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Collisional Properties of p-Wave Feshbach Molecules
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We have observed p-wave Feshbach molecules for all three combinations of the two lowest hyperfine
spin states of °Li. By creating a pure molecular sample in an optical trap, we measured the inelastic
collision rates of p-wave molecules. We have also measured the elastic collision rate from the
thermalization rate of a breathing mode which was excited spontaneously upon molecular formation.
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Ultracold atomic gases with tunable interaction via a
Feshbach resonance have opened up possibilities for study-
ing a variety of novel phenomena in quantum degenerate
phases. In particular, s-wave Feshbach resonances have
been widely used to study the crossover between Bose-
Einstein condensation (BEC) and Bardeen-Cooper-
Schrieffer (BCS) superfluidity [1-6]. One of the greatest
challenges in the field of trapped Fermi gases is the real-
ization of superfluidity with pairs of atoms in a nonzero
relative orbital angular momentum state [7-9]. In such
systems, a rich variety of phases are expected to emerge
due to complex order parameters [10-14]. Non-s-wave
superfluidity has so far been realized in superfluid 3He
[15], strontium ruthenate superconductors [16], and
high-T, copper-oxide superconductors.

Until now, “°K and SLi have been utilized to study
p-wave Feshbach resonances [17-24]. The locations of
p-wave Feshbach resonances of °Li have been accurately
determined by Zhang et al. [17] and Schunck et al. [18].
Zhang et al. detected the formation of p-wave molecules of
®Li in one of the three combinations of the two lowest
hyperfine spin states, |F = 1/2, my = 1/2) (=|1)) and
|F =1/2, mp = —1/2) (=]2)), but molecules were not
detected in the |1) — |1) state, which is the most promising
candidate for a p-wave condensate. Recently, Fuchs et al.
measured the binding energies and molecular magnetic
moments of °Li p-wave molecules [19]. Gaebler et al.
detected p-wave Feshbach molecules of “°K through the
anisotropic energy release at the dissociation [20,21]. The
lifetime of “°K molecules were found to be less than 10 ms,
even on the BEC side of the resonance due to dipolar
relaxation [21].

While s-wave Feshbach molecules are highly stable
against vibrational quenching near a Feshbach resonance,
it is not known to what extend p-wave molecules suffer
from inelastic collisions. Therefore, studying collisional
properties of p-wave Feshbach molecules is an important
step toward realization of p-wave molecular condensates.
In this Letter, we present elastic and inelastic collisional
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properties of ®Li, p-wave Feshbach molecules. To sup-
press the loss of molecules due to atom-dimer collisions,
we blew away residual atoms by irradiating a resonant light
pulse immediately after the molecules were created [25—
27]. The resultant pure molecular sample in an optical trap
enabled us to measure the inelastic decay rates of mole-
cules precisely. We measured the atom-dimer and dimer-
dimer inelastic collision coefficients from the decay of
molecules. We also measured the dimer-dimer elastic col-
lision rate from the thermalization time of breathing-mode
oscillations of the cloud which were spontaneously excited
after the creation of molecules.

Our experiments were performed using a quantum de-
generate gas of °Li in the |1) and |2) spin states. We
evaporated the atoms in a crossed beam optical dipole
trap at 300 G, where the elastic collision cross section
between |1) and |2) takes on a local maximum. After
evaporation for 4 s, a mixture of 5 X 10° atoms in |1)
and [|2) with equal population and the temperature of
T/Tp ~0.25 was prepared. The trap frequencies (w,,
w,, w,) in the x, y (horizontal) and z (vertical) directions
at the final trap depth are 27 X (39, 760, 780) Hz. By
stabilizing the currents in the Feshbach coils, we sup-
pressed magnetic-field fluctuations due to current noise
down to 10 mG.

To create [1) — |1) molecules, we first ramp the mag-
netic field up to the Feshbach resonance of |2) — |2) at
215 G to eliminate atoms in the |2) state. After preparing
the atoms in the pure |1) state, we create molecules by
ramping the magnetic field to a value near the Feshbach
resonance of the |1) —|1) state at B, = 158.5(7) G.
Because of the small shift of m; = =1 and m; = 0 reso-
nances [22], we were unable to select a specific m; state.
The time sequence for creating |1) — [1) molecules is
shown in Fig. 1(a). When the magnetic field reached the
resonance, the sample was irradiated with a 25 us pulse of
resonant light (“‘blast’) to remove unpaired atoms from the
trap. Molecules are relatively immune to the blast light due
to the small Franck-Condon factor for the optical transi-
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FIG. 1 (color). (a) Time sequence of magnetic field to create
molecules. Magnetic field is ramped adiabatically from above
toward the Feshbach resonance (B = Bj). (b),(c) Absorption
images of dissociated molecules for an upward magnetic field
ramp. (d),(e) Atoms in a molecular gas detected at (d) or below
(e) the resonance. (f) No atoms and molecules are detected when
the magnetic field stays far off resonance.

tion. After blasting the atoms, the magnetic field was
ramped up above the resonance [Figs. 1(b) and 1(c)],
kept at the resonance [Fig. 1(d)], or ramped down below
the resonance [Fig. 1(e)] before taking absorption images.
The blue, green, orange, and red curves in Fig. 1(a) corre-
spond to the magnetic-field sequence for the images in
Figs. 1(b)-1(e), respectively. Ramping the magnetic field
to a value above the resonance, as shown by the blue and
green curves, allows us to clearly image the dissociated
atoms. As shown by the orange and red curves, the atoms in
bound molecules are detected, albeit weakly, because of a
finite Franck-Condon factor for the optical transition.
When the magnetic field is kept away from the resonance
by AB = +100 mG, no atoms were detected [Fig. 1(f)],
indicating the blast light had almost completely removed
the unpaired atoms [28]. Therefore, the atoms imaged in
Figs. 1(d) and 1(e) are not unpaired atoms but those form-
ing molecules. As seen in Figs. 1(b)-1(d), the higher
magnetic field was applied for dissociation, the more
widely the cloud expanded during the same time of flight
of 500 ws. This indicates that faster ramping of the mag-
netic field leads to higher dissociation energy. We pro-
duced |1) —|2) and [2) — |2) molecules in a similar
manner by using Feshbach resonances at 184.9(7) G and
214.5(6) G, respectively.

To investigate the range of magnetic field over which
molecules can be formed efficiently, we ramped the mag-
netic field from below up to the resonance. This eliminates
the possibility of adiabatic molecular formation. As shown
in the inset of Fig. 2(a), we first ramped down the field
across the resonance at a fast rate in order to minimize the
atomic loss. We then swept the magnetic field in 2 ms to a
value at which the number of molecules was measured.
After the molecular formation during a hold time of
500 ws, the blast light was turned on to remove unpaired
atoms. Figure 2(a) shows the number of molecules vs
magnetic-field detuning AB, where AB is positive when
the magnetic field is higher than the resonance and its
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FIG. 2 (color online). (a) Number of |1) — [1) molecules cre-
ated as a function of magnetic-field detuning AB. The solid
curve shows a Lorentzian fit to the data. Inset shows the time
sequence of magnetic field for data taking. (b) Number of atoms
remaining after a hold time of 25 ms as a function of AB.

origin AB = 0 is defined as the magnetic field at which
the maximum number of molecules are created. At the
peak, 15% of atoms are converted to molecules, which is
consistent with previous experiments [17,20]. Figure 2(b)
shows the atomic loss measured after the 25-ms hold time
for each magnetic field. An asymmetry in the loss feature is
clearly seen, as observed by other groups [18,19]. Note that
the valley of the loss curve shifts from the peak of the
molecular creation curve. The origin of the shift is unclear
and merits further study.

In the process of creating molecules, breathing oscilla-
tions were excited spontaneously. This is because the
molecules were created over the entire cloud of the
Fermi-degenerate atoms, which is larger than the equilib-
rium cloud size of molecules [29]. Figure 3 shows the time
evolution of T*(¢), defined by T*(t) = mw2o(t)/kg,
where m is the mass of molecules and o, is the root-
mean-square radius of the molecular cloud in the x direc-
tion. The size of the molecular cloud is largest when the
molecules are created. The frequency of initial oscillations

1.4
915:5 { } 3¢ t4
Sl
0:4— .‘Iz AB=-175mG
(I) 1IO 2|O 3|0 4IO 5|0

Hold time (ms)

FIG. 3 (color online). Time evolution of 7.
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is evaluated to be 87(10) Hz, which agrees with twice the
trap frequency of 39 Hz in the x direction. As seen in Fig. 3,
T*(¢) shows abrupt thermalization at # = 20 ms which we
identify to be the thermalization time. It is reported that it
takes about 2.7 collisions for the cloud to thermalize
[30,31]. Based on this, the dimer-dimer elastic collision
rate is estimated to be (20 ms/2.7)"! ~ 140 Hz.

We measured the lifetimes of molecules in all three
combinations of |1) and |2) states. Figures 4(a)—4(c)
show the numbers of |1) —|1), |1) —[2), and [2) — |2)
molecules remaining after the varying hold time at AB =
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FIG. 4 (color). Number of molecules vs hold time for |1) — |1)
(a), |1) — |2) (b), and |2) — [2) molecules (c). Solid circles show
the decay data for molecules alone, and open circles show the
decay data with both atoms and molecules present. The solid and
dotted curves are the fittings for pure molecules and for atom-
molecule mixtures.

