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ble spectra could easily push this effect to higher
frequencies that are beneficial for a variety of
practical applications (30).
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Itinerant Ferromagnetism in a Fermi
Gas of Ultracold Atoms
Gyu-Boong Jo,1* Ye-Ryoung Lee,1 Jae-Hoon Choi,1 Caleb A. Christensen,1 Tony H. Kim,1
Joseph H. Thywissen,2 David E. Pritchard,1 Wolfgang Ketterle1

Can a gas of spin-up and spin-down fermions become ferromagnetic because of repulsive
interactions? We addressed this question, for which there is not yet a definitive theoretical answer,
in an experiment with an ultracold two-component Fermi gas. The observation of nonmonotonic
behavior of lifetime, kinetic energy, and size for increasing repulsive interactions provides strong
evidence for a phase transition to a ferromagnetic state. Our observations imply that itinerant
ferromagnetism of delocalized fermions is possible without lattice and band structure, and our data
validate the most basic model for ferromagnetism introduced by Stoner.

Magnetism is a macroscopic phenome-
non with its origin deeply rooted in
quantum mechanics. In condensed-

matter physics, there are two paradigms for
magnetism: localized spins interacting via tun-
neling and delocalized spins interacting via an
exchange energy. The latter gives rise to itin-
erant ferromagnetism, which is responsible for
the properties of transition metals such as cobalt,
iron, and nickel. Both kinds of magnetism in-
volve strong correlations and/or strong interac-
tions and are not yet completely understood. For
localized spins, the interplay of magnetism with
d-wave superfluidity and the properties of frus-
trated spin materials are topics of current research.
For itinerant ferromagnetism (1–7), phase transi-
tion theories are still qualitative.

We implemented the Stoner model, a text-
book Hamiltonian for itinerant ferromagnetism
(8), by using a two-component gas of free fer-

mions with short-range repulsive interactions,
which can capture the essence of the screened
Coulomb interaction in electron gases (8). How-
ever, there is no proof so far that this simple
model for ferromagnetism is consistent when the
strong interactions are treated beyond mean-field
approaches. It is known that this model fails in
one dimension, where the ground state is singlet
for arbitrary interactions, or for two particles in
any dimension (3). In our work, cold atoms were
used to perform a quantum simulation of this
model Hamiltonian in three dimensions, and we
showed experimentally that this Hamiltonian
leads to a ferromagnetic phase transition (2).
This model was also realized in helium-3 (9), but
the liquid turn into a solid phase and not into a
ferromagnetic phase at high pressure. It has also
been applied to neutrons in neutron stars (10).

To date, magnetism in ultracold gases has
been studied only for spinor (11, 12) and dipolar
(13) Bose-Einstein condensates (BECs). In these
cases, magnetism is driven by weak spin-
dependent interactions, which nevertheless de-
termine the structure of the condensate because
of a bosonic enhancement factor. In contrast,
here we describe the simulation of quantummag-
netism in a strongly interacting Fermi gas.

An important recent development in cold
atom science has been the realization of super-
fluidity and the BEC–Bardeen-Cooper-Schrieffer
(BCS) crossover in strongly interacting, two-
component Fermi gases near a Feshbach reso-
nance (14). These phenomena occur for attractive
interactions for negative scattering length and for
bound molecules (corresponding to a positive
scattering length for two unpaired atoms). Very
little attention has been given to the region of
atoms with strongly repulsive interactions. One
reason is that this region is an excited branch,
which is unstable against near-resonant three-
body recombination into weakly bound mole-
cules. Nevertheless, many theoretical papers
have proposed a two-component Fermi gas near
a Feshbach resonance as a model system for itin-
erant ferromagnetism (15–22), assuming that the
decay into molecules can be sufficiently sup-
pressed. Another open question is the possibility
of a fundamental limit for repulsive interactions.
Such a limit due to unitarity or many-body phys-
ics may be lower than the value required for the
transition to a ferromagnetic state. We show that
this is not the case and that there is a window of
metastability where the onset of ferromagnetism
can be observed.

