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Collective Excitations of a Degenerate Gas at the BEC-BCS Crossover
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We study collective excitation modes of a fermionic gas of ®Li atoms in the BEC-BCS crossover
regime. While measurements of the axial compression mode in the cigar-shaped trap close to a
Feshbach resonance confirm theoretical expectations, the radial compression mode shows surprising
features. In the strongly interacting molecular BEC regime, we observe a negative frequency shift with
increasing coupling strength. In the regime of a strongly interacting Fermi gas, an abrupt change in the
collective excitation frequency occurs, which may be a signature for a transition from a superfluid to a

collisionless phase.
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The crossover from a Bose-Einstein condensate (BEC)
to a Bardeen-Cooper-Schrieffer (BCS) superfluid has for
decades attracted considerable attention in many-body
theory [1]. Bose-Einstein condensates of molecules
formed by fermionic atoms of ®°Li and *°K [2—5] provide
a unique system to experimentally explore this BEC-BCS
crossover. In such ultracold gases magnetically tuned
scattering resonances, known as Feshbach resonances,
allow one to control and vary the interaction strength
over a very broad range. Recent experiments have entered
the crossover regime and yield results on the interaction
strength by measuring the cloud size [6] and expansion
energy [5]. Moreover, two experiments [7,8] have dem-
onstrated the condensed nature of fermionic atom pairs in
the crossover regime.

Important questions are related to superfluidity in the
crossover regime [9]. When a molecular BEC is converted
into an ultracold Fermi gas [6], one can expect ultralow
temperatures and superfluidity to extend far into the
Fermi gas regime [10]. Detection tools to probe super-
fluidity in this regime are therefore requested. The inves-
tigation of collective excitation modes [11] is well
established as a powerful method to gain insight into
the physical behavior of ultracold quantum gases in dif-
ferent regimes of Bose [12] and Fermi gases [13]. A
recent paper [14] points out an interesting dependence
of the collective frequencies in the BEC-BCS crossover of
a superfluid Fermi gas. Superfluidity implies a hydrody-
namic behavior which can cause substantial changes in
the excitation spectrum and in general very low damping
rates. However, in the crossover regime the strong inter-
action between the particles also results in hydrodynamic
behavior in the normal, nonsuperfluid phase. Therefore
the interpretation of collective modes in the BEC-BCS
crossover in terms of superfluidity is not straightforward
and needs careful investigation to identify the different
regimes.

In this Letter, we report on measurements of funda-
mental collective excitation modes in the BEC-BCS
crossover for various coupling strengths in the low-
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temperature limit. In Ref. [2], we have already presented
a first measurement of the collective excitation of a mo-
lecular BEC in the limit of strong coupling. As described
previously [2,6], we work with a spin mixture of oLj
atoms in the two lowest internal states. For exploring
different interaction regimes, we use a broad Feshbach
resonance, the position of which we determined to
837(5) G [15]. The different interaction regimes can be
characterized by the coupling parameter 1/(kyra), where
a represents the atom-atom scattering length and &y is the
Fermi wave number. Well below the Feshbach resonance
(B <700 G), we can realize the molecular BEC regime
with 1/(kra) > 1. On resonance, we obtain the unitarity-
limited regime of a universal fermionic quantum gas with
1/(kpa) = 0 [16]. An interacting Fermi gas of atoms is
realized beyond the resonance where 1/(kpa) <O0.

The starting point of our experiments is a cigar-shaped
molecular BEC produced by evaporative cooling in an
optical dipole trap in the same way as described in
Ref. [6]. Radially the sample is confined by a 35-mW
laser beam (wavelength 1030 nm) focused to a waist
of 25 pwm. The radial vibration frequency is w, = 27 X
750 Hz. The axial vibration frequency is w,=2w X
(601B/kG + 11)'/2 Hz, where the predominant contribu-
tion stems from magnetic confinement caused by the
curvature of the Feshbach tuning field B, and a very small
additional contribution arises from the weak axial optical
trapping force.

For exploring collective excitations in the BEC-BCS
crossover regime, we ramp the magnetic field from the
evaporation field of 764 G, where the molecular BEC is
formed, to fields between 676 and 1250 G within 1 s. In
previous work [6], we have shown that the conversion to
an atomic Fermi gas proceeds in an adiabatic and re-
versible way, i.e., without increase of entropy. From the
condensate fraction in the BEC limit, for which we
measure more than 90% [6], we can give upper bounds
for the temperature in both the BEC limit and the non-
interacting Fermi gas limit of T < 0.46Tggc and T <
0.03Tr [10], respectively. Here Tggc (Tr) denotes the
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critical temperature (Fermi temperature). With a total
number of atoms N = 4 X 10° (free atoms and atoms
bound to molecules) and a geometrically averaged trap
frequency at 837 G of @ = (w?w,)'/? =27 X 230Hz, we
calculate a Fermi energy Ep = h%k%/2m = hd(3N)'/3 =
kg X 1.2 uK for a noninteracting cloud, where m is the
mass of an atom and kp is Boltzmann’s constant.

To excite the axial compression mode at a given mag-
netic field, we increase the optical confinement in a 10-ms
time interval by a factor of 1.5. The laser power is varied
slow enough for the radial motion to follow adiabatically,
but fast enough to induce axial oscillations. The relative
amplitude of the resulting axial oscillation is kept small,
typically ~10%. We observe the oscillation by in situ
imaging of the cloud [6] after a variable hold time ¢ at
constant trap parameters. To determine the collective
oscillation frequency (), and the damping rate I',, we fit
a damped harmonic oscillation z(f) = zo + A exp(—I".1) X
sin({).7 + ¢.) to the observed time evolution of the cloud
size, where 7y, A,, and ¢, are additional fit parameters.

The measured oscillation frequencies and damping
rates are shown in Fig. 1. The data are normalized to
the axial trap frequency w,, as determined by excitation
of the axial sloshing mode. We point out that the axial
confinement is harmonic because of the dominant mag-
netic trapping, and we can measure w, with a 1073
precision. In the BEC limit, the measured collective fre-
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FIG. 1 (color online). Measured frequency (), and damping
rate I', of the axial compression mode, normalized to the trap
frequency w,. In the upper graph, the dashed lines indicate
the BEC limit of Q./w. = /5/2 and the collisionless Fermi
gas limit with _/w, = 2. The insets show the data in the
resonance region. Here the vertical dotted line indicates the
resonance position at 837(5) G. The star marks the theoreti-
cal prediction of Q./w, =+/12/5 in the unitarity limit. In
the lower inset, the dotted line is a third-order polynomial fit
to the data.
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quencies are in agreement with the expected Q./w, =
\/5%= 1.581 [11,17]. With increasing magnetic field,
we observe a decrease in the collective excitation fre-
quency until a minimum is reached at about 900 G, i.e.,
in the regime of a strongly interacting Fermi gas where
1/(kpa) = —0.5. With further increasing magnetic field
and decreasing interaction strength, we then observe a
gradual increase of the collective frequency toward
Q./w. = 2. The latter value is expected for a collision-
less degenerate Fermi gas, where the elastic collision rate
is strongly reduced by Pauli blocking. Because of the
large damping rates in the transition regime between
hydrodynamic and collisionless behavior, the excitation
frequencies cannot be determined with high accuracy.
The observed axial damping is consistent with a gradual
transition between these two regimes [18].

The insets of Fig. 1 show a zoom-in of the data for the
resonance region between 750 and 900 G. The collective
frequency that we measure on resonance exhibits the
small 2% down-shift expected for the unitarity limit
(Q,/w, =+/12/5 = 1.549) [14]. For the damping rate,
we observe a clear minimum at a magnetic field of
815(10) G, which is close to the resonance position. It is
interesting to note that this damping minimum coincides
with the recent observation of a maximum fraction of
condensed fermionic atom pairs in Ref. [18]. For the
minimum damping rate, we obtain the very low value
of I',/w, = 0.0015, which corresponds to a 1/e damping
time of ~5 s.

To excite the radial compression mode, we reduce the
optical confinement for 50 us, which is short compared
with the radial oscillation period of 1.3 ms. In this short
interval the cloud slightly expands radially, and then
begins to oscillate when the trap is switched back to the
initial laser power. The relative oscillation amplitude is
~10%. To detect the radial oscillation, we turn off the
trapping laser after various delay times ¢ and measure the
radial size r(r) after 1.5 ms of expansion. The measured
radial size r(¢) reflects the oscillating release energy.
From the corresponding experimental data, we extract
the excitation frequency (), and damping I', by fitting
the radial cloud size to r(t) = ro + A, exp(—I,1)sin(Q,z +
¢,), where ry, A,, and ¢, are additional fit parameters.
Typical radial oscillation curves are shown in Fig. 2.

The magnetic-field dependence of the radial excitation
frequency (), and the damping rate I', is shown in Fig. 3.
Here we normalize the data to the trap frequency w,,
which we obtain by measuring the radial sloshing mode
at the given magnetic field [19]. This normalization sup-
presses anharmonicity effects in the measured compres-
sion mode frequency to below 3% [21]. For low magnetic
fields, the measured frequency ratio approaches the BEC
limit [11,22] (Q,/w, = 2). With increasing magnetic
field, i.e., increasing interaction strength, we observe a
large down-shift of the frequency. On resonance (B =
837 G), we observe ),/w, = 1.62(2). Above resonance,
i.e., with the gas entering the strongly interacting Fermi
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FIG. 2 (color online). Oscillations of the radial compression
mode at different magnetic fields in the strongly interacting
Fermi gas regime. The solid lines show fits by damped har-
monic oscillations.

gas regime, the oscillation frequency further decreases
until a maximum shift of almost 30% [(),/w, = 1.42(5)]
is reached at B = 890 G. With further increasing mag-
netic field, i.e., decreasing interaction strength, an abrupt
change to Q,/w, = 2 is observed. For B > 920 G our
data are consistent with a Fermi gas in the collisionless
regime. The damping of the radial compression mode is
small in the BEC limit and reaches a minimum close to
the unitarity regime. At B = 910 G, where the abrupt
change occurs, we observe very strong damping (see
also middle trace in Fig. 2).

We have performed further experiments to check our
data on the radial compression mode for systematic ef-
fects. We have repeated the measurements after recom-
pressing the trap to 9 times higher trap laser power
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FIG. 3 (color online). Measured frequency (2, and damping
rate I, of the radial compression mode, normalized to the trap
frequency (sloshing mode frequency) w,. In the upper graph,
the dashed line indicates (),/w, = 2, which corresponds to
both the BEC limit and the collisionless Fermi gas limit. The
vertical dotted line marks the resonance position at 837(5) G.
The star indicates the theoretical expectation of Q,/w, =
4/10/3 in the unitarity limit. A striking change in the excitation
frequency occurs at ~910 G (arrow) and is accompanied by
anomalously strong damping.
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(w, = 2.4 kHz). The corresponding data confirm all our
observations in the shallower trap. In particular, the
negative frequency shift and the sudden change in the
collective frequency show up in essentially the same
way. The recompressed trap also allows us to eliminate
a small residual anharmonicity shift from our measure-
ment of the collective frequency at 837 G, and we obtain
Q,/w, = 1.67(3) for the harmonic trap limit. We have
also checked that the frequency of the compression mode
in the resonance region does not depend on the way we
prepare the ultracold gas. Direct evaporation at a fixed
magnetic field, without starting from a molecular BEC,
leads to the same collective frequency. Preliminary mea-
surements at higher temperatures, however, show a trend
towards smaller frequency shifts in the radial compres-
sion mode and to smoother changes of the collective
frequency.

