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Observation of Anomalous Spin Segregation in a Trapped Fermi Gas
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We report the observation of spin segregation, i.e., time-dependent separation of the spin density
profiles of two spin states, in a trapped, coherently prepared Fermi gas of °Li with a magnetically tunable
scattering length a;, close to zero. For |a,| = 5 bohr, as the cloud profiles evolve, the measured
difference in the densities at the cloud center increases in 200 ms from 0 to = 60% of the initial mean
density and changes sign with a;,. The data are in disagreement in both amplitude and temporal evolution
with a spin-wave theory for a Fermi gas. In contrast, for a Bose gas, an analogous theory has successfully
described previous observations of spin segregation. The observed segregated atomic density profiles are
far from equilibrium, yet they persist for = 5 s, long compared to the axial trapping period of 6.9 ms. We
find the zero crossing in a;, = 0, where spin segregation ceases, at 527.5 = 0.2 G.
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Ultracold Fermi gases near a collisional (Feshbach)
resonance [1] exhibit strong interactions [2] and offer un-
precedented opportunities to test nonperturbative quantum
many-body theory in systems from high temperature super-
conductors to nuclear matter. Near the resonance, a bias
magnetic field tunes the interaction between two spin states
from strongly repulsive to strongly attractive. These
strongly interacting Fermi gases have been extensively
studied over the past few years [3]. In contrast, the weakly
interacting regime of a Fermi gas near a zero crossing of a
Feshbach resonance has received relatively little attention.
In this regime, the s-wave scattering length for atoms in
opposite spin states can be tuned smoothly from small and
positive to small and negative as a bias magnetic field is
varied.

We report the observation of anomalous spin segregation
in an optically trapped Fermi gas of °Li with a bias mag-
netic field near 528 G, close to the zero crossing of the scat-
tering length a;,. The sample is prepared in a coherent
superposition of the two lowest energy spin states |1) and
|2), with equal populations and the same atomic density
profiles. After several hundred milliseconds, the spatial
densities segregate strongly, with one spin state moving
outward and one moving inward, as shown in Fig. 1. Segre-
gation does not occur in incoherent mixtures. Previously, a
theory of overdamped longitudinal spin waves [4—6] has
been used to explain the spin segregation that was observed
in a Bose gas [7]. The corresponding theory for a Fermi gas
correctly predicts our observation that the roles of the spin
states are interchanged when the sign of a, is reversed.
However, for the conditions of our experiments, this theory
predicts a maximum ==0.2% difference in the densities of
the two spin states at the cloud center that oscillates at a
rate near the axial trap frequency of 145 Hz. In contrast, we
observe a maximum difference of =60% that builds up
slowly over 200 ms and decays over several seconds.

In the experiments, a sample of °Li atoms in a 50/50
mixture of the two lowest hyperfine states is loaded into a
CO, laser trap with a bias magnetic field of 840 G, where
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the two states are strongly interacting. Evaporative cooling
is performed to lower the temperature of the sample [2].
The magnetic field is then increased in 0.8 s to a weakly
interacting regime at 1200 G, where an on-resonance opti-
cal pulse of 15 ws is applied to remove atoms of one state
while leaving atoms in the other state intact. With the
single state present, the magnetic field is lowered in 0.8 s
to 528 G, near the zero crossing. Then an rf pulse is applied
on the |1) — |2) transition to create spin coherence. We
determine the Rabi frequency to be =120 Hz by observing
coherent oscillations in the population for a resonant rf
pulse. However, to obtain long term stability in the experi-
ments, we sweep the frequency by 35 kHz during a 40 ms rf
pulse in order to transfer about 50% of the atoms. The rf
frequency sweep is centered at the hyperfine transition
frequency ~75 MHz at 528 G. Note that, as the frequency
passes through resonance, coherence is created on a time
scale of a few milliseconds, short compared to the time for
the total sweep and for spin segregation to occur. We
control the amplitude of the spin transfer by varying the
sweep rate. Finally, we take absorption images of atoms in
both states (in separate experimental cycles) at various
times after the swept rf pulse. Each cloud profile is ob-
tained 400 us after release of the cloud, permitting the
cloud to expand in the radial direction for improved
imaging, while the axial distribution changes negligibly.

