Long-lived fermionic Feshbach molecules with tunable p-wave interactions
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Ultracold fermionic Feshbach molecules are promising candidates for exploring quantum matter
with strong p-wave interactions, however, their lifetimes were measured to be short. Here, we
characterize the p-wave collisions of ultracold fermionic 23 Na40 K Feshbach molecules for different
scattering lengths and temperatures. By increasing the binding energy of the molecules, the twobody loss coefficient reduces by three orders of magnitude leading to a second-long lifetime, 20 times
longer than that of ground-state molecules. We exploit the scaling of elastic and inelastic collisions
with the scattering length and temperature to identify a regime where the elastic collisions dominate
over the inelastic ones allowing the molecular sample to thermalize. Our work provides a benchmark
for four-body calculations of molecular collisions and is essential for producing a degenerate Fermi
gas of Feshbach molecules.

Ultracold molecules have gained considerable attention in the past years. Their rich internal structure offers unique opportunities for quantum-engineering and
quantum-chemistry applications [1–3]. However, a major challenge for their usability to investigate quantum
many-body physics is to identify interacting molecular
systems where the undesired collisional loss processes are
under control.
A promising platform are optically trapped Feshbach
molecules which are formed through an atomic interspecies Feshbach resonance [4]. These molecules do not
only represent a key intermediate product for generating ground-state polar molecules, but also are intriguing
due to their rich collisional behavior near the Feshbach
resonance. When the molecules are weakly bound and
the wavefunction extends beyond the interatomic potential, the only relevant length scale in the system is the
interspecies scattering length. It determines the size and
the interactions between these so-called universal halo
dimers [5]. Molecules composed of one boson and one
fermion are especially interesting as the dominating collision channel in these composite fermions is p-wave. As a
consequence, the molecules are protected by a centrifugal
p-wave barrier from reaching short range and undergoing
inelastic loss, which has been confirmed for ground-state
molecules [6, 7]. In addition, the elastic p-wave collisions are tunable with the interspecies scattering length
and with temperature. These scalings are expected to
be stronger than for the inelastic collisions [8]. Therefore, fermionic Feshbach molecules have been proposed
to exhibit unconventional superfluidity [9, 10].
Common wisdom dictates that Feshbach molecules,
being in a highly excited vibrational state, should be
short-lived, especially when compared to molecules in
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the rovibronic ground state. In addition, unlike bosonic
molecules composed of fermions [11, 12], Pauli blocking
does not protect fermionic Feshbach molecules from undergoing three-body loss, involving two bosons and one
fermion colliding at short range. The collisional instability of fermionic Feshbach molecules was confirmed in
experiments where lifetimes on the order of hundred milliseconds [13, 14] or as short as a millisecond [15] were
measured. Due to the short lifetime of these molecules,
so far no experimental evidence for elastic p-wave collisions could be provided despite the favorable scaling of
elastic-to-inelastic collisions with temperature and scattering length.
In this work, we study the p-wave inelastic and elastic
collisions in a trapped sample of fermionic NaK Feshbach
molecules. We tune the interspecies scattering length by
changing the magnetic field field near a Feshbach resonance allowing us to change the inelastic collision rate by
three orders of magnitude. In addition, we observe a linear dependence of the collisional loss with temperature.
We study the elastic collisions by measuring the crossdimensional thermalization in out-of-equilibrium molecular samples. In particular, we can exploit the stronger
scaling of elastic collisions compared to the inelastic collisions on the scattering length and temperature to identify
a regime where elastic collisions dominate.
In a first set of measurements, we characterize the loss
between NaK Feshbach molecules which occurs when the
molecules overcome the centrifugal p-wave barrier. Once
they reach the short-range regime, the loss can be described by Na-Na-K three-body recombination where the
additional K atom acts as a spectator and carries away
the kinetic energy on the order of the Feshbach-molecule
binding energy [16].
We begin by preparing a pure sample of Feshbach
molecules in a crossed optical dipole trap. We start
from a mixture of bosonic 23 Na and fermionic 40 K atoms
in their respective energetically lowest hyperfine states
|F, mF i = |1, 1i and |9/2, −9/2i, where F represents
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the total angular momentum and mF the projection
onto the magnetic-field axis. To associate Feshbach
molecules, we ramp the magnetic field across an interspecies Feshbach resonance at 78.3 G, which we have
previously characterized [17], followed by an additional
fast magnetic-field ramp to 72.3 G where the Feshbach
molecules have a vanishing magnetic moment. As the
remaining atoms possess a finite magnetic moment, we
remove them from the trap by applying a magnetic-field
gradient of 40 G/cm. This procedure typically produces
3 × 104 Feshbach molecules at a temperature of 500 nK.
We investigate the dependence of the collisional loss on
the scattering length by ramping the magnetic field to the
target magnetic field B where we hold the molecules for
a variable time. For detection, we first turn off all dipole
traps, then ramp the magnetic field back through the
Feshbach resonance to dissociate the molecules. Finally,
the dissociated atoms are detected in time of flight using
absorption imaging.
We fit the loss of Feshbach molecules in a harmonic
trap with the two-body loss model
dN
βinel N 2
=−
,
dt
ν0 T 3/2

