LETTERS

Subpicotesla atomic magnetometry with
a microfabricated vapour cell

VISHAL SHAH':2, SVENJA KNAPPE', PETER D. D. SCHWINDT?® AND JOHN KITCHING'™

'National Institute of Standards and Technology, 325 Broadway, Boulder, Colorado 80305, USA

2Department of Physics, University of Colorado, Boulder, Colorado 80309, USA

3Sandia National Laboratories, MS 1082, PO Box 5800, Albuquerque, New Mexico 87185, USA

*e-mail: kitching@boulder.nist.gov

Published online: 1 November 2007; doi:10.1038/nphoton.2007.201

Highly sensitive magnetometers capable of measuring magnetic
fields below 1pT have an impact on areas as diverse as
geophysical surveying!, the detection of unexploded ordinance?,
space science’, nuclear magnetic resonance®’, health care® and
perimeter and remote monitoring. Recently, it has been shown
that laboratory optical magnetometers”, based on the
precession of the spins of alkali atoms in the vapour phase,
could achieve sensitivities in the femtotesla range, comparable
to*!2, or even exceeding'’, those of superconducting quantum
interference devices. We demonstrate here an atomic
magnetometer based on a millimetre-scale microfabricated
alkali vapour cell with sensitivity below 70 fT Hz=!/2
Additionally, we use a simplified optical configuration that
requires only a single low-power laser. This result suggests that
millimetre-scale, low-power femtotesla magnetometers are
feasible, and we support this proposition with a simple
sensitivity scaling analysis. Such an instrument would greatly
expand the range of applications in which atomic
magnetometers could be used.

For decades, superconducting quantum interference device
(SQUID) magnetometers have been unrivalled in their ability to
measure low-frequency magnetic fields with extremely high
precision. Optical magnetometers now share this spotlight, with
demonstrated sensitivities below 1fT Hz™'/2 in a laboratory
setting. This level of sensitivity has helped open the door to the
application of atomic magnetometers to imaging of heart'* and
brain tissue'® and the detection of nuclear magnetic resonance
(NMR) and nuclear quadrupole resonance (NQR)*>16, The key
physics that underlies several recent advances in optical
magnetometry is the suppression of spin relaxation originating
from spin-exchange collisions between the alkali atoms!” and the
generation of a large ground-state atomic polarization at low
magnetic-field strengths. Operation of the magnetometer in this
spin-exchange-relaxation-free (SERF) regime allows for spin-
relaxation times over 10 ms, even at alkali atom densities above
10 cm ™3, and suggests even better sensitivities may be achieved
in future instruments.

Despite the exceptional progress in improving the sensitivity of
these instruments in a laboratory setting, they remain large,
complex and difficult to assemble and operate for extended
periods. Recently, a highly miniaturized atomic magnetic sensor
was demonstrated that was fabricated using the techniques of
microelectromechanical systems'® (MEMS). This early device was
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12mm? in volume and had a sensitivity of 50 pT Hz /2. A
better optimized chip-scale magnetometer of similar size but
with a sensitivity of 5pTHz /2 was demonstrated more
recently!’, as was an evanescent-wave device with a sensitivity in
the 10 pT Hz~'/2 range®.

The vapour cell used in this experiment, shown in Fig. 1la,
had interior dimensions of 3 mm X 2mm x 1 mm and was
fabricated with a MEMS process as described previously?"?2
The zero-field magnetic resonance was measured by means
of optical absorption of a single circularly polarized light
field® propagating in a direction perpendicular to the static
magnetic field, B, (Fig. 1b). The magnetic resonance, shown
in Fig. lc, has a full-width at half-maximum of 83 nT
(corresponding to 580 Hz) and a transmission contrast of 40%.
The linewidth obtained by extrapolating to zero light intensity
was around 15 nT (105 Hz). This linewidth is lower by a factor
of 50 than the estimated spin-exchange-limited linewidth at
this alkali atom density and corresponds closely to the
linewidth limited by alkali—buffer-gas spin destruction!®?*, This
clearly indicates that the magnetometer is operating in the
SERF regime.

From the resonance characteristics and noise level, a magnetic-
field equivalent noise spectrum was determined and is shown by
the red trace in Fig. 1d. Throughout much of the spectrum
between 10 Hz and 200 Hz, the noise is found to be below
70 fT Hz='/2.  This SERF measurement represents an
improvement by a factor of almost 100 over previous results in
microfabricated vapour cells!’. Excess amplitude noise from the
laser is thought to be the main factor limiting sensitivity in the
single-beam configuration. For comparison, the sensitivity
obtained wunder similar conditions wusing an orthogonal
pump-probe configuration’* is shown by the grey trace in
Fig. 1d. The reduced noise in the 100—200-Hz band occurs in
part because the laser-amplitude noise is suppressed by the
differential detection in the Faraday rotation measurement.
The wuse of a single-light-field configuration leads to a
considerable simplification in the optical arrangement when
compared with the two-beam pump-probe configuration, but
suffers from increased susceptibility to laser-amplitude noise. We
note, however, that laser-amplitude noise cancellation can be
achieved in the single-beam configuration when the system is
operated in the gradiometer mode or when the optical power at
the entrance to the cell is monitored.
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Figure 1 Atomic magnetometry with a micromachined alkali vapour cell. a, Schematic of the measurement apparatus. b, Orientation and dynamics of the
atomic spins (blue arrows) as a function of B,. ¢, A resonance is observed as the local field, By, is scanned about zero. The red line indicates a lorentzian fit with
a full-width at half-maximum of 83 nT. d, Magnetic-field sensitivity for the single-beam geometry (red trace) and the two-beam geometry (grey trace) at B, = 0.
The solid horizontal line indicates a sensitivity of 65 fT Hz~'/2, and the dashed lines indicate the estimated sensitivity owing to photon shot noise (A, single-beam

geometry; B, two-beam geometry).

The results presented above show that a SERF magnetometer
with a sensitivity below 100 fT Hz~'/2 is feasible in a MEMS
alkali vapour «cell wusing a simple, single-beam optical
configuration. The optical design and the components used in
this experiment are similar to those used in the miniature atomic
magnetometers described in refs 18 and 19. This suggests that
highly sensitive SERF magnetometers can be made equally small
and low in power by using similar MEMS fabrication techniques.
Magnetic noise originating from electric currents in the various
active and passive components will undoubtedly be more
important for highly compact devices. Our estimations, however,
suggest that this noise is either negligible on a millimetre length
scale or can be mitigated with minor modifications to the optical
design or the electronic packaging.

To guide designs for future MEMS-based instruments, we
consider now how the sensitivity of such a magnetometer, and
the power required to run it, scale with the size of the cell. Some
applications, such as magnetoencephalography, can tolerate
high operating powers but require high sensitivity, but other
applications, such as remote monitoring, require low operating
power to enable a long instrument lifetime with battery
operation. The fundamental limit on the sensitivity of an atomic
magnetometer due to atom shot noise in the regime in which the
resonance linewidth is limited by spin-exchange collisions can be
stated as'®

oB

(1)
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where 7y is the gyromagnetic constant of the atoms, 7 is the mean
relative velocity, ogy is the spin relaxation cross-section, V is the
cell volume and ¢ is the integration time. The scaling of the
atom-shot-noise-limited magnetometer sensitivity is plotted in
Fig. 2a as a function of cell size under the condition that the
electron-spin relaxation rate (nogy#, where n is the alkali atom
density) is equal to the combined relaxation rate due to wall and
buffer-gas collisions and that the relaxation rates due to wall and
buffer-gas collisions are themselves equal. Note that the cell
temperature that satisfies this condition varies with the size of
the cell. Under SERF conditions (low magnetic fields), the spin
relaxation rate is determined by the alkali—alkali spin-destruction
collision cross-section (~9 x 1078 cm? for ®Rb), but under
spin-exchange-limited conditions (high magnetic fields), this rate
is determined by the alkali—alkali spin-exchange cross-section
(~2 x 107" cm? for K, ®Rb and '*3Cs), with both relaxation
rates modified by the appropriate nuclear slow-down factor. In
Fig. 2, we assume no nuclear slow-down of the relaxation rate
for simplicity, but recognize that the magnetometer sensitivity
may be somewhat better than that shown in Fig. 2a owing to this
effect. Subpicotesla sensitivities can in principle be achieved for
cell sizes as small as 10 um for *K under SERF conditions, and
subfemtotesla sensitivities can be achieved for millimetre-scale
cells. In practice, other noise sources such as photon shot noise
and laser-amplitude and frequency noise significantly degrade the
magnetometer sensitivity. In the experiment described above, the
signal-to-noise ratio is approximately 1x 10 in a 1-Hz bandwidth.

We may evaluate the alkali density at which the relaxation rate
due to alkali—alkali collisions (determined by the spin-exchange or
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Figure 2 Magnetometer sensitivity scaling under near-optimal conditions
for linewidth. Lines indicate 33Cs (solid lines), 8’Rb (dashed lines) and %K (dotted
lines) under spin-exchange-limited conditions (green) and SERF conditions
(magenta). a, Sensitivity as a function of cell size; limit due to shot noise on 10 pW
of power and unity signal contrast (blue line). Experimental data points (filled
triangles) A, B and C correspond to this work, refs 10, 13, respectively.

b, Corresponding cell temperature assuming an optimized buffer gas of Ne, and

no nuclear slow-down. ¢, Corresponding cell heating power based on the design of
ref. 27. d, Cell heating power required as a function of desired sensitivity.
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spin-destruction cross-sections as appropriate) is equal to the
combined relaxation rate due to atom diffusion and buffer-gas
collisions. The corresponding cell temperature can be determined
from standard vapour pressure curves. This cell temperature is
plotted as a function of cell size in Fig. 2b. In well-engineered
MEMS-based atomic instruments, the power required to run the
device, Py, is expected to be dominated by that required to heat
the cell to its operating temperature’>?®, which is in turn
dominated by radiative heat loss?’. To estimate this power, we
calculate the radiative loss from a cubic black body with volume
equal to that of the cell and at a temperature determined by
Fig. 2b. In Fig. 2¢ Py, is plotted as a function of cell size. The
results of Fig. 2a are combined with those in Fig. 2¢ to generate a
plot of the expected power requirement as a function of desired
sensitivity in Fig. 2d. Under SERF conditions and the
assumptions stated above, a sensitivity near 10 fT Hz~'/2 can in
principle be achieved with under 10 mW of heating power for
both *K and ¥Rb magnetometers. With low-emissivity coatings
around the physics package, operation at even lower power levels
could be obtained.

