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Can a gas of spin-up and spin-down fermions become ferromagtic due to
repulsive interactions? This question which has not yet fond a definitive
theoretical answer was addressed in an experiment with an tracold two-
component Fermi gas. The observation of non-monotonic bekéor of lifetime,
kinetic energy, and size for increasing repulsive interagbns provides strong
evidence for a phase transition to a ferromagnetic state. Itmplies that itin-
erant ferromagnetism of delocalized fermions is possible ithout lattice and
band structure and validates the most basic model for ferromagnetism intro-

duced by Stoner.

Magnetism is a macroscopic phenomenon with its origin deepbted in quantum me-
chanics. In condensed matter physics, there are two panadigr magnetism: localized spins
interacting via tunnelling, and delocalized spins intéragvia an exchange energy. The latter

gives rise to itinerant ferromagnetism which is resporsiot the properties of transition metals
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like cobalt, iron and nickel. Both kinds of magnetism inv@btrong correlations and/or strong
interactions and are not yet completely understood. Faliloed spins, major open questions
include the interplay of magnetism with d-wave superflyidibd frustrated spin materials. For
itinerant ferromagnetisnil(7), phase transition theories are still qualitative.

We implement the Stoner model, a textbook Hamiltonian foeitant ferromagnetisngy,
using a two-component gas of free fermions with short-raegelsive interactions, which can
capture the essence of the screened Coulomb interactidedtnan gasesd). However, there
is no proof so far that this simple model for ferromagnetisntaonsistent when the strong
interactions are treated beyond mean-field approacheskitawn that this model fails in one
dimension where the ground state is singlet for arbitratgractions, or for two particles in
any dimensiond). Here, cold atoms are used to perform a quantum simulafitmsmodel
Hamiltonian in 3D and show experimentally that it leads teradmagnetic phase transitidz)
This model is also realized in helium-8)( but it turns into solid and not into a ferromagnetic
phase at high pressure. It has also been applied to neutroresiiron starsl(Q).

So far, magnetism in ultracold gases has been studied onlgpioor (L1, 12 and dipo-
lar (13) Bose-Einstein condensates. In these cases, magnetigneis by weak spin-dependent
interactions which nevertheless determine the structitieeocondensate due to a bosonic en-
hancement factor. In contrast, here we simulate quantunmetisgn in a strongly interacting
Fermi gas.

An important recent development in cold atom science ham beerealization of super-
fluidity and the BEC-BCS crossover in strongly interactimgicomponent Fermi gases near a
Feshbach resonanc®4). These phenomena occur for attractive interactions fgatie scat-
tering length and for bound molecules (corresponding to stipe scattering length for two
unpaired atoms). Very little attention has been given tordggon for atoms with strongly

repulsive interactions. One reason is that this region isxaited branch, which is unstable



against near-resonant three-body recombination into ldsdund molecules. Nevertheless,
many theoretical papers have proposed a two-componeni Gasmear a Feshbach resonance
as a model system for itinerant ferromagnetisitb+22 assuming that the decay into molecules
can be sufficiently suppressed. Another open question whashnot been addressed is the
possibility of a fundamental limit for repulsive interamtis. Such a limit due to unitarity or
many-body physics may be lower than the value required ®trdnsition to a ferromagnetic
state. We show that this is not the case, and that there isdowinf metastability where the
onset of ferromagnetism can be observed.

A simple mean-field model captures many qualitative featofehe expected phase transi-
tion, but is not adequate for a quantitative descriptionhef $trongly interacting regime. The
total energy of a two-component Fermi gas of average denger spin component) in a vol-
umeV is given byEr2Vn[2{(1+n)**+ (1 —n)*3} + Zkpa(1+n)(1 —n)] whereEy is the
Fermi energy of a gag;» the Fermi wavevector of a gasthe scattering length characterizing
short-range interactions between the two componentsyaad\n/n = (ny — ny)/(n1 + n2)
magnetization of the Fermi gas. The local magnetizatioh@fermi gas is non-zero when the
gas separates into two volumes, where the densitiesdn, of the two spin states differ by
2An. Note that we study an ensemble in which the number of atoraach spin state is con-
served. This is equivalent to a free electron gas at zeroredtenagnetic field where the total
magnetization is zero. The interaction term representshagt-range spin-independent poten-
tial. When the gas is fully polarized, it avoids the reputsinteraction, but increases its kinetic
energy by a factor 02%/%. The phase transition occurs when the minimum in energynsiat
zero magnetization (Fig. 1A) &t-a = 7/2. This onset was discussed in the context of phase-
separation in a two-component Fermi gaS+19. Fig. 1B shows several consequences of the
phase transition for a system at constant pressure. FEirshdreasing repulsive interactions, the

gas expands, lowering its density and Fermi energy; kirestargy is therefore reduced. When



the gas enters the ferromagnetic phase, kinetic energgases rapidly due to the larger local
density per spin state. Furthermore, the volume has a mawivalue at the phase transition.
This can be understood by noting that pressure in our mode} Ey;,./V + E;../V, where
E,;, is kinetic energy and;,,; interaction energy. At the phase transition, the systemeases
its kinetic energy and reduces its interaction energy, tedsacing the pressure. This maximum
in pressure at constant volume turns into a maximum in voltona system held at constant
pressure, or in a trapping potential. We have observed pireziictions of this model: the onset
of local magnetization through the suppression in inatastilisions, the minimum in kinetic
energy, and the maximum in the size of the cloud. These atigbtfeatures are generic for the
ferromagnetic phase transition and should be presentral®oie advanced model$9).

We start with an atom cloud consisting of an equal mixturélaofatoms in the lowest
two hyperfine states, held at 590 G in an optical dipole trah ailditional magnetic confine-
ment @3). The number of atoms per spin state6.5 x 10° corresponds to a Fermi temper-
atureTr of ~1.4 uK. The effective temperaturg could be varied betweehi/T» = 0.1 and
T/Tr = 0.6 and was determined right after the field ramp by fitting theiapdistribution of
the cloud with a finite temperature Thomas-Fermi profile.eNbatk?}. is the Fermi wavevector
of the non-interacting gas calculated at the trap centeplydpg the procedure discussed in
Ref. (24) to repulsive interactions, we estimate that the real teatpee is~20% larger than
the effective one. The effective temperature did not depenkl.a for k5. < 6. At higher
temperatures, additional shot-to-shot noise was causéardsy fluctuations in the atom num-
ber. From the starting point at 590 G, the magnetic field waseased towards the Feshbach
resonance at 834 G, thus providing adjustable repulsieegantions. Due to the limited lifetime
of the strongly interacting gas, it was necessary to apm@ydbktest possible field ramp, limited
to 4.5 ms by eddy currents. The ramp time is approximatelyaktputhe inverse of the axial

trap frequency43) and therefore only marginally adiabatic. Depending onntiagnetic field



during observation, either atoms or atoms and molecules detected by absorption imaging
as described in Fig. S29).

The emergence of local spin polarization can be observedéystippression of (either
elastic or inelastic) collisions, as the Pauli exclusiomgple forbids collisions in a fully po-
larized cloud. We monitor inelastic three-body collisianisich convert atoms into molecules.
The rate (per atom) is proportional f(a, T)nin, or f(a, T)n?(1 — n?) and is therefore a
measure of the magnetizatign For kra < 1, the rate coefficienf(a,T") is proportional to
a® max(T, Tr) (26). This rate can be observed by monitoring the initial droghi number of
atoms during the first 2 ms after the field ramp. We avoideddongservation times since the
increasing molecule fraction could modify the propertiethe sample.

Fig. 2 shows a sharp peak in the atom loss rate aré@gnd~ 2.5 at7 /T = 0.12 indicating
a transition in the sample to a state with local magnetimafidne gradual decrease is consistent
with the inhomogeneous density of the cloud where the ti@nsoccurs first in the center. The
large suppression of the loss rate indicates a large locgheteation of the cloud.

The kinetic energy of the cloud was determined by suddenlickmg off the optical trap
and the Feshbach fields right after the field ramp and theniirgagate|1) atoms at zero field
using the cycling transition after a ballistic expansioneiofA,,, = 4.6 ms. The kinetic energy
was obtained from the Gaussian radial widthas E;,;,, = ;”Z—:’; wherem is the mass of the
°Li atom. Fig. 3 demonstrates a minimum of the kinetic energsa ~ 2.2 for the coldest
temperature]’/Tr = 0.12, nearly coinciding with the onset of local polarization.€Tpeak in
the atom loss rate occurs slightly later than the minimumioétic energy, probably because
f(a,T) increases withu (22). Since the temperature did not change aroipd ~ 2.2, the
increase in kinetic energy is not caused by heating, but lmdden change in the properties of
the gas, consistent with the onset of ferromagnetism. Therobd increase in kinetic energy is

~20 % atT /T = 0.12, smaller than the valu@??® — 1) = 0.59 predicted for a fully polarized



gas. This discrepancy could be due to the absence of pdlarizar partial polarization in
the wings of the cloud. Also, it is possible that the measukiedtic energy of the strongly
interacting gas before the phase transition includes somegaiction energy if the Feshbach
fields are not suddenly switched off. For the current switftttme of ~100 us, this should be
only a 5% effect, but the magnetic field decay may be sloweitdeedy currents.

Finally Fig. 4 shows our observation of a maximum cloud sizéha phase transition, in
agreement with the prediction of the model. The cloud sizg n@ have fully equilibrated
since our ramp time was only marginally adiabatic, but tha®i@ cannot explain the observed
maximum.

The suppression of the atom loss rate, the minimum in kirextgrgy, and the maximum
in cloud size show a strong temperature dependence betiéEnof 0.12 and 0.22. As the
properties of a normal Fermi gas approaching the unitaintyt lith k5.« >> 1 should be
insensitive to temperature variations in this range, thowigles further evidence for a transition
to a new phase.

At higher temperature (e.§./Tr = 0.39 in Fig. 3), the observed non-monotonic behavior
becomes less pronounced and shifts to larger valués offor 3 < k%.a < 6. For all three
observed properties (Figs. 2-4), a nonmonotonic behasiowilonger observed &/Tr =
0.55 (27). One interpretation is that at this temperature and altbeee is no phase transition
any more. Note that in a mean-field approximation, a ferrametig phase would appear at all
temperatures, but for increasing valuegpf. Our observations may imply that the interaction
energy saturates aroukgla ~ 5.

The spin-polarized ferromagnetic state should not suftenfinelastic collisions. However,
typical lifetime were 10 - 20 ms, probably related to a smatha@in size (see below) and three-
body recombination at domain walls.

We were unsuccessful in imaging ferromagnetic domainsgudifierential in-situ phase-



contrast imagingZ8). A noise level ofS/N ~10 suggests that there were at least 100 domains
in a volume given by our spatial resolution f3 ym and the radial size of the cloud. This
implies that the maximum volume of the spin domains-i$ ym?, containing~ 50 spin-
polarized atoms. We suspect that the short lifetime predetite domains from growing to

a larger size, and eventually adopting the equilibriumuesiof the ground state, which has
been predicted to have the spins pointing radially outwkkd,a hedgehog20, 29. All our
measurements are sensitive only to local spin polarizaimaiependent of domain structure and
texture.

The only difference between our experiment and the ideaheé3tonodel is a molecular
admixture of 25 % (Fig. 4). The molecular fraction was consfar k3. > 1.8 for all tem-
peratures and therefore cannot be responsible for the sudidage of behavior of the gas at
k%a ~ 2.2 for the coldest temperatuf€/Tr = 0.12 . This was confirmed by repeating the
kinetic energy measurements with a molecular admixtur@df6 The minimum in the kinetic
energy occurred at the sarha within experimental accuracy.