(1)

where βinel is the inelastic collision coefficient, N is
the number of molcules, ν0 T 3/2 is the generalized trap
volume given by ν0 = (4πkB /mω̄ 2 )3/2 , with ω̄ =
(ωx ωy ωz )1/3 the geometric mean of the trap frequencies,
kB the Boltzmann constant and m the mass of molecules.
Since we do not observe a significant change of the temperature during the measurement, we do not include any
heating effects in our model. We also ignore the inelastic collisions between Feshbach molecules and spectator
K atoms that remain in the trap close to the resonance
where their collisions are strongly suppressed by Pauli
blocking [13].
We extract the interspecies scattering length from the
magnetic field using a model with two overlapping Feshbach resonances given by



B − B1∗
B − B2∗
a(B) = abg
,
(2)
B − B0,1
B − B0,2
where abg = −619 a0 [18] is the background scattering
length, B0,1 = 78.3 G and B0,2 = 89.7 G are the two
resonance positions, and B1∗ = 73.03 G and B2∗ = 80.36 G
are the zero-crossings of the scattering length [17].
Our findings of βinel as a function of a are summarized in Fig. 1. In the halo regime, we observe a strong
dependence of the loss coefficient βinel on the scattering
length. Calculations for mass-imbalanced systems predict that the inelastic collisional loss should scale as a3
[8]. We check this prediction by fitting the two-body loss
coefficient with a polynomial of the form βinel (a) = cal for
scattering lengths a > 1000 a0 and obtain l = 2.58(14).
All measured rates of inelastic collisions are below the
unitarity limit βunitary = 2~λdB /µ [20], which corresponds to a value of β = 1.77 × 10−9 cm3 /s at a temperature of 500 nK. Here, λdB corresponds to the de Broglie

FIG. 1. Two-body loss coefficient βinel as a function of the
scattering length a for T = 500 nK. (a) Deep in the nonhalo regime the loss approaches βinel = 3.3(1) × 10−12 cm3 /s.
The gray dashed line indicates the loss coefficient of βinel =
1.65 × 10−12 cm3 /s predicted by MQDT calculations. For
a > 1000 a0 , βinel is fitted with βinel (a) = cal which yields
l = 2.58(14) (blue dashed line). The red triangle indicates the coefficient of inelastic collisions in NaK ground-state
molecules for T = 500 nK [19]. The error in βinel is given by
the error of the fit. The horizontal error bars result from a
15-mG uncertainty in the magnetic field. A systematic error
of 30% in βinel is expected from a 10% error in the trapping
frequency. (b),(c) The number of Feshbach molecules as a
function of the hold time for B = 72 G (a = −47 a0 ) and
B = 77.8 G (a = 1300 a0 ). The solid line shows the fitted
molecule number from the from the two-body loss model described by Eq. (1) assuming a constant temperature.

wavelength a molecule and µ to the reduced mass of the
molecule pair.
For a < 1000 a0 , the effect of the scattering length on
the loss rate is weaker. In particular, once the molecules
are deep in the non-halo regime where a is smaller than
the van der Waals length avdW , the two-body loss approaches βinel = 3.3(1) × 10−12 cm3 /s (see Fig. 1b). We
compare this value to the predictions from multichannel
quantum defect theory (MQDT) which have previously
reproduced the loss coefficient for molecules in rovibronic
ground states [6, 19] and in high-lying vibrational states
[21]. The predicted two-body loss coefficient in collisions
of indistinguishable fermions is given by
βinel (T ) =

Γ(1/4)6 3 kB T
kB T
= 1513ā3
,
ā
Γ(3/4)2
h
h

(3)

1/4
where ā = 2π 2µC6 /~2
/Γ( 14 )2 = 88.8 a0 is the average scattering length, C6 is the van der Waals coefficient and Γ(x) is the gamma function [22]. The average scattering length ā = 0.956 avdW can be under-
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FIG. 2. Temperature dependence of collisional loss coefficient
βinel at a = −14 a0 , 554 a0 , 1542 a0 , 3000 a0 (from bright to
dark blue). The loss coefficient obtained from the respective
data sets are fitted with a linear fit (solid lines). The error
in βinel is given by the error of the fit. The horizontal error
bars represent the statistical error of of Tavg during the hold
time. A systematic error of 30% in βinel is expected from a
10% error in the trapping frequency.

stood as the size of the molecule in the non-halo regime.
We calculate the van der Waals coefficient of NaK Feshbach molecules by approximating the long-range interaction to be the sum of the contribution from individual atoms, i.e., C6,FB = C6,Na + C6,K + 2C6,Na−K where
C6,Na = 1556, C6,K = 3897 [23] and C6,Na−K = 2454 [24]
in atomic units. At a temperature of 500 nK, Eq. 3 then
yields 1.65 × 10−12 cm3 /s, which is a factor two lower
than the measured value.
We note that the two-body loss coefficient of NaK
Feshbach molecules in the non-halo regime is 20 times
lower than that of the ground-state molecules [19].
This contradicts the naive expectation that the rovibronic ground-state molecules should live longer than the
weakly bound Feshbach molecules. However, this can be
explained by considering that the strong molecule-frame
dipole moment d present in ground-state molecules modifies the van der Waals interaction, specifically, C6 increases with d4 . This effectively increases the van der
Waals length for ground-state molecules and thus the
universal two-body loss coefficient [25]. The agreement
of the loss coefficients for ground-state and Feshbach
molecules with these models strongly suggests that the
lifetime of fermionic bialkali molecules is determined by
the long-range interaction potential regardless of the loss
mechanism at short range.
Next, we study the temperature dependence of the collisional loss. We achieve different temperatures between
300 nK and 1000 nK by adiabatically compressing or decompressing the trap before the loss measurement. As
shown in Fig. 2, βinel increases with temperature for all
data sets. We fit a linear function to the loss coefficient
where we set the y-intