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The magnetic field is one of the most fundamental and ubiqui-
tous physical observables, carrying information about all elec-
tromagnetic phenomena. For the past 30 years, superconducting
quantum interference devices (SQUIDs) operating at 4K
have been unchallenged as ultrahigh-sensitivity magnetic field
detectors', with a sensitivity reaching down to 1fT Hz™'/?
(1fT = 10~ "> T). They have enabled, for example, mapping of
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the magnetic fields produced by the brain, and localization of the
underlying electrical activity (magnetoencephalography).
Atomic magnetometers, based on detection of Larmor spin
precession of optically pumped atoms, have approached similar
levels of sensitivity using large measurement volumes™?, but have
much lower sensitivity in the more compact designs required for
magnetic imaging applications*. Higher sensitivity and spatial
resolution combined with non-cryogenic operation of atomic
magnetometers would enable new applications, including the
possibility of mapping non-invasively the cortical modules in the
brain. Here we describe a new spin-exchange relaxation-free
(SERF) atomic magnetometer, and demonstrate magnetic field
sensitivity of 0.54 fT Hz~"/* with a measurement volume of only
0.3 cm’. Theoretical analysis shows that fundamental sensitivity
limits of this device are below 0.01 fT Hz~ "% We also demon-
strate simple multichannel operation of the magnetometer, and
localization of magnetic field sources with a resolution of 2 mm.

Ultrasensitive magnetometers have found a wide range of appli-
cations, from condensed-matter experiments® and gravitational
wave detection®, to detection of NMR signals”®, studies of palaeo-
magnetism’, non-destructive testing'®, and underwater ordinance
detection''. However, the most notable application of magnetic field
sensors has been in the area of biomagnetism'>"?, that is, the
detection of the weak magnetic fields produced by the human
brain, heart and other organs. For example, measurements of the
magnetic field produced by the brain are used to diagnose epilepsy,
and to study neural responses to auditory and visual stimuli. Low-
temperature superconducting quantum interference device
(SQUID) sensors'*'¢, which so far have dominated all of the
above-mentioned applications, have reached sensitivity levels of
0.9-1.4 fTHz~'/? with a pick-up coil area of the order of 1 cm?. In
the low-frequency range of interest for biomagnetic studies
(<100Hz) their noise is typically somewhat higher, whereas
commercial SQUID magnetometers typically'” have noise of
about 5fTHz 2 partly due to magnetic noise generated by
electrically conductive radiation-shielding of the liquid-helium
dewars'.

Atomic magnetometers rely on a measurement of the Larmor
precession of spin-polarized atoms in a magnetic field””. The
fundamental, shot-noise-limited sensitivity of an atomic magne-
tometer is given by

8B—_ L

Yvn T2 Vit
where 7 is the number density of atoms, v is their gyromagnetic
ratio, T, is the transverse spin relaxation time, V'is the measurement
volume, and ¢ is the measurement time*’. The value of 7y in equation
(1) depends on the details of the magnetometer operation. For a
commonly used Zeeman transitionwith Am = 1,y = gug /h(2I + 1),
where I is the nuclear spin of the alkali metal, pg is the Bohr
magneton, and ¢ = 2. In our magnetometer operating at zero field,
the effective vy for sensitivity estimates is y = gup /h (equation (7) of
ref. 21).

Most atomic magnetometers use a polarized alkali-metal vapour
(K, Rb, Cs), and their transverse spin relaxation time is limited by
spin-exchange collisions between alkali atoms. In one implementa-
tion of such a magnetometer>”, the shot-noise sensitivity was
estimated to be 0.3 fTHz '/? for a 500-cm” cell. In another state-
of-the-art magnetometer?, the actual sensitivity was estimated to be
1.8 fTHz ™ '/* with a bandwidth of about 1 Hz and a measurement
volume of 1,800 cm”.

We recently demonstrated operation of a spin-exchange relaxa-
tion-free (SERF) magnetometer” where broadening due to spin-
exchange collisions is completely eliminated by operating at a high
alkali-metal density in a very low magnetic field. The remaining
broadening is determined by spin-relaxation collisions, which
transfer spin angular momentum to rotational momentum of

(1)
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atomic motion. They have much smaller cross-sections compared
to spin exchange, yielding theoretical limits on magnetic field
sensitivity below 0.01 fT Hz % in 1 cm’. However, to realize such
sensitivity in practical applications usually requires operating the
device as a magnetic gradiometer to cancel common-mode mag-
netic field noise. Such operation is routinely used in SQUID
detectors, but previous atomic gradiometers either used two iden-
tical magnetometers with a baseline of the order of 1 m (ref. 23) or
had a relatively low magnetic field sensitivity of about 4 pT Hz ™~ '/?
(ref. 4). By adding *He buffer gas to the magnetometer cell we slow
the diffusion of the K atoms, and demonstrate multichannel
operation of the magnetometer with high sensitivity and adjacent
channel spacing of only 3 mm. This allows us to cancel ambient
magnetic field noise, and demonstrate magnetic source localization
with high spatial resolution. In Fig. 1 we show the theoretical
sensitivity of the magnetometer as a function of K density, including
the effects of spin exchange and spin relaxation due to K-K and
K-He collisions.

A diagram of the SERF magnetometer is shown in Fig. 2.
Potassium atoms are spin-polarized by the pump laser along the
Zz direction. We operate the magnetometer with all three com-
ponents of the magnetic field close to zero. In this regime, a small
B, field rotates the spin polarization into the % direction (see the
bottom inset in Fig. 2). The plane of the polarization of the probe
beam is rotated in proportion to the X component of the spin
polarization. Using a multichannel photodetector, we simul-
taneously measure the polarization of the probe beam and, there-
fore, the B, field, at several adjacent points. It can be shown that the
signal is not sensitive to small changes in B, and B, fields, and the
device operates as a vector magnetometer. By taking a linear
combination of the signals, we can make measurements of the
first- and higher-order gradients of the magnetic field.

Temperature (°C)
50 100 150 200

T, (s™)

3B (T HZ-172)

KT IT ERTI T

1 011 1 012 1013
Potassium atom number density (cm=3)

109 1010 101 1015

Figure 1 Relaxation rate and theoretical magnetic field sensitivity. a, Transverse
relaxation rate 75 ' due to alkali metal spin-exchange collisions?” in a small magnetic field
B=10uG (case 1), spin-exchange and K—K spin-relaxation collisions (case 2), and the
total transverse relaxation rate, also including the effect of K-He collisions for 2.9 atm of
“He gas (case 3). b, Estimated magnetic field sensitivity shot-noise limit for cases 1-3
obtained from equation (1) with a measurement volume /= 0.3cm®.
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The magnetic field sensitivity data are shown in Fig. 3a. The
magnetometer frequency response (Fig. 3b) is measured by apply-
ing a known oscillating B, field at several frequencies. The frequency
response depends on the optical-pumping and spin-relaxation
rates®', and is well described by a single-pole, low-pass filter with
a cut-off frequency of about 20 Hz. The noise in a single magne-
tometer channel of about 7 fT Hz~ Y2 (dashed line in Fig. 3a) is due
to Johnson noise from our mu-metal shields with an inner diameter
of 40cm, and is consistent with estimates based on theoretical
calculations'®.

We form a first-order gradiometer by taking the difference
between two adjacent magnetometer channels after correcting for
a small difference in their absolute sensitivity. This procedure
cancels the common magnetic field noise. Assuming that the
remaining noise is uncorrelated, we divide the resulting noise
level by +/2 to obtain the intrinsic magnetic field sensitivity of
each channel (solid line in Fig. 3a). Apart from a number of sharp
peaks from technical sources of noise, the magnetic sensitivity is
less than 1fTHz ? in the range 10-150 Hz, and averages to
0.54fTHz "? in the range 28-45Hz. To our knowledge, this
represents the best magnetic field sensitivity obtained to date in

Lock-in Computer y
software [ | DAQ
Photodiode array -~
Analysing polarizer =
g_igg-plower Field coils 2
iode laser |
Pump beam I_

Oven IL:

Probe beam i

Beam expansion lenses

Faraday modulator

Single-frequency
diode laser

Polarizer

Figure 2 Experimental set-up. The diagram shows: magnetic shields with a shielding
factor of 10%: field coils producing calibrated, uniform fields along £, yand Zdirections, and
all five independent first-order field gradients; a T-shaped glass cell (3 X 4 X 3 ¢cm) with
flat windows, containing a drop of K metal, 2.9 atm of “He and 60 torr of N,; a double-wall
oven heated to 180 °C by flowing hot air to obtain a K atom number density of
n=6x10"cm™% acircularly polarized 1 W broadband diode laser (‘pump’ laser)
tuned to the centre of the D1 line at 770 nm; a linearly polarized 100 mW single frequency
laser (‘probe’ laser) detuned by 1 nm from the D1 resonance; a Faraday rotator
modulating the plane of polarization of the probe laser with an amplitude o« =~ 0.02 rad at
afrequency fmoq = 2.9 kHz; beam-shaping optics that produce a collimated probe beam
with a cross-section of 4 mm x 19 mm; a polarization analyser, orthogonal to the
polarizer; a seven-element photodiode array (shown in the top inset), with element
separation of 0.31 cm along the j-direction; and a 16-bit data acquisition system using a
digital seven-channel lock-in amplifier to demodulate the signal proportional to the
magnetic field B,. Bottom inset, cross-section of the T-shaped cell, showing the rotation
of the K polarization P into the X direction by an applied magnetic field B,.
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either superconducting or atomic magnetometers. The active
measurement volume used by each channel is only 0.3 cm’.

The inset to Fig. 3b shows the magnetic noise in the difference
between two channels as a function of the distance between them—
that is, the baseline of the gradiometer. The probe beam slightly
expands in the y direction, so the channel spacing is 0.28 cm, 10%
smaller then the photodiode element separation. We expect the
noise to increase with the baseline d of the gradiometer owing to
the magnetic field gradient noise. A fit of the form N=
/N3 + N2+ d>G?, where N, and N, are the intrinsic noise levels
in each channel, gives a magnetic field gradient noise G =
1fTcm™ ' Hz "%, which is somewhat larger than our estimate of
0.5fTcm™ ' Hz '/*for the gradient noise produced by the magnetic
shields'®. This probably indicates that some noise comes from local
sources—perhaps the metal in the temperature sensor near the cell.
We can also form a second-order gradiometer using three adjacent
channels. We find that the intrinsic sensitivity of each channel
measured in this way is slightly better, but the improvement is not
significant.

We also investigated the performance of the magnetometer in a
multichannel imaging mode. We first apply a uniform oscillating
magnetic field gradient dB,/dy to check the linearity of the device
(Fig. 4a). With the exception of the outer channels, which are not
fully illuminated by the pump laser, the response is quite linear, and
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Figure 3 Magnetic field sensitivity and bandwidth of the magnetometer. Magnetic field
noise in a single channel (a, dashed ling), and intrinsic magnetic field sensitivity of a single
channel extracted from the difference between adjacent channels (a, solid ling). The
magnetic field sensitivity data are obtained by recording the response of the
magnetometer for about 100 s, performing a fast Fourier transform (FFT) without
windowing; and calculating r.m.s. amplitudes in 1 Hz bins. A peak due to the calibrating B,
field is seen at 25 Hz. To obtain absolute field sensitivity, we divide the magnetometer FFT
by a normalized frequency-response function shown in b with a fit to A/(f* + B?)""2,
where the bandwidth B = 20 Hz. Inset, magnetic field noise in the channel difference as a
function of the distance between channels. The fit assumes that the noise increases owing
to contributions from magnetic field gradient noise. a.u., arbitrary units.
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the measured gradient agrees to within 4% with the strength of the
applied gradient. To simulate a biological source, we place a small
coil about 5.3 cm from the centre of the magnetometer. We apply an
oscillating current to the coil with a frequency of 25 Hz, and analyse
the data in 1-s intervals (Fig. 4b). We fit the data to the magnetic
dipolar field profile, and find that after 1s of averaging the
uncertainty in the distance to the dipole is 2 mm and the uncertainty
in its absolute size is 13%.

The spatial resolution of the magnetic field measurements inside
the magnetometer cell is limited by the diffusion of the K atoms. On
the basis of a detailed model of diffusion, we determine the
resolution to be about 2mm for our conditions, slightly smaller
than the spacing between the channels. The accuracy of localization
of magnetic field sources outside the magnetometer depends on a
number of factors, including the signal-to-noise ratio, the distance
from the magnetometer, and the uniformity of the magnetometer
response. Typically, the magnetic field sources can be localized to a
fraction of the detector size, so localization uncertainty of the order
of 0.2 mm can be expected in our magnetometer for sufficiently
high signal-to-noise ratio.

In addition to its high sensitivity, the SERF magnetometer
described here does not require cryogenic cooling, making it very
attractive for a wide range of applications, particularly outside
laboratory environments. The bandwidth and size of the magne-
tometer are well suited for detection of biological fields. Two
technical modifications would be needed to use the magnetometer
for magnetoencephalography (MEG). First, the magnetometer
would have to be placed in larger magnetic shields (similar to the
magnetically shielded rooms at present used for MEG with SQUID
magnetometers™), so as to accommodate a patient inside the
shields. Second, more efficient thermal insulation and active cooling
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Figure 4 Magnetic gradient imaging. a, Measured response for an applied uniform
gradient dB, /dy = 315fTcm ™" oscillating at 25 Hz. Only data represented by filled
symbols are used in the linear fit, which gives a slope of 301 fTcm ™. b, Measured
response from a magnetic dipole u = 1.25 pAcm ™2 located 5.3 cm away and oscillating
at 25Hz, with the magnetic dipole field fit. The large error bar on the middle data point
represents the single-channel noise level after 1's of integration. The small error bars
represent the noise in the relative signal between adjacent channels.
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would also be needed, to keep the outside surface of the sensor at
room temperature.

Our magnetometer is in a very early stage of development, and
many improvements are possible. For example, by using a two-
dimensional photodiode array it should be possible to measure
gradients and localize sources in two directions. The overall noise of
the magnetometer could be further reduced by using superconduct-
ing shields, which do not have a Johnson noise component. In the
absence of Johnson noise, simple averaging of the existing channels
would yield a sensitivity of 0.2 fT Hz~ /2. With more optimization,
such as increased probe laser power and increased K atom density, it
should be possible to approach the shot-noise-limited sensitivity in
the range 10 >~10° fT Hz~ . The thermal magnetic noise pro-
duced by the brain®® is of the order of 0.1 fT Hz ', s0 an optimized
version of this magnetometer should enable the maximum possible
amount of information to be obtained about brain electrical
activity. This may enable non-invasive studies of individual cortical
modules in the brain*, which have a size of 0.1-0.2 mm. O
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Since the discovery of carbon nanotubes in 1991 (ref. 1), there
have been significant research efforts to synthesize nanometre-
scale tubular forms of various solids>°. The formation of tubular
nanostructure generally requires a layered or anisotropic crystal
structure’™. There are reports>®'" of nanotubes made from silica,
alumina, silicon and metals that do not have a layered crystal
structure; they are synthesized by using carbon nanotubes and
porous membranes as templates, or by thin-film rolling. These
nanotubes, however, are either amorphous, polycrystalline or
exist only in ultrahigh vacuum® The growth of single-crystal
semiconductor hollow nanotubes would be advantageous in
potential nanoscale electronics, optoelectronics and biochemi-
cal-sensing applications. Here we report an ‘epitaxial casting’
approach for the synthesis of single-crystal GaN nanotubes with
inner diameters of 30-200 nm and wall thicknesses of 5-50 nm.
Hexagonal ZnO nanowires were used as templates for the
epitaxial overgrowth of thin GaN layers in a chemical vapour
deposition system. The ZnO nanowire templates were sub-
sequently removed by thermal reduction and evaporation, result-
ing in ordered arrays of GaN nanotubes on the substrates. This
templating process should be applicable to many other semicon-
ductor systems.

We grew arrays of ZnO nanowires on (110) sapphire wafers using
a vapour deposition process developed in our laboratory'. These
ZnO nanowire arrays were placed inside a reaction tube for GaN
chemical vapour deposition. Trimethylgallium and ammonia were
used as precursors, and were fed into the system with argon or
nitrogen carrier gas. The deposition temperature was set at
600-700 °C. After the GaN deposition, the samples were treated at
600°C with 10% H, in argon to remove the ZnO nanowire
templates.

Figure 1a shows a scanning electron microscopy (SEM) image of
the starting ZnO nanowire array templates. These nanowires have
uniform lengths of 2-5 pm and diameters of 30-200 nm. They are
well facetted with hexagonal cross-sections (Fig. 1a inset), exhibit-
ing {110} planes on the sides. After the GaN deposition and
template removal, the colour of the sample turns from white to
yellowish or darker. The morphology of the initial nanowire arrays
was maintained (Fig. 1b), except for the increase in the diameters of
the resulting nanostructures. The nanostructures appear less
facetted than the starting ZnO nanowire template. Compositional
analysis on the final product shows little Zn signal. X-ray diffraction
(XRD) on the sample shows only (00/) diffraction peaks of the
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