Before we can compare the observed phase transitibhat- 2.2 to the theoretical pre-
dictions, we have to replace the ideal ggs by the value for the interacting gas, which is
smaller by~ 15% because of the expansion of the cloud (Fig. 4), and obtanitical value
for kpa ~ 1.9 + 0.2. At T/Tr = 0.12, the finite temperature correction in the critical value
for kra is predicted to be less than 5%9). The observed value fdtra is larger than the
mean-field prediction of /2 and the second order prediction of 1.054 at zero temperét@ye
Depending on the theoretical approach, the phase tramsiéi® been predicted to be first or sec-
ond order. This could not been discerned in our experimeatduhe inhomogeneous density
of the cloud.

Ref. (19) speculated that earlier experiments on the measuremeieahteraction en-

ergy @9 and RF spectroscopy of Fermi gas&§)(showed evidence for the transition to a



ferromagnetic state at or below-a = 1. This interpretation is ruled out by our experiment.

Our work demonstrates a remarkable asymmetry betweenvygoaitd negative scattering
length. Early work {5) predicted that fok|a| = 7/2, both an attractive and a repulsive Fermi
gas become mechanically unstable (against collapse, ase @eparation, respectively). In an
attractive Fermi gas, however, the mechanical instaldldgs not occur (due to pairingJ)),
in contrast to our observations in a repulsive Fermi gass $hggests that the maximum total
repulsive energy (in units &f/5(2Vn) EF) is larger than the maximum attractive enefgy of
0.59 @2) realized for infinitex (23).

Heisenberg’s explanation for ferromagnetism was baseddmagge energy, i.e. the Pauli
principle and spin-independent repulsive interactiontsvben the electrons. However, it re-
mained an open question, what other “ingredients” were e é&af itinerant ferromagnetism. It
was only in 19958, 7), that a rigorous proof was given that, in certain latticgsn-independent
Coulomb interactions can give rise to ferromagnetism mmettant electron systems. Our find-
ing implies that Heisenberg’s idea does not require a ktticd band structure, but applies
already to a free gas with short-range interactions. Oueexyent can be regarded as quantum
simulation of a Hamiltonian for which even the existence phase transition was unproven.
This underlines the potential of cold atom experiments antium simulators for many-body

physics.
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Figure 1: Ferromagnetic phase transition at T=0, accorttitbe mean-field model described
in the text. The onset of itinerant ferromagnetism occuremvthe energy as a function of

magnetization flips from a U-shape to a W-shafg Figure 8) shows the enthalpy, volume

and kinetic energy (normalized to their values for the idéaimi gas), and magnetization as a
function of the interaction parametera. Note thatk - is defined by the density of the gas. The
dotted line marks the phase transition.
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Figure 2: Atom loss rate as a probe for local spin polarizatior different temperatures. (a)
T/Tr = 0.55 (dashed curve), (B)/Tr = 0.22 (dotted curve), and’/Tr = 0.12 (solid black
curve). The curves are guides to the eye, based on the assarapa loss rate which saturates
for increasing: in the normal state. The shaded area around the phaseitarsit /T = 0.12
highlights the same region as in Figs. 3 and 4.

10



MagneticFeld [G
6(|)0 7[‘30 7EI30 8([)0 8?0 SFS 818

uARULTIN
L e
AT
SV
R
- +
. ., .+++”+'+
— T

Interaction Parameterk’ra

Figure 3: Kinetic energy of a repulsively interacting Feigas determined for different inter-
action parametersj.a and temperatures. The measured kinetic energy is norrdabygehe
Fermi energyEs. of the noninteracting Fermi gas At0, calculated at the trap center with the
same number of atoms per spin state. Each data point repsd¢beraverage of three or four
measurements.

