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High-Sensitivity Atomic Magnetometer Unaffected by Spin-Exchange Relaxation
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Alkali-metal magnetometers compete with SQUID detectors as the most sensitive magnetic field
sensors. Their sensitivity is limited by relaxation due to spin-exchange collisions. We demonstrate a K
magnetometer in which spin-exchange relaxation is completely eliminated by operating at high K
density and low magnetic field. Direct measurements of the signal-to-noise ratio give a magnetometer
sensitivity of 10 fT Hz�1=2, limited by magnetic noise produced by Johnson currents in the magnetic
shields. We extend a previous theoretical analysis of spin exchange in low magnetic fields to arbitrary
spin polarizations and estimate the shot-noise limit of the magnetometer to be 2 � 10�18 T Hz�1=2.
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ing atoms. In a magnetic field the expectation values hmiF
in the two hyperfine states precess in opposite directions

plastic materials and heated to 190 C by flowing hot air.
We use a set of five nested cylindrical magnetic shields
Sensitive magnetometers find a wide range of applica-
tions, from tests of fundamental symmetries to measure-
ments of biological magnetic fields. Low temperature
SQUID detectors presently hold the record as the most
sensitive magnetometers with a noise level of about
1 fT Hz�1=2. Alkali-metal magnetometers using K [1]
and Rb [2,3] atoms approach this level of sensitivity.
Their fundamental sensitivity limit is due to shot-noise,
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where n is the density of atoms, � is their gyromagnetic
ratio, T2 is the transverse spin relaxation time, V is the
cell volume, and t is the measurement time. Spin-ex-
change collisions often limit the relaxation time T�1

2 �
T�1

SE � n �vv
se; where �vv is the thermal velocity and 
se ’
2 � 10�14 cm2 is the spin-exchange cross section. This
process limits the sensitivity of alkali-metal magneto-
meters to about 1 fT cm3=2 Hz�1=2. For example, the sen-
sitivity of the Rb magnetometer in [3] is estimated to be
0:3 fT Hz�1=2 for a 500 cm3 cell.

In this Letter, we describe an alkali-metal magneto-
meter that completely eliminates spin exchange as a
source of relaxation. We obtain a resonance linewidth of
1.1 Hz for K atoms at a density of n � 1014 cm�3, where
the spin-exchange rate is 1:2 � 105 sec�1. For high K
density the shot-noise sensitivity is limited by the K-K
spin-destruction cross section 
SD

K � 1 � 10�18 cm2 [4].
Thus, magnetic field sensitivities on the order of
10�17 T cm3=2 Hz�1=2 can be achieved.

Spin-exchange collisions usually contribute to trans-
verse spin relaxation even though they preserve the total
angular momentum projection mF1

�mF2
of the collid-
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and spin-exchange collisions contribute to relaxation of
transverse coherences by changing the F quantum num-
ber. However, in very small magnetic fields, such that
!TSE 
 1, the expectation values hmiF in the two hyper-
fine states become locked together by rapid spin exchange
and precess in the same direction [5]. For small atomic
polarization the spin precession rate is given by

!0 �
gs�BB
q"

; where q �
S�S� 1� � I�I � 1�

S�S� 1�
(3)

is the slowing-down factor due to nuclear angular mo-
mentum [6]. In this limit spin exchange contributes to
transverse relaxation only in second order and vanishes
for zero magnetic field [7],
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In the absence of spin-exchange relaxation spin-
destruction collisions due to the spin-rotation interaction
[8] become a limiting factor. We use a combination of K
and He atoms in our magnetometer because they have
small spin-destruction cross sections for alkali-alkali and
alkali-buffer gas collisions, as shown in Table I. He buffer
gas is added to slow down diffusion of K atoms to cell
walls.

We use the zero-field pump-probe arrangement [14]
shown in Fig. 1. K atoms are contained in a 2.5 cm
diam spherical cell made from GE180 aluminosilicate
glass. The cell is filled with several atm of 4He and
30 torr of N2 gas necessary for quenching of K atoms. It
is placed in an oven constructed from high-temperature

�
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TABLE I. Alkali-metal spin-destruction cross sections.

Alkali metal 
SD
Self 
SD

He 
SD
Ne 
SD

N2

K 1 � 10�18 cm2 [4] 8 � 10�25 cm2 [9,10] 1 � 10�23 cm2 [10]
Rb 9 � 10�18 cm2 [9] 9 � 10�24 cm2 [9] 1 � 10�22 cm2 [11]
Cs 2 � 10�16 cm2 [12] 3 � 10�23 cm2 [13] 6 � 10�22 cm2 [13]
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with a shielding factor of 106. The diameter of the inner
shield is 16’’ and we minimize the amount of conductive
materials within the shield to reduce noise from Johnson
currents. A set of coils inside the shields allows control of
all three components of the magnetic field. K atoms are
optically pumped by a 1 W multimode diode laser. A
single mode diode laser probes the polarization of the
atoms. The x̂x component of the K spin polarization is
measured using either optical rotation of off-resonant
light or circular dichroism of the vapor. Both methods
give similar performance in our conditions.