state 1 state 2

FIG. 1 (color online). Absorption images (states 1 and 2) taken
at 200 ms after the rf pulse for 526.2 (scattering length a;, < 0)

and 528.8 G (a;; > 0). Each image is 1.2 mm in the horizontal
direction.
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At the final optical trap depth, the measured trap oscilla-
tion frequency in the transverse directions is w | = 27 X
4360 Hz, while the axial frequency is w, = 27 X 145 Hz
at 528 G. The total number of atoms is N =~ 2.0 X 10%. The
corresponding Fermi temperature is T = 7 uK. The trap-
ping potentials U; and U, for atoms in the two states
differ slightly in the axial direction, due to the small
difference in their magnetic moments and the magnetic
field curvature, which we determine by measuring the
magnetic field-dependent axial trapping frequency for
shallow optical traps. We find d*[(U, — U,)/h]/dz* =
4.4 X 107* Hz/um?. As in the Bose gas studies [7], the
difference in the trapping potentials of the two states is
4 orders of magnitude smaller than the thermal energy kT
and cannot account for our observations.

We find that the spin segregation is not sensitive to the
temperature of the cloud. We observe spin segregation over
the range from a degenerate Fermi gas (7 = 0.157F) to a
nondegenerate one (T = 4T). All of the data shown in this
Letter were taken in the nondegenerate regime.

The experimental results for spin segregation as a func-
tion of bias magnetic field are summarized in Fig. 2(a).
Note that the magnetic fields are precisely calibrated with
an rf spectroscopic technique, as described below. In Fig. 2,
the sample temperature is 7 =~ 27 wK, and the peak atomic
density is 1.2 X 10'?/cm?. The axial 1/e width for a fit of a
Gaussian distribution to the initial density profile of the
trapped cloud is =300 um. For this axial size, the hyper-
fine transition frequency varies by =20 Hz across the
sample. From the measured trap frequencies and the axial
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width, the estimated radial 1/e width of the trapped cloud
is 10 um. The corresponding variation in the transition
frequency is negligible.

Spin segregation observed in an ultracold Bose gas [7]
has been described previously as an overdamped spin wave
[4-6]. The basic idea can be described in terms of a Bloch
vector. We take the axis w as the ““longitudinal” population
inversion and the axes u and v as the “transverse’” coher-
ence. An rf pulse prepares a coherent superposition of spin
up and spin down with polarization in the u-v plane. As
noted above, the hyperfine transition frequency varies
along the long axial direction of the sample by ~20 Hz.
After the rf pulse, the inhomogeneous precession of the
Bloch vectors about the w axis starts to build up a spin
orientation gradient in u-v plane along the axial direction.
Meanwhile, atoms with different spins move around and
collide with each other. The interaction due to the binary
collision leads to precession of each atom’s spin about the
total spin vector of both atoms. Since both atoms have
spins in u-v plane, the precession of each spin about the
total spin in u-v plane produces spin components out of the
u-v plane. The subsequent formation of a w component
leads to a spatially varying population inversion and ac-
counts for the spin segregation.

We tried to use a spin-wave theory to explain the spin
segregation observed in our experiment. We derived equa-
tions for the spin density and spin current using a Wigner
function operator approach [8]. The Wigner phase space
operators are written in terms of position space creation
and annihilation operators

10 sec

AN
state 2 w,.-"‘.\,‘ ,‘,,/\.,‘, ,/A\_ ,./r\w wf\\q w/\\v W/\““

state 2 w”\‘m A m‘/ﬁ\\\ Mf\\.,, ..««/\“‘\w »/,\"« M/’\\\ T T T T T T T
(5293 G;+ 6.3ag)  Oms 40ms  200ms  400ms  2sec 5 sec orsee o Gy
ry position (um)
R AN AN AN AN AN AN AW (b)
state 2 A m .»Mm ....le\\ ,v/w\\- r‘/\w ""/‘\w T T T T T
(5322G;+16529) Oms  40ms  100ms 200ms 1sec  2sec  Ssec o ﬂ ]
state 1 M/A\N ,x/\l\"\— M/’A\M »,«/\»». /.\Nw /”\"‘ /\\““ 50.4_ } } { { i

state 2

(534.2G; +23.52p)  Oms 20ms  50ms 200ms 600 ms

state 1

state 2
(@)

