applications for chip-scale 

atomic magnetometers, some of which have already been 
mentioned in this manuscript. For example, the detection of 
magnetic anomalies due to buried metallic objects can benefit 
from earth’s-field magnetometers with both DC and high-
frequency (10 kHz) response. For this application, heading error 
is quite important to avoid sensor readings that depend on the 
orientation of the sensor platform. However, due to the 
substantial geomagnetic background noise, sensitivity is not of 
critical importance beyond ~ 1 pT/√Hz. 

The detection of biomagnetic fields and nuclear magnetism 
form a class of applications for which sensitivity is critically 
important, but for which issues such as heading error are not. 
We have carried out some preliminary experiments using the 
Mx magnetometer to demonstrate the measurement of 
biomagnetic fields. In one experiment, the magnetic field from 
the heart of a mouse was measured [22] by placing the chest of 
the anaesthetized mouse near the sensor and recording the 
signals with an electrocardiogram as a reference. Clear signals 
were observed with a single magnetometer (i.e., no 
gradiometry). However adapting the sensor to enable similar 
measurements via gradiometry in an unshielded environment 
would be desirable. 

We have also used a chip-scale SERF magnetometer to 
detect the DC field of protons in water pre-polarized by a 
permanent magnet of modest strength [23]. In this experiment, 
water was passed through a 0.7 T permanent magnet, and then 
into a small fluidic channel located near the chip-scale 
magnetometer inside a magnetic shield. Shortly after the 
polarized proton spins were flipped by  an RF field, a signal was 
observed on the magnetometer. The remote detection of nuclear 
polarization opens up the possibility of remote, low-field 
magnetic resonance imaging [24-26] with chip-scale atomic 
magnetometers. Remote, low-field MRI has considerable 
advantages with respect to conventional MRI because (a) no 
high-field superconducting magnets are required to generate 
high spin precession frequencies detectable by inductive coil 
sensors, and (b) concentration of the gas into a small volume can 
increase the signal. 

In addition to imaging, the detection of nuclear 
magnetization at low ambient magnetic fields can have some 
value for identification of chemical species. The chemical shifts 
most often used to identify molecular structure cannot be 
resolved at low magnetic fields, since the NMR frequency 
splitting is proportional to the strength of the field. However, 
another type of interaction, J-coupling [27], is preserved at low 
fields and can be used to identify some chemical species.  
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IV. CONCLUSIONS 
 

We have described a number of implementations of “chip-
scale” atomic magnetometers based on millimeter-scale 
microfabricated alkali vapor cells. These instruments have 
sensitivities in the range of 50 fT/√Hz to 50 pT/√Hz, and the 
sensitivity depends on the mechanism by which the field is 
sensed. Self-contained physics packages with a volume of 12 
mm3 and suitable for earth’s field-operation have been shown to 
operate at 6 pT/√Hz. It is anticipated that, with suitable thermal 
isolation [28], the power required to operate the physics package 
could be reduced to a few tens of milliwatts. A remaining 
question is the magnitude of the heading error, and whether 
there are methods to reduce it. In a shielded environment, chip-
scale sensors have demonstrated a sensitivity of 70 fT/√Hz. 
These sensors might find use in biomedical applications such as 
the detection of magnetic fields produced by the heart or the 
brain. In addition, there appear to be significant applications for 
nuclear magnetic resonance including imaging and identification 
of chemical species. Finally, high-bandwidth magnetometers are 
being developed based on an operating regime at high alkali 
density, where alkali-alkali collisional broadening is large. 
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