Since the transverse spin relaxation time is one of the
fundamental parameters determining the shot-noise
limit, we measure it directly using a synchronous pump-
ing technique. A magnetic field of 50–200 �G is applied
in the ŷy direction and the pumping beam is chopped at a
frequency close to the resonance condition given by
Eq. (3). The precession of the polarization around the
magnetic field is detected using the probe beam. A reso-
nance curve obtained using this technique is shown in
Fig. 2. The resonance is well described by a simple
Lorentzian with the half-width given by �� �
�2�qT2�

�1. Care is taken to operate well in the regime
of low pump and probe intensity. From the fit to the data
we obtain T2 � 22 ms for �K� � 1014 cm�3 and �He� �
6 � 1019 cm�3. Excluding the contribution of spin ex-
change, T2 is given by
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FIG. 1. Experimental implementation of the K magneto-
meter. Transverse polarization is detected using optical
rotation.
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where 
SD are the spin-destruction cross sections and TD

is the relaxation time due to diffusion, approximately
given by Eq. (11). Using cross sections listed in Table I
and K-He diffusion constant from [10] we estimate T2 �
30 ms with approximately equal contributions from dif-
fusion, K-K, and K-He collisions. This value is in good
agreement with the experimentally measured width given
the uncertainties in the spin-destruction cross sections. At
higher magnetic fields the resonance width increases due
to the second-order contribution of spin exchange [7].
Figure 3 shows this dependence together with a fit based
on Eq. (4). From the fit we obtain TSE � 7:6�s, in good
agreement with existing measurements of the spin-
exchange cross section [15,16].

The magnetometer can be operated in several modes to
measure different components of the magnetic field. Here
we focus on the operation with all three components of
the magnetic field close to zero relative to the bandwidth.
In this mode the magnetometer is sensitive only to the By
field, which tilts the polarization into the x̂x direction.
Also, the light shifts due to both the pump and the probe
beams are suppressed by two small factors and the reso-
nance is not broadened by variation of the gyromagnetic
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FIG. 2. Transverse resonance of the magnetometer. Both the
inphase (squares) and out-of-phase (triangles) signals are
shown. The fit is a Lorentzian with a half-width of 1.2 Hz.
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FIG. 3. Spin-exchange broadening of the resonance line-
width. The fit based on Eq. (4) gives TSE � 7:6�s and a
limiting low-frequency linewidth of 1.1 Hz
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ratio with polarization [see Eq. (9)]. To measure the
magnetic noise of the magnetometer we apply a small
sinusoidal modulation to the By field and record the
frequency spectrum of the magnetometer response. A
series of such frequency spectra are shown in Fig. 4.
For this data the bandwidth of the magnetometer was
increased to 10 Hz by using a higher pumping rate.
From the signal-to-noise ratio we determine the noise
level of the magnetometer to be 10 fTrms Hz�1=2 inde-
pendent of frequency.

This noise level is dominated by the magnetic fields
produced by thermal Johnson currents flowing in the
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FIG. 4. Magnetometer spectra with a 700 fTrms modulation of
By field at 10, 20, 30, and 40 Hz (solid and dashed lines). S=N �
70 
 10 at all frequencies as expected for Johnson noise.
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magnetic shields [17,18]. We use the equations given in
[19] for magnetic noise from a high-permeability infinite
slab to estimate the noise for our cylindrical shields to
be 7 
 2 fT Hz�1=2 independent of frequency up to about
200 Hz. Thus, Johnson noise limits the magnetic field
sensitivity that can be obtained using conventional
magnetic shields. In contrast, SQUID detectors are usu-
ally tested in superconducting shields.

To obtain an accurate estimate of the shot-noise sensi-
tivity of the magnetometer and characterize its other
properties we extend the analysis in [5,7] allowing for
an arbitrary degree of spin polarization. For high buffer
gas pressures the hyperfine structure is not resolved
and the evolution of the density matrix � is well described
by [6]

d�
dt

� Dr2��
�H;��
i �h

�
’�1 � 4hSi � S� � �

TSE

�
’� �
TSD

� R�’�1 � 2s � S� � ��; (6)

where ’ � �=4 � S � �S is the purely nuclear part of the
density matrix and H � AI � S� gs�BB � S [20]. Here R
is the optical pumping rate, TSD is the relaxation time due
to spin-destruction collisions, and s is the optical pump-
ing vector, giving the direction and the degree of circular
polarization of the light. We first neglect the diffusion
term and note that for a magnetic field B parallel to the
direction of optical pumping s (or equal to zero), the
density matrix is described by a spin-temperature distri-
bution �ST / emF$ with the electron spin polarization
P � tanh�$=2� � sR=�R� T�1