FIG. 2 (color online).
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(a) Axial atomic density profiles n, and n, (integrated over transverse directions) versus time relative to the

end of the rf pulse for different magnetic fields and scattering lengths (B, a;,). a;, is estimated with a;,(B) = d(B — By), where
a = 3.5ay/G [13,14] and B, = 527.5 G is the zero crossing measured in the experiments. Note that different graphs have different
time scales; (b) ny — n; at 200 ms for B = 526.2 G in units of ny = (1,9 + nyy)/2. Here nq is the spin density for state i = 1, 2 at the
trap center before spin segregation occurs. The solid red curve is the prediction at maximum segregation multiplied by a factor of 200,
which oscillates in time with a period of =~ 7 ms, inconsistent with our observations; (c) n, — n; at the trap center versus time for
B = 526.2 G. The spin density relaxes back to equilibrium at 10 s.
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The Heisenberg equations are Waa/ (r,p) = é
[H, W, (r,p)], where H is the Hamiltonian operator

2
H= Zfdsmﬁ(r)[—;—mw +U; + hwj}zj(r)
J
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X 4 ()i (xy),

with U; =1ime] (@2 +)?) +imolz? and  wuy(r; —
r,) = %hgjké‘(rl —1,). Here j and k refer to states |1) or
|2); U is the total external potential (combined optical and
magnetic) for atoms in state j; hw; is hyperfine energy of
state j; gjx = 47Thajk/m, with m the atomic mass; aj is
the scattering length for atoms between state j and state k.

Spin density operators §, = [/} (r)f,(r) + H.c.]/2,
etc., can be written in terms of the momentum integral of
the Wigner phase space operators: [ W, (r, p)dip =
gfr;’, (r),(r). The corresponding spin current operators
are obtained from [(p/ m)W o (r, p)d°p.

We obtain the spin-wave equations for both a Bose gas
and a Fermi gas:

(i)
% +V-J0 = (@ x 8)0,

(i) -
0 L avsh = (@ X )0 — 430 — Lsoyy @)
ot 2m

1 )
- VU/(I),
4dm "

where Q = (wy + Sw; + w,)2, Sw,; = (U, — U,)/h,
Swy =2g1 0 —280nn, —2(e + 1)gps¥, Q' =0+
2€g1,S, U=U,+ U, + 2hgn, + 2hgyn, + hgpn,
and U’ = hQ'. S is the spin density component in direc-
tion i = x, y, z. For example, S = (n, — n,)/2, with n,
and n, the atom densities in states |1) and |2), respectively.
J9 is the spin current corresponding to spin component i
[9]. wo/27 is the hyperfine transition frequency. n is
the total atom density, « = kzT/m, and 7 is the relax-
ation rate. € = +1(—1) for bosons (fermions), and a,; =
ay, = 0 for fermions.

Numerical simulations based on these equations quanti-
tatively reproduce prior calculations of spin segregation in
Bose gases [4—6] that agree with the experiments [7]. In the
Bose gas experiments, the times for spin segregation and
for the cloud to relax were comparable to the axial trap
period of 160 ms, and g;,n = 27 X 140 Hz. For the con-
ditions of our experiments in Fermi gases (axial trap fre-
quency 145 Hz, g,n = 27 X 7 Hz at B = 526.2 G), the
spin-wave equations correctly predict the inversion of the

roles of the spins when the scattering length a;, is reversed
in sign. However, the theory predicts that the difference in
the spin density profiles oscillates with a period of 6.9 ms,
close to the axial period. In contrast, for measurements on a
millisecond time scale, we observe no oscillation. Further,
as shown in Fig. 2(b), the simulation (solid red curve) is a
factor of 200 smaller than the data. Here we assumed that
the coherence was created instantaneously at time ¢ = 0,
and we show the result at ¢ = 3.2 ms where the maximum
occurs. The observed difference in the densities smoothly
increases over 200 ms before relaxing back to equilibrium
over several seconds as shown in Fig. 2(c), in contrast to
the oscillatory prediction. Since the relaxation time is
several seconds in our experiments, the simulation is in-
sensitive to the choice of y, and we show the curve for
v = 0 in Fig. 2(b).

Figure 2(a) also shows that the time for the cloud to relax
back to its original density profile increases as the scatter-
ing length is reduced in magnitude. For example, at
526.2 G, where the scattering length is about —4.6q,
spin segregation can be maintained for up to 5 s, although
the trap axial period is 6.9 ms. This result is strikingly
longer than that observed in the previous experiments with
a Bose gas [7], where the spin densities relaxed from
maximum segregation back to their original profiles on a
time scale of the axial trap period, =~ 200 ms. We attribute
the long time scales to the facts that ultracold fermionic °Li
atoms interact only via s-wave scattering between opposite
spin states and that the °Li scattering length a,, near the
zero crossing is —4.6a,, much smaller than for the Bose
gas experiments, where a;, ~ 100q, for 8’Rb.