A simple mean-field model captures many
qualitative features of the expected phase transi-
tion but is not adequate for a quantitative de-
scription of the strongly interacting regime. The
total energy of a two-component Fermi gas of
average density n (per spin component) in a
volume V is given by EF2Vn 3

10 ½ð1þ hÞ5=3þ
n

ð1 − hÞ5=3� þ 2
3p kFað1þ hÞð1 − hÞg, where EF

is the Fermi energy of a gas, kF is the Fermi wave
vector of a gas, a is the scattering length charac-
terizing short-range interactions between the two
components, and h = Dn/n = (n1 − n2)/(n1 + n2)
is the magnetization of the Fermi gas. The local
magnetization of the Fermi gas is nonzero when
the gas separates into two volumes, where the
densities n1 and n2 of the two spin states differ
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by 2Dn. We studied an ensemble in which the
number of atoms in each spin state is conserved.
This is equivalent to a free electron gas at zero
external magnetic field where the total magne-
tization is zero. The interaction term represents
any short-range spin-independent potential. When
the gas is fully polarized, it avoids the repulsive
interaction but increases its kinetic energy by a
factor of 22/3. The phase transition occurs when
the minimum in energy is at nonzero magneti-
zation (Fig. 1A) at kFa = p/2. This onset was
previously discussed in the context of phase sep-
aration in a two-component Fermi gas (15–18).
Figure 1B shows several consequences of the
phase transition for a system at constant pres-
sure. First, for increasing repulsive interactions,
the gas expands, lowering its density and Fermi
energy; kinetic energy is therefore reduced.
When the gas enters the ferromagnetic phase,
kinetic energy increases rapidly because of the
larger local density per spin state. Furthermore,
the volume has a maximum value at the phase
transition. This can be understood by noting that
pressure in our model is (2/3)Ekin/V + Eint/V,
where Ekin is kinetic energy and Eint is interaction
energy. At the phase transition, the system in-
creases its kinetic energy and reduces its inter-
action energy, thus reducing the pressure. This
maximum in pressure at constant volume turns
into a maximum in volume for a system held at
constant pressure or in a trapping potential. We
have observed three predictions of this model: (i)
the onset of local magnetization through the
suppression of inelastic collisions, (ii) the mini-
mum in kinetic energy, and (iii) the maximum in
the size of the cloud. These qualitative features
are generic for the ferromagnetic phase transition
and should also be present in more-advanced
models (19).

We start with an atom cloud consisting of an
equal mixture of 6Li atoms in the lowest two
hyperfine states, held at 590 G in an optical
dipole trap with additional magnetic confine-
ment (23). The number of atoms per spin state is
approximately 6.5 × 105, which corresponds to
a Fermi temperature TF of ~1.4 mK. The ef-
fective temperature T could be varied between
T/TF = 0.1 and T/TF = 0.6 and was determined
immediately after the field ramp by fitting the
spatial distribution of the cloud with a finite
temperature Thomas-Fermi profile. We define
k∘F as the Fermi wave vector of the noninteract-
ing gas calculated at the trap center. Applying
the procedure discussed in (24) to repulsive in-
teractions, we estimate that the real temperature
is approximately 20% larger than the effective
one. The effective temperature did not depend
on k∘F a for koFa < 6. At higher temperatures,
additional shot-to-shot noise was caused by
large fluctuations in the atom number. From
the starting point at 590 G, the magnetic field
was increased toward the Feshbach resonance at
834 G, thus providing adjustable repulsive inter-
actions. Because of the limited lifetime of the
strongly interacting gas, it was necessary to ap-

ply the fastest possible field ramp, limited to
4.5 ms by eddy currents. The ramp time is ap-
proximately equal to the inverse of the axial trap
frequency (23) and therefore only marginally
adiabatic. Depending on the magnetic field dur-
ing observation, either atoms or atoms and
molecules were detected by absorption imaging
as described in fig. S1 (25).

The emergence of local spin polarization can
be observed by the suppression of (either elastic
or inelastic) collisions, because the Pauli exclu-
sion principle forbids collisions in a fully po-
larized cloud. We monitored inelastic three-body
collisions, which convert atoms into molecules.
The rate (per atom) is proportional to f (a,T)n1n2
or f(a,T) n2(1 − h2) and is therefore a measure
of the magnetization h. For kFa << 1, the rate
coefficient f(a,T) is proportional to a6 max(T,TF)
(26). This rate can be observed by monitoring
the initial drop in the number of atoms during
the first 2 ms after the field ramp. We avoided
longer observation times, because the increasing
molecule fraction could modify the properties of
the sample.

A sharp peak appears in the atom loss rate
around koFa ≅ 2.5 at T/TF = 0.12 (Fig. 2), in-
dicating a transition in the sample to a state with
local magnetization. The gradual decrease is con-
sistent with the inhomogeneous density of the
cloud, where the transition occurs first in the
center. The large suppression of the loss rate
indicates a large local magnetization of the cloud.

The kinetic energy of the cloud was deter-
mined by suddenly switching off the optical trap
and the Feshbach fields immediately after the
field ramp and then imaging state |1〉 atoms at
zero field using the cycling transition after a
ballistic expansion time of Dt = 4.6 ms. The ki-
netic energy was obtained from the Gaussian
radial width sx as Ekin = [(3msx

2)/(2Dt2)] where
m is the mass of the 6Li atom. A minimum of
the kinetic energy at koFa ≅ 2.2 for the coldest
temperature T/TF = 0.12 nearly coincided with

the onset of local polarization (Fig. 3). The peak in
the atom loss rate occurs slightly later than the
minimum of kinetic energy, probably because
f(a,T) increases with a (22). Because the temper-
ature did not change around koFa ≅ 2.2, the in-
crease in kinetic energy is not caused by heating
but by a sudden change in the properties of the
gas, which is consistent with the onset of ferro-
magnetism. The observed increase in kinetic ener-
gy is approximately 20% at T/TF = 0.12, smaller
than the value (22/3 − 1) = 0.59 predicted for a
fully polarized gas. This discrepancy could be
due to the absence of polarization or partial po-
larization in the wings of the cloud. Also, it is
possible that the measured kinetic energy of the
strongly interacting gas before the phase transition
includes some interaction energy if the Feshbach
fields are not suddenly switched off. For the cur-
rent switch-off time of ~100 ms, this should be
only a 5% effect, but the magnetic field decay
may be slower because of eddy currents.

Finally, Fig. 4 shows our observation of a
maximum cloud size at the phase transition, in
agreement with the prediction of the model. The
cloud sizemay not have fully equilibrated, because
our ramp time was only marginally adiabatic, but
this alone cannot explain the observed maximum.

The suppression of the atom loss rate, the
minimum in kinetic energy, and the maximum
in cloud size show a strong temperature depen-
dence between T/TF = 0.12 and 0.22. The prop-
erties of a normal Fermi gas approaching the
unitarity limit with k∘F a >> 1 should be insensitive
to temperature variations in this range; therefore,
the observed temperature dependence provides
further evidence for a transition to a new phase.

At higher temperature (e.g., T/TF = 0.39 as
shown in Fig. 3), the observed nonmonotonic
behavior becomes less pronounced and shifts to
larger values of koFa for 3 ≤ koFa ≤ 6. For all three
observed properties (Figs. 2 to 4), a nonmonotonic
behavior is no longer observed at T/TF = 0.55 (27).
One interpretation is that at this temperature and

Fig. 1. Ferromagnetic phase tran-
sition at T = 0, according to the
mean-field model described in the
text. The onset of itinerant ferro-
magnetism occurs when the energy
as a function of magnetization flips
from a U shape to a W shape (A).
(B) Enthalpy, volume, and kinetic
energy, normalized to their values
for the ideal Fermi gas, and mag-
netization as a function of the inter-
action parameter kFa. kF is defined
by the density of the gas. The dotted
line marks the phase transition.
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above, there is no longer a phase transition. In a
mean-field approximation, a ferromagnetic phase
would appear at all temperatures but for increasing
values of koFa. Our observations may imply that
the interaction energy saturates around koFa ≈ 5.

The spin-polarized ferromagnetic state should
not suffer from inelastic collisions. However,
typical lifetimes were 10 to 20 ms, which were
probably related to a small domain size and three-
body recombination at domain walls.

We were unsuccessful in imaging ferromag-
netic domains using differential in situ phase-
contrast imaging (28). A signal-to-noise level of
~ 10 suggests that there were at least 100 do-
mains in a volume given by our spatial resolution
of ~3 mm and by the radial size of the cloud. This
implies that the maximum volume of the spin do-
mains is ~5 mm3, containing ~50 spin-polarized
atoms. We suspect that the short lifetime prevented
the domains from growing to a larger size and
eventually adopting the equilibrium texture of the
ground state, which has been predicted to have
the spins pointing radially outward, like a hedgehog
(20, 22). All our measurements are sensitive only
to local spin polarization and are independent of
domain structure and texture.