Our measurements on the radial compression mode
show three surprises. The corresponding features, which
we discuss in the following, cannot be explained on the
basis of available theoretical models and suggest new
physics in the BEC-BCS crossover regime.

Surprise one.—For a strongly interacting BEC,
Ref. [23] has predicted up-shifts of the collective fre-
quencies with increasing coupling strength based on be-
yond mean-field theory corrections [24]. Applying these
predictions to a molecular BEC in the crossover regime,
the collective excitation frequencies should follow
8Q,;/Q; = cnlnya;, (i = z, r), where n,, is the peak mo-
lecular number density and a, = 0.6a [25] is the
molecule-molecule scattering length. For our highly elon-
gated trap geometry, the numerical factors are ¢, =
5c, = 0.727. In contrast to these expectations, we observe
a strong frequency down-shift in the radial direction.
Using the above formula to fit the first four data points,
we obtain a negative coefficient of ¢, = —1.2(3). For the
axial oscillation we obtain ¢, = —0.04(5). Note that a
substantial down-shift in radial direction is observed
even at the low magnetic field of 676 G where the mo-
lecular gas parameter is relatively small (n,,a;, = 0.001).
Apparently, the beyond mean-field theory of a BEC is not
adequate to describe the transition from a molecular BEC
to a strongly interacting gas in the BEC-BCS crossover.

Surprise two.—The universal character of the strongly
interacting quantum gas on resonance suggests a simple
equation of state for which one expects Q./w, =
V12/5=1.549 and Q,/w, =+/10/3 = 1.826 for the
collective excitation frequencies [14]. While our measure-
ments confirm the predicted axial frequency, we obtain a
different frequency in the radial direction of Q,/w, =
1.67(3).

Surprise three.—The abrupt change of the excitation
frequency and the large damping rate are not expected in
a normal degenerate Fermi gas, where the collective ex-
citation frequency is expected to vary smoothly from the
hydrodynamic regime to the collisionless one. Further-
more, for the damping rate of the radial mode in the
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transition regime, a maximum value of I',/w, = 0.09 is
calculated in Ref. [18]. Our measured damping rate of
I',/w, = 0.5 is clearly inconsistent with this prediction
for the normal (nonsuperfluid) hydrodynamic regime.
However, both the sudden change of the collective fre-
quency and a strong damping are expected for a transition
from the superfluid to the normal phase [26].

In conclusion, our experiments demonstrate that the
collective modes of a degenerate gas in the BEC-BCS
crossover region show a pronounced dependence on the
coupling strength and thus provide valuable information
on the physical behavior of the system. For the axial
compression mode, the frequency shift observed in the
unitarity limit confirms theoretical expectations. How-
ever, the radial compression mode reveals a surprising
behavior. In the strongly interacting BEC regime, the
observed frequency shifts have an opposite sign as com-
pared to expectations from beyond mean-field theory and
the frequency shift on resonance is even larger than
expected. The most striking feature is an abrupt change
of the radial collective frequency in the regime of a
strongly attractive Fermi gas where 1/(kpa) = —0.5.
The transition is accompanied by very strong damping.
The observation supports an interpretation in terms of a
transition from a hydrodynamic to a collisionless phase.
A superfluid scenario for the hydrodynamic case seems
plausible in view of current theories on resonance super-
fluidity [9] and the very low temperatures provided by the
molecular BEC [10]. A definite answer, however, to the
sensitive question of superfluidity requires further careful
investigations, e.g., on the temperature dependence of the
phase transition.
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Note added.— A recent paper by John Thomas’ group
[27] reports on measurements of the radial compression
mode in the resonance region, which show much weaker
frequency shifts than we observe. This apparent discrep-
ancy needs further investigation.
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