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Spin Excitations in a Fermi Gas of Atoms
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We have experimentally investigated a spin excitation in a quantum degenerate Fermi gas of atoms.
In the hydrodynamic regime the damping time of the collective excitation is used to probe the quantum
behavior of the gas. At temperatures below the Fermi temperature we measure up to a factor of 2
reduction in the excitation damping time compared to the classical expectation. In addition, we observe
a strong excitation energy dependence for this quantum statistical effect.
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Studies of elementary excitations have proven to be an
effective tool for investigating the dynamics of dilute, ul-
tracold atomic gases [1]. These systems are fertile testing
grounds for many-body quantum theory because the inter-
actions, which arise via collisions between the constituent
atoms, can be described from first principles. For fermions
there are essentially no interactions in a single-component
gas at ultralow temperature. However, an interacting Fermi
gas was recently realized using magnetically trapped “’K
atoms in two different spin states [2]. The collective ex-
citation behavior for such a mixed spin component Fermi
gas is rich and has been investigated theoretically in both
the collisionless and hydrodynamic regimes [3—-8]. Stud-
ies of spin excitations may also serve to expose the onset
of a superfluid phase in the Fermi gas [8—10]. In the work
presented here, we use a dipole (“slosh™) spin excitation in
the hydrodynamic regime to probe a Fermi gas of magneti-
cally trapped “°K atoms. This type of excitation, which
was previously shown to be sensitive to interactions [11],
is shown here to probe quantum statistical effects in dy-
namics of the Fermi gas.

The production of an interacting Fermi gas of atoms
follows our previous experimental procedure [2,12].
Fermionic “°K atoms are magnetically trapped in two spin
states (the my = 9/2 and my = 7/2 Zeeman states in
the f = 9/2 hyperfine ground state) in order to permit
the s-wave collisions necessary for evaporative cooling to
ultralow temperature. As in all experiments with atomic
Fermi gases [12—14], two components are required be-
cause collisions between identical fermions are forbidden
by symmetry at the temperatures of interest. The interac-
tions therefore arise in the gas from collisions between,
but not within, the m; = 9/2 and my = 7/2 components.

In the magnetic trap, the my = 9/2 and m; = 7/2 com-
ponents have slightly different single-particle harmonic os-
cillator frequencies because of a small disparity in their
magnetic moments. This small difference in the bare har-
monic oscillator frequencies determines the collision rate
necessary to reach the hydrodynamic regime for the type
of excitation used in this work [11]. For the measurements
described in this Letter, the single-particle oscillator fre-
quencies for the my = 9/2 component were 256 Hz radi-

040405-1 0031-9007/02/88(4)/040405(4)$20.00

PACS numbers: 05.30.Fk

ally and 19.8 Hz axially [15]. The bare trap frequencies
for the m; = 7/2 component are reduced from these val-
ues by a factor of \/m

The excitation studies used a gas of 0.7 X 10° to 3.3 X
10% atoms, in a nearly equal mixture of the two-spin states,
cooled to a temperature between 0.24 and 2.0 uK. A
dipole, or slosh, oscillation was excited by shifting the trap
center for approximately half of an axial period (28 ms)
along the axial trap direction as described in Ref. [11].
The resulting motion of the gas, involving center-of-mass
oscillation of each component about the trap center, was
allowed to evolve in the magnetic trap. Before imaging
the gas, the magnetic trap was quickly turned off so that
the gas expanded ballistically for 16 ms. During the ex-
pansion, the two components were spatially separated by a
magnetic field gradient [2,16]. The number, temperature,
and center of mass of both components were determined
from independent fits to each absorption image taken af-
ter expansion. The dynamics of the dipole excitation were
mapped out by varying the evolution time in the magnetic
trap before release.

The center-of-mass positions of both components were
recorded as a function of time and then fit simultaneously
to exponentially damped harmonic motion in order to ex-
tract the normal mode frequency and damping rate. The
two normal modes of the system transform from indepen-
dent oscillations at the bare trap frequencies in the colli-
sionless regime to in-phase and out-of-phase oscillations in
the hydrodynamic regime [11]. Because the out-of-phase
mode is overdamped in the hydrodynamic regime, we
probed only the “in-phase” mode. However, the motion
of the two components is not perfectly in phase due to
the difference in the bare trap frequencies for the two spin
states. The mode we observe consists primarily of sloshing
of the entire gas along the axial trap direction, but also in-
cludes a small amount of relative motion between the two
spin components. This relative motion provides sensitivity
to interactions and gives rise to an axial magnetization in
the cloud’s center-of-mass frame that oscillates in space
and time.

This type of excitation is reminiscent of the well-known
spin waves in quantum fluid and solid state systems, and
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is similar to the spin waves observed in spin-polarized
hydrogen gases [17]. The existence of a spin excitation
requires a spin dependent interaction. In our case, spin
dependent forces arise from the magnetic trapping poten-
tial and also from the quantum nature of the collisions.
Even at temperatures well above the degenerate regime for
bosons or fermions, the quantum statistics distinguishes
collisions between atoms in the same internal state and
those between atoms in different internal states. Spin then
serves as a marker that distinguishes two different Fermi
gases. One might expect that collisions between atoms in
different spin states would strongly damp a spin excitation,
which must involve relative motion of the two-spin com-
ponents. However, the nearly in-phase normal mode that
we study here has a relatively small amplitude of the varia-
tion in magnetization.

Before probing the quantum Fermi gas, we explored the
spin excitation in the nondegenerate regime [11]. While
the frequency of the spin excitation was nearly indepen-
dent of the collision rate I'¢,); in the gas, the damping time
depended linearly on I'.o;. In Fig. 1 we plot the measured
exponential damping time 7 for the spin excitation vs the
average collision rate per particle, I'co;1. The collision rate
per particle is defined by ['con = 2nov /(N9 + N7j2),
where the density overlap n = [ ng/(r)ny(r)dr, the
total number of atoms Ng/» + N7/, and the mean rela-
tive speed v for a collision between a my; = 9/2 and
my = 7/2 atom are determined from Gaussian fits to the
absorption images. The s-wave cross section is given by
o = 4ma?®, where the triplet scattering length for *°K is
a = 169ag [18] (ag is the Bohr radius). The data in Fig. 1
are taken in the nondegenerate regime, with the tempera-
ture T of the gas greater than the Fermi temperature Tr
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FIG. 1. Damping time of the spin excitation. The exponential
damping time 7 of the nearly in-phase normal mode is plotted
versus the collision rate per particle, I'co;. A fit of the data to
a classical kinetic model is shown by the solid line. The data
shown here are taken in the nondegenerate regime 7/Tr > 1,
and with sufficiently high I'con to be in the regime of hydro-
dynamic behavior. The vertical error bars in 7 represent the
uncertainty from the fits to the center-of-mass motion of the
gas, while the horizontal error bars represent variation in I'coy
during the oscillation measurement.
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for either spin-state component. The Fermi temperature
depends on the number of atoms N and the radial and
axial harmonic oscillator frequencies w, and @, through
Tr = l(6w?w.N)'3/ky [19].

As expected, the damping time increases linearly with
the collision rate in the hydrodynamic regime [20]. The in-
crease in damping time, or equivalently reduction in damp-
ing rate, is due to the fact that the higher collision rate
more firmly establishes the collective excitation. The data
in Fig. 1 are fit to a classical kinetic model [11], where the
spin components are treated as two harmonic oscillators
coupled by collisional viscous damping. The data agree
well with the model, which includes a scaling constant on
the collision rate axis as the only fit parameter. The best
fit value for this scaling factor is within our estimated 50%
uncertainty in determining the number of atoms.

The quantum nature of the gas is revealed through
changes in the excitation dynamics as the gas is cooled
below Tr. The damping time of the dipole oscillation is
measured for an equal mixture of m; = 9/2 and my =
7/2 atoms as the temperature of the gas is varied through
forced evaporative cooling. The emergence of quantum
behavior below Tr is observed by comparing the mea-
sured damping time 7 to the classical prediction 7Tcjug in
the hydrodynamic regime. The measured spin excitation
damping time is shown in Fig. 2. The classical prediction
is determined by the value of I'c; inferred from the
measured n, v and Ng/» + N7/o and the fit shown in
Fig. 1.
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FIG. 2. Effect of quantum degeneracy on the spin excitation
damping time. At low T /Tr the measured damping time 7 is re-
duced compared to the classical expectation 7.),ss. The classical
expectation 7¢juss is obtained from the measured collision rate
per particle using the fit shown in Fig. 1. The y-axis error bars
in this figure and in Fig. 3 include the uncertainties from the fit
to the center-of-mass motion, the variation in I'co;; during the os-
cillation measurement, and the fit from Fig. 1. Variation in the
temperature during the oscillation measurement is represented
by the error bars for T/Trg/. The data agree well with the
theoretical prediction from a quantum kinetic calculation (solid
line) of the effect of Pauli blocking on the collision rate.
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At low T/Tp we observe that the damping time de-
creases significantly compared to the classical expectation.
This change in the damping arises from a quantum statisti-
cal suppression of collisions. In the degenerate Fermi gas
low energy quantum states have an occupancy approaching
one. This fact combined with the Pauli exclusion principle
suppresses the elastic collision rate through a reduction of
allowed final states. As seen in Fig. 1, lowering I'cop in
the hydrodynamic regime results in a shorter damping time
(or equivalently a higher damping rate). Thus by reducing
I"con, Pauli blocking hinders the ability of the collective ex-
citation to propagate in the quantum regime. Ultimately,
in the zero temperature limit one expects the gas to reach
the collisionless and zero-sound regime.