SD � [6]. To find a steady-
state solution for an arbitrary magnetic field we write
� � ’ exp�� � S�=2 cosh�$=2� and obtain an equation for
the purely electronic part of the density matrix. For a
magnetic field in the ŷy direction and optical pumping in
the ẑz direction we obtain

Px �
gs�BBy

"

sR

�gs�BBy="�2 � �R� T�1
SD �

2 (7)

Pz �
sR�R� T�1

SD �

�gs�BBy="�2 � �R� T�1
SD �

2 : (8)

Note that the steady-state response of the polarization
does not depend on the alkali-metal nuclear spin.

Other results are obtained by considering the time
evolution of the density matrix. We solve Eq. (6) analyti-
cally by writing � � �ST � ~��, where ~�� is a small devia-
tion from the spin-temperature distribution such that
Tr�~��S� � 0. We perform all calculations to first order in
~��, which is suppressed by the ratio of the spin-exchange
rate to other relevant rates. We find that the atoms precess
around the By field at a rate that depends on the degree of
their polarization. For K atoms (I � 3=2� we obtain

! �
gs�BB

"

cosh�$�
2 � 4 cosh�$�

: (9)
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For small $ this expression is in agreement with Eq. (3)
while for large $ the precession rate approaches the value
given by Eq. (2) since most atoms occupy F � 2; m � 2
state and are not affected by spin exchange. We also find
that the frequency response of the magnetometer is
equivalent to a first order low-pass filter with a cutoff
frequency

fc �
�R� T�1

SD �

2�
cosh�$�

2 � 4 cosh�$�
: (10)

We model the contribution of diffusion to the relaxa-
tion assuming complete depolarization of atoms on the
cell walls. The density matrix is still described by a spin-
temperature distribution, but the value of $ now depends
on the position in the cell. We find that for a wide range of
conditions the contribution of diffusion to T2 can be
approximated with an accuracy of 30% by the classical
solution for a freely decaying fundamental diffusion
mode

1

TD2
� qD

�
�
a

�
2
; (11)

where a is the radius of the spherical cell. The relaxation
rate is enhanced by the factor q because both electron and
nuclear polarizations are destroyed at the walls.

Finally, we estimate the shot-noise limited sensitivity
of the magnetometer based on the measured spin relaxa-
tion rates. The best sensitivity can be obtained using the
optical rotation technique. The plane of polarization of
the probe laser is modulated using a Faraday rotator with
an amplitude * at a frequency !m (in our experiment
!m � 3 kHz and * � 2�). The probe beam then passes
through the cell and a linear polarizer set for maximum
extinction. The transmitted signal is given by

I � I0 sin�* sin�!mt� �+�2: (12)

A lock-in amplifier is used to detect the first harmonic
proportional to the optical rotation angle+ introduced by
the K vapor. Our calculations indicate that the optimal
detuning of the probe laser is about 200 GHz and optimal
probe laser intensity is 5 mW=cm2. We find that Px polar-
ization can be measured with a sensitivity of 2 �
10�9 Hz�1=2 and from Eq. (7) we obtain a shot-noise
limited magnetic field sensitivity of 2 � 10�18 T Hz�1=2

in our 7 cm3 cell at 190 �C, with higher sensitivities
possible at higher temperatures. This limit is far below
the estimates of fundamental sensitivity limits for
SQUID [21] or other alkali-metal magnetometers [3].

In conclusion, we have demonstrated a new type of
alkali-metal magnetometer that is not affected by relaxa-
tion due to spin exchange. We obtained a magnetic field
sensitivity of 10 fT Hz�1=2 limited only by thermal noise
currents in our shields. Much higher sensitivity can be
expected in a superconducting shield which does not have
a thermal noise component. The magnetometer can be
used in a wide range of applications. For example, a
recently proposed technique to search for a permanent
130801-4
electron electric dipole moment [22] would directly bene-
fit from a higher magnetic field sensitivity. While the
dynamic range of the magnetometer is limited in the
present implementation, it can be easily increased using
a compensation coil and a suitable feedback system. By
operating at higher temperatures, where K-K spin-de-
struction rate dominates the linewidth, one can increase
the bandwidth of the magnetometer without sacrificing its
sensitivity. For sufficiently high buffer gas pressures one
can measure the magnetic fields independently in differ-
ent parts of the cell by imaging the probe beam onto a
multichannel photodetector. Such magnetic mapping ca-
pability would be useful for biomagnetic imaging. We
thank Martin Boyd for constructing several components
of the experiment. This work was supported by the
University of Washington, a Precision Measurement
Grant from NIST, NSF, NIH, and Princeton University.
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