—175 mG. In Fig. 4(a), the number of molecules is greater
than that in Fig. 2(a) due to different experimental con-
ditions. Solid circles show the number of molecules vs hold
time under the condition that only molecules are held in the
trap, and open circles show the same quantity in the
presence of unpaired atoms. In the latter case, the blast
light was turned on after the hold time to ensure that the
signal arises exclusively from molecules. The molecular
lifetime is greatly suppressed in the presence of unpaired
atoms. The loss of molecules is analyzed according to the
equation [27]

g

— = —a— Kyn, = Kgng, (1)

ng

where n, and n,; are the density of atoms and that of
molecules, « is the one-body decay rate of molecule, and
K., and K4, are the loss coefficients for atom-dimer and
dimer-dimer inelastic collisions. In fitting Eq. (1) to ex-
perimental data, we use the peak densities of atoms and
molecules for n, and n,;. We assume that the spatial
distribution of atoms obeys an ideal Fermi-Dirac distribu-
tion in a harmonic trap, and n, is time independent since
the number of atoms far exceeds that of molecules [32]. We
also assume that the profile of molecules shows the
Gaussian distribution and that the cloud size is time inde-
pendent [27,29].

The measured decay rates are summarized in Table L.
For |1) — |1) molecules with no unpaired atoms, the decay
curve is well fitted by Eq. (1) without the one-body decay
term. As mentioned above, the molecular cloud undergoes
breathing-mode oscillations, and the molecular density
changes in time up to 20 ms. Therefore, we fit the decay
to extract K ; at t = 20 ms. For the |1) — |2) molecules
alone in the trap, we used the whole data for the fit. Since
[2) is not the lowest energy state, |1) — |2) molecules are
expected to undergo dipolar decay into the lower spin state.
Therefore, both @ and K ;; contribute to the decay. With the
initial density n,, the decay rate K, n, is evaluated to be
390 Hz, which is 15 times larger than the one-body decay
rate «. For |2) — |2) molecules alone in the trap, an ex-
ponential decay fits the data well, indicating that the one-
body decay is dominant. It is difficult to extract K,; for
|2) — [2) molecules due to the low signal-to-noise ratio.
Here, n, is estimated to be 4.5, 8.0, and 4.5 X 102 cm™3
for Figs. 4(a)—4(c). n, is estimated to be 0.9, 4.8, and 1.1 X
10" em™3 for |1) — |1) (at £ =20 ms), [1) — |2) (at t =
0 ms), and |2) — |2) (at r = 0 ms), respectively.

TABLE I. One-body decay rate «, atom-dimer (K,;) and
dimer-dimer (K,,) inelastic collision coefficients.

a(s™h)
1D = 11) 0

1) — |2) 260 * 150
12) — [2) 480 = 60

K107 em®s™!) K,,(10719 cm3s™1)
24793 2.8*03
6.8713 8.1+ 1.1
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FIG. 5 (color online). Lifetime (open circles) and dimer-dimer
inelastic collision coefficient (solid circles) for |1) — |[1) mole-
cules vs magnetic-field detuning. The dotted (dashed) lines show
the averages of K, (1/e lifetime) for AB < —50 mG.

We measured the AB dependence of the 1/ e lifetime and
K, of the |1) — |1) molecules (Fig. 5). For —340 mG <
AB < —50 mG, the lifetime is independent of AB and
close to the thermalization time of 20 ms. Since the life-
time is expected to be shorter when AB > 0 [20,21], our
uncertainty in the resonance position could be as large as
50 mG. We evaluate and plot K4, in Fig. 5 only in the range
between —340 mG and —50 mG because neglecting the
one-body decay term is justified only on the bound side of
the resonance.

In conclusion, we have created °Li, p-wave Feshbach
molecules and studied their collisional properties. From
the thermalization time of the breathing-mode oscillation,
we evaluated the dimer-dimer elastic collision rate for
[1) — |1) molecules. From the decay of molecules, we
obtained the dimer-dimer inelastic loss coefficients (for
[1) — [1) and |1) — [2)), the one-body decay coefficients
(for |1) — |2) and [2) — |2)), and the atom-dimer inelastic
collision coefficients (for [1) — |1) and |1) — |2)). We cre-
ated 7 X 10° molecules at a temperature of 1 uK after
thermalization. Provided molecules are distributed equally
among three different m, states, the phase space density is
estimated to be 4 X 1073, With the initial molecular den-
sity of 2.1 X 10" cm™3 and K, for |1) — |1) molecules,
our measurements show that the ratio of elastic to inelastic
collision rate is about two, indicating that a conventional
evaporative cooling is not an effective approach to achieve
quantum degeneracy [33]. To overcome this, one could use
a Feshbach resonance to enhance the dimer-dimer elastic
collisions. One could also utilize the optical lattice to

single out a specific m; state [24] which should have a
higher ratio of elastic to inelastic collision rates.
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