The demonstration of subpicotesla sensitivity in a MEMS-
fabricated alkali vapour cell is particularly relevant with regard to
applications of magnetometers. Our results suggest that portable,
battery-operated and yet highly sensitive magnetic-field sensors are
technologically viable. Such instruments may enable lower-cost
non-invasive biomagnetic diagnostic measurements® such as fetal
magnetocardiography?® and array-based magnetoencephalography
used to localize certain kinds of brain activity”. Of particular
value here is the broad linewidth of the magnetic resonances in
submillimetre vapour cells, which allows for detection bandwidths
in the kilohertz range. Portable explosive detection systems are also
possible based on NQR detection'®. Battery-operated sensors could
be deployed in remote locations to monitor the movement of
magnetic objects such as vehicles or to measure geophysical
anomalies. For this application, high dynamic range is important.
Magnetometers based on small cells tend to be operated at higher
cell temperatures and hence higher alkali atom densities than their
larger counterparts (see Fig. 2b), which allows SERF operation
over a wider range of magnetic fields. Finally, compact, high-
performance gyroscopes®® using techniques and components
similar to those described here may also be feasible.

METHODS

CELL CONFIGURATION

The microfabricated vapour cell contains isotopically enriched 87Rb at its vapour
pressure and a N, buffer gas at a density of 3 amagat (1 amagat is the density
in cm 3 of atoms of a perfect gas at standard temperature and pressure), and was
heated to 152 °C with a pair of transparent resistive thin-film heaters placed over
the cell windows. At this temperature, the alkali atom density estimated from
vapour pressure curves was 1.5x 10'* cm ™3, and the corresponding
spin-exchange broadened linewidth was 8 kHz. The current passing through the
heaters generated both a magnetic field and a field gradient at the location of
the cell. To avoid complications due to this field, the current through the heaters
was chopped on and off with a period of 8 s and 50% duty cycle, and all
measurements were carried out when the heater currents were off.

RESONANCE AND NOISE MEASUREMENT

For the single-beam measurement, a circularly polarized laser beam of area

2.5 mm? and power 0.35 mW was tuned to the peak of the single pressure-
broadened D1 absorption resonance in 8’Rb. The transmitted optical power is
shown in Fig. lc as a function of the transverse magnetic field. To avoid the
effects of low-frequency electronic noise, a magnetic field varying sinusoidally at
a frequency of 590 Hz was applied along the direction of the static magnetic field
with a pair of external coils. The photodiode signal was demodulated with a
lock-in amplifier, resulting in a dispersive error signal as a function of static field.
The static field was tuned to the centre of this resonance (nominally zero field),
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and the voltage noise spectrum measured under these conditions was converted
into a magnetic-field equivalent noise spectrum, which is shown by the red
trace in Fig. 1d.

In the two-beam measurement, the circularly polarized pump beam
(0.3 mW) was tuned close to the optical resonance, and the linearly polarized
probe field (0.12 mW) propagating in an orthogonal direction was detuned by
~3 GHz. The zero-field magnetic resonance was measured by optical Faraday
rotation, and the corresponding sensitivity spectrum is shown by the grey
trace in Fig. 1d.

POWER SCALING
If a MEMS-based physics package is placed inside an evacuated enclosure,
thermal losses are determined entirely by conduction along the support structure
and radiation. In some recently developed microfabricated atomic instruments
(see for example, ref. 27), the support structure for the physics package had a low
enough thermal conductance that radiation dominated the heat loss over a wide
range of temperatures. The question arises as to how the ratio of radiative heat
loss to conductive heat loss scales with the size of the physics package. The scaling
of the heat lost from conduction through the supports is determined by the
condition of a constant mechanical response (AL/L) of the cell supports to an
externally applied acceleration. Under this condition, the cross-sectional area of
the cell supports, A, scales with the mass, and therefore the volume (L*) of the
cell, and the thermal conductance scales as A/L ~ L*. The radiative heat loss is
determined by the radiating surface area and therefore also scales as L. We
therefore conclude that the ratio of radiative heat loss to conductive heat loss is
largely independent of the size of the instrument and that the heat loss in a scaled
version of the design of ref. 27 will continue to be dominated by radiation.
Based on this analysis, we estimate the power required to operate a compact
magnetometer by calculating the power radiated by a cubic black body of volume
V = L? according to

Pgis = 80(6L2)[T§ell —273 K4] (2)

where T is the cell temperature in Kelvin, which is a function of the cell size L
according to Fig. 2b, ¢ is the emissivity, assumed to be unity, and o is the
Stefan—Boltzmann constant.
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