The data in Fig. 2 are compared with the prediction
of a quantum kinetic calculation of the I'.,); suppression
due to Pauli blocking [21], shown by the solid line. The
calculation includes the difference in trap frequencies for
the my = 9/2 and my = 7/2 components and assumes an
equal mixture of atoms in the two spin states. For compari-
son with the measurements, we have plotted the calculated
quantum collision rate normalized by the collision rate cal-
culated without Pauli blocking. The nearly factor of 2 re-
duction in 7 (compared to the classical result that neglects
Pauli blocking) observed at our lowest 7/Tf agrees with
the theory.

Pauli blocking of collisions was seen previously in mea-
surements of rethermalization rates in the two-component
Fermi gas [2]. Although both the data in Fig. 2 and the
previous results can be understood in terms of the very
general quantum effect of Pauli blocking, it is important
to note that the two experiments probe very different dy-
namics. In fact, the sign of the measured effect in the two
experiments is opposite. The measured rethermalization
time increased in the quantum regime, while the measured
damping time shown in Fig. 2 decreases in the quantum
regime.

The damping rate for the collective excitation also
exhibits a strong amplitude dependence in the quantum
regime. The dependence of the exponential damping time
on the center-of-mass oscillation amplitude A is shown
in Fig. 3. The slosh excitation amplitude A is compared
to the axial rms size oy of the my = 9/2 component.
The quantity (A/oms)?, measured after expansion, is
proportional to the ratio of the slosh excitation energy
to the internal kinetic energy per particle. Data in
Fig. 3 were taken with a gas at T/Tr9/» = 0.4 and one
at T/Trg/, = 1.2, corresponding to the quantum and
classical regimes. For the nondegenerate gas we observe
no nonlinearity and the damping time is independent of
the excitation amplitude over a wide range of excitation
energy. In contrast, in the quantum regime we observe
a strong amplitude dependence to the damping time. In
order to minimize the impact of this nonlinearity the data
with T/Tr < 1 in Fig. 2 were taken with (A/0ms)? <
0.01.
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FIG. 3. Nonlinear excitation dynamics. Data for a nondegen-

erate gas at T/Tr = 1.2 are compared to data for a gas in the
quantum regime at 7/Tr = 0.4. For the high temperature data
the measured damping time 7 matches the classical expectation
(dotted line) 7¢,5s Over a wide range of excitation amplitude A.
In the quantum regime, however, the Pauli blocking effect on 7
is strongly reduced as the relative amplitude A/ oy, increases.

The observed nonlinearity presumably comes from the
energy dependence of the Pauli blocking effect on colli-
sions. A large excitation amplitude increases the average
collision energy, and therefore reduces the impact of Pauli
blocking. For example, a collision in which an atom gains
an energy which is very small compared to the Fermi en-
ergy, Er = kpTr, will be strongly suppressed in a quan-
tum degenerate gas. Conversely, a collision in which an
atom gains an energy that is larger than Er will not be
suppressed at all. We find that the effect of Pauli block-
ing on 7 is significantly reduced for relatively small slosh
amplitude. This nonlinear behavior could provide a probe
of the Fermi sea structure through the energy dependence
of Pauli blocking. Future work along these lines would
require a quantitative model for comparison with the ob-
served effect.

In conclusion, we have used a collective spin excita-
tion in the hydrodynamic regime to probe the interplay
between interactions and quantum statistics in a Fermi gas
of atoms. We measure an increased damping rate com-
pared to the classical expectation at low temperature, and
observe nonlinear behavior in the quantum regime. The be-
havior seen here for spin excitations is general to any two-
component Fermi gas and could in principle be observed
for a two-isotope gas. If future experiments are able to
cool a Fermi gas of atoms to even lower T /Tr, studies
similar to those presented here could be used to explore
the crossover from hydrodynamic to collisionless behav-
ior due to Pauli blocking in the degenerate gas. Excitation
dynamics could also be used to investigate the predicted
phase transition to a Cooper-paired superfluid state in a
two-component Fermi gas of atoms [§—10].
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