The only difference between our experiment
and the ideal Stoner model is a molecular ad-
mixture of 25% (Fig. 4). The molecular fraction
was constant for koFa > 1.8 for all temperatures and
therefore cannot be responsible for the sudden
change of behavior of the gas at koFa ≅ 2.2 at the
coldest temperature T/TF = 0.12. This prediction
was confirmed by repeating the kinetic energy
measurements with amolecular admixture of 60%.
The minimum in the kinetic energy occurred at the
same value of koFa within experimental accuracy.

For a comparison of the observed phase tran-
sition at koFa ≅ 2.2 to the theoretical predictions, the
ideal gas koF has to be replaced by the value for the
interacting gas, which is smaller by ~15% because
of the expansion of the cloud (Fig. 4), resulting in a
critical value for kFa≅ 1.9 T 0.2. At T/TF = 0.12, the
finite temperature correction in the critical value for
kFa is predicted to be less than 5% (19). The
observed value for kFa is larger than both themean-
field prediction of p/2 and the second-order pre-
diction of 1.054 at zero temperature (19). Depend-
ing on the theoretical approach, the phase transition
has been predicted to be first or second order. This
could not been discerned in our experiment because
of the inhomogeneous density of the cloud.

It has been speculated (19) that earlier experi-
ments on the measurement of the interaction ener-
gy (29) and radio frequency spectroscopy of Fermi
gases (30) showed evidence for the transition to a
ferromagnetic state at or below kFa = 1. This inter-
pretation seems to be ruled out by our experiment.

Our work demonstrates a remarkable asym-
metry between positive and negative scattering
length. Early work (15) predicted that for kF|a| =
p/2, both an attractive and a repulsive Fermi gas
become mechanically unstable (against collapse
and phase separation, respectively). In an attract-
ive Fermi gas, however, the mechanical in-
stability does not occur [due to pairing (31)], in
contrast to our observations in a repulsive Fermi
gas. This suggests that the maximum total re-
pulsive energy [in units of 3/5(2Vn)EF] is larger
than the maximum attractive energy |b| of 0.59
(32) that is realized for infinite a (23).

The interpretation of our results in terms of
a phase transition to itinerant ferromagnetism
is based on the agreement with the prediction
of simplified models [Fig. 1, (15–22)]. Future

Fig. 2. Atom loss rate as a probe
for local spin polarization, for
different temperatures. T/TF = 0.55
(triangles, dashed curve), T/TF =
0.22 (open circles, dotted curve),
and T/TF = 0.12 (solid circles, solid
black curve). The curves are guides
to the eye, based on the assump-
tion of a loss rate that saturates for
increasing a in the normal state. The
shaded area around the phase
transition at T/TF = 0.12 highlights
the same region as in Figs. 3 and 4.

Fig. 3. Kinetic energy of
a repulsively interacting
Fermi gas determined for
different interaction pa-
rameters koFa and tem-
peratures. The measured
kinetic energy is normal-
ized by the Fermi energy
EoF of the noninteracting
Fermi gas at T = 0, cal-
culated at the trap center
with the same number of
atoms per spin state. Each
data point represents the
average of three or four
measurements.
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work should address how the observed signa-
tures are modified by strong interactions and
correlations. Additional insight can be obtained
by varying the magnetic field ramp time over a
wide range and studying the relaxation toward
an equilibrium state (33).

Heisenberg and Bloch’s explanation for fer-
romagnetism was based on exchange energy;
that is, the Pauli principle and spin-independent
repulsive interactions between the electrons.
However, it was unknown what other “ingre-
dients” were needed for itinerant ferromagnetism.
It was not until 1995 (6, 7) that a rigorous proof
was given that, in certain lattices, spin-independent
Coulomb interactions can give rise to ferromag-
netism in itinerant electron systems. Our finding
suggests that Heisenberg’s idea does not require a
lattice and band structure but already applies to a
free gas with short-range interactions. Our exper-
iment can be regarded as quantum simulation of a
Hamiltonian for which even the existence of a
phase transition was unproven. This underlines the
potential of cold atom experiments as quantum
simulators for many-body physics.
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Fig. 4. Maximum in volume at the phase transition. (A) Axial size
and chemical potential of the cloud for various temperatures. The
chemical potential m is determined from the measured cloud size, sz,
as m = [1/2]mwz

2sz
2. (B) Number of particles including both atoms

and molecules right after the field ramp. This result shows that 25%
of the atoms were converted into molecules during the field ramp,
and this fraction stayed constant for koFa > 1.8, where the phase
transition was reached. This molecule fraction was independent of
temperature.
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