Spin segregation is difficult to observe when the mag-
netic field is too close to the zero crossing, for example,
527.3 G in Fig. 2(a), where a;, = —0.7a,, as the segrega-
tion time is very long and far exceeds the decoherence
time. We have measured the decoherence time by observ-
ing the net population transfer as a function of time delay
between two time-separated rf pulses and obtained 70 ms,
comparable to the longest spin segregation time of 200 ms
that we observe. This decoherence time is consistent with
the estimated frequency inhomogeneity of 20 Hz across the
sample. Spin segregation is also difficult to observe very
far from the zero crossing, ~15 G above or below. Here the
scattering length is large, and collisional relaxation is fast
compared to the time for spin segregation.

In an additional experiment, we create a sample that
reaches the maximum spin segregation in 200 ms at 529 G.
Then we immediately blow out atoms of one state using a
resonance optical pulse and take images of the remaining
state at various times after the optical pulse. The profile of
the remaining state decays in ~2 s, demonstrating that
slow relaxation of one state does not depend on the pres-
ence of the other state. The double-peak and one-peak non-
Gaussian atomic density profiles observed in our experi-
ments are far from equilibrium. It is remarkable that we
can create a nonequilibrium stationary system that has such
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FIG. 3 (color online).

Axial atomic density profiles at 200 ms after coherence is created by an rf pulse, for different magnetic fields.

The zero crossing point in the scattering length is determined by observing the change in the sign of the difference in the spin densities

as the magnetic field is varied.

a long lifetime (~2 s) compared to the axial trap period
6.9 ms and segregation time ~200 ms.

Previous experiments have shown that a zero crossing
occurs in the |1) — |2) scattering length of °Li near 528 G
[10,11]. We now describe a new determination of the zero
crossing based on the behavior of the spin segregation as
the magnetic field is varied. As described above, the roles
of the spin states are interchanged as the scattering length
a;, changes sign from negative to positive. Figure 2(a)
shows data for a;, <0 at 526.2 G and for a;, >0 at
529.3 G. Taking advantage of the fact that spin segregation
slows for magnetic fields very close to the zero crossing,
we determine the zero crossing precisely. We take absorp-
tion images of both states at 200 ms after the rf pulse for
different magnetic fields. Figure 3 shows a clear change in
the spin segregation behavior from 526.2 to 529.3 G. The
magnetic fields are calibrated by rf spectroscopy using the
Hamiltonian for the °Li ground state hyperfine interactions
in a magnetic field:

a
Hyu =258 1-E8gS+gD) B ()

where pug/h = 1.399 624 604 MHz is the Bohr magneton,
aps/h = 152.136 8407 MHz [12] is the ground state mag-
netic hyperfine constant for °Li, g, = —2.002301 0 [12] is
the total electronic g factor for the °Li ground state, g; =
0.000447 654 0 [12] is the nuclear g factor, % is Planck’s
constant, and B is the bias magnetic field.

The transition in the behavior of the segregation occurs
at 527.5 G, which is determined as follows. We fit the axial
atomic density profiles of both states with a Gaussian
distribution for the data taken at 527.3 and 527.8 G. For
each data set, we derive Gaussian widths of both clouds
and their ratio. The ratio of the width of state |1) to that of
state |2) is greater than 1 for 527.3 G and less than 1 for
527.8 G. By interpolation, we find the point where the ratio
of widths is equal to 1, which determines the value of
magnetic field 527.5 = 0.2 G (the error bar is the quadratic
combination of the shot-to-shot fluctuation of the magnetic
field setting and the magnetic field calibration error arising
from the rf spectrum fit). Since no spin segregation occurs
with the scattering length of zero, we interpret the value of
magnetic field where the ratio of widths is 1 to be the zero
crossing.

In conclusion, we have observed spin segregation in a
trapped ultracold atomic Fermi gas of °Li with a scattering
length close to zero. The large discrepancies between the
observed and predicted spin segregation for the conditions
of our experiments appear to require a modification of the
current theory based on spin waves or possibly a new
mechanism. A possible explanation may involve the very
small scattering length a;, and correspondingly long re-
laxation time to thermal equilibrium, which may lead to a
violation of the factorization assumption (Wick’s theorem)
used to derive the spin-wave equations. In addition, using
spin segregation, we have precisely determined the zero
crossing in the scattering length of °Li.
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