11



A Magnetic Feld [G]
6|00 750 780 8?0 8?0 815 818

1000 120
] : ! ¢
800 ¢ 110
- L 100
600 —| + + w
I ® L
400 + T/TF=0.55 ”
F=0.
% | I I I 105"
= 750 — B S
+ g
= 700 100 @
S o] oo @
&£ +¢¢ + ®e 95 8
< 600 — + * ' [e}
Q ° 90 O
€ 550 — =
e — 85 3
S 507 o T/Tr=0.22
[ I "] [ [ [
750 | . #++ + —105
700 — * . + g + —100
650 —| +
+ 95
600 | +
TME=012| o
[ [ [ [ [
0 2 4 6 8
B 6|00 7f0 780 8?0 8?0 8?5 81|8
|
104 o ° e o
g 08 ‘& y °
E | ® o000 o0 o o °
> |
3 08
D 04
O
5 0.2 — @ Atoms+Molecules
O Atoms
00—

[ [ [ [ [
0 2 4 6 . 8
Interaction Parameterk ra

Figure 4: Maximum in volume at the phase transitié) Axial size and chemical potential of
the cloud for various temperatures. The chemical potentialdetermined from the measured
cloud sizeg, asu = %mwzzazz (B) Number of particles including both atoms and molecules
right after the field ramp. This result shows that 25 % of atevase converted into molecules
during the field ramp, and this fraction stayed constantfar > 1.8, where the phase transition

was reached. This molecule fraction was independent ofeestyre.

12



R

1

N

[o2]

\l

10

11

12

13

14

eferences and Notes

. F. Bloch,Z.Phys57, 545 (1929).

. E. StonerPhil. Mag. 15, 1018 (1933).

. E. Lieb, D. MattisPhys. Revi25 164 (1962).

. P. W. Brouwer, Y. Oreg, B. |. Halperi®hys. Rev. B0, R13977 (1999).

. D. Vollhardt, N. Blumer, K. Held, M. KollarMetallic Ferromagnetism - An Electronic

Correlation Phenomenorecture Notes in Physics, Vol. 580, Springer, Heidelb2af)1.
. H. TasakiPhys. Rev. Lett5, 4678 (1995).
. A. Tanaka, H. TasakRhys. Rev. LetB8, 116402 (2007).

. D. W. Snoke,Solid state physics:Essential concegpfgldison-Wesley, San Francisco,

2008).
. D. Wollhardt,Rev. Mod. Phy<6, 99 (1984).
. J. PfarrZ.Phys 251, 152 (1972).
. J. Stengeket al, Nature396, 345 (1998).

. L. E. Sadler, J. M. Higbie, S. R. Leslie, M. Vengalatt@eM. Stamper-KurnNature443
312 (2006).

. T. Lahayeet al., Nature448 672 (2007).

. M. Inguscio, W. Ketterle, C. Salomod]tracold Fermi Gases, Proceedings of the Interna-

tional School of Physics "Enrico Fermi”, Course CLXIWOS Press, Amsterdam, 2008).

13



15

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29

. M. Houbiersgt al, Phys. Rev. A6, 4864 (1997).

L. Salasnich, B. Pozzi, A. Parola, L. ReattoPhys. B: At. Mol. Opt. Phy83, 3943 (2000).
M. Amoruso, I. Meccoli, A. Minguzzi, M. TosEur. Phys. J. 8, 361 (2000).

T. Sogo, H. YabuRhys. Rev. &6, 043611 (2002).

R. A. Duine, A. H. MacDonald?hys. Rev. LetB5, 230403 (2005).

I. Berdnikov, P. Coleman, S. H. Simdphys. Rev. B9, 224403 (2009).

S. Zhang, H. Hung, C. WarXiv:0805.3031v42008).

L. J. LeBlanc, J. H. Thywissen, A. A. Burkov, A. ParameakaRhys. Rev. 80, 013607
(2009).

See supporting material &tienceOnline.

J. Kinastet al., Science807, 1296 (2005).

M. W. Zwierlein,et al, Phys. Rev. LetB1, 250401 (2003).
J. P. D’Incao, B. D. Esrghys. Rev. Let®4, 213201 (2005).

The interpretation of the loss rate is complicated sjf{ee?’) is unkown forkra > 1. The
three body ratef(a, T") is expected to be unitarity saturated fgra > 1 (33). The lines in
Fig. 2 indicate that the observed loss rate is consistehtumitarity saturation and a sudden

drop at the phase transition, which occurs at large valués ot higher temperature.

Y. Shin, M. W. Zwierlein, C. H. Schunck, A. Schirotzek, Wetterle, Phy. Rev. Lett97,
030401 (2006).

. T. Bourdelget al, Phys. Rev. LetB1, 020402 (2003).

14


http://arxiv.org/abs/0805.3031

30. S. Guptaet al,, Science800, 1723 (2003).
31. P. Nozieres, S. Schmitt-Rink, Low Temp. Phy&9, 1 (1985).
32. J. Carlson, S. Reddihys. Rev. LetB5, 060401 (2005).

33. T. Weber, J. Herbig, M. Mark, H.-C. Nagerl, R. GrimRhys. Rev. Let@1, 123201 (2003).

34. This work was supported by the NSF and ONR, through a MU&j1am, and under ARO
Grant No. W911NF-07-1-0493 with funds from the DARPA OLE gmram. G.-B. Jo and
Y.-R. Lee acknowledge additional support from the SamsungmBation. We would like to
thank E. Demler, W. Hofstetter, A. Paramekanti, L. J. LeBlaand G.J. Conduit for useful

discussions, T. Wang for experimental assistance, and Ah&tefor development of the

computer control system.

15



Supporting materials:
Itinerant Ferromagnetism in a Fermi Gas of Ultracold Atoms

Materials and Methods

Preparation of the ultracold °Li cloud The first step is the production of a spin-polarized
Fermigasinthel = 3/2, mp = 3/2) state by sympathetic cooling with boso#itla atoms in
amagnetic trap as described in r8fl\. The®Li cloud was then loaded into a deep optical dipole
trap with a maxium power of 3W and radial trap frequency~&.0 kHz, followed by an RF
transfer into the lowest hyperfine stafe= 1/2, mp = 1/2). Additional axial confinement was
provided by magnetic fields. An equal mixture|®f and|2) spin states (corresponding to the
| =1/2,mp =1/2) and|F = 1/2, mr = —1/2) states at low magnetic field) was prepared
by a Landau-Zener RF sweep at a magnetic field of 590 G, folidwel s for decoherence and
further evaporative cooling at 300 G. Finally, the opticgabping potential was adiabatically
reduced over 600 ms, and the field increased back to 590 Grdhead a depth of 74K and

was nearly cigar shaped with frequencigs= v, ~ 300 Hz andv, ~ 70 Hz.

Supporting online text

Estimation of the maximum total repulsive energy Full phase separation at zero tempera-
ture requires a total repulsive energy(af/® — 1) = 0.59 in units of 3/5(2Vn)Er. At finite
temperaturd’, one has to add'S whereS = (2Vn)kgin2 is the entropy difference between
the two phases. Our tentative observation of a ferromagpétase al” = 0.397 implies a
repulsive energy ot 1.04 assuming full phase separation, larger than the maximuarcétin

energy of 0.59.
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Fig. SI (A) The schematic shows the time sequence of the experimeetsdinple was
exposed to the magnetic field of interest for 0 - 14 ms and aedlin-situ for loss measurement
or after 4.6 ms time-of-flight for the measurement of kinetiergy and the axial size of the
cloud. The Feshbach fields were suddenly switched off ateaobtlG/us, preventing the
conversion of interaction energy into kinetic energy dgrine expansion.B) This absorption
image shows thél) component of the cloud trapped at 812 G (left), and after d&@allistic
expansion imaged at zero field (right). The field of view48,mx550m. The magnetic field
ramp was limited by eddy currents to 4.5 ms. Spectroscopasomrements of the magnetic field
showed that the field was trailing behind the current whick a@ntrolled with a time constant

faster than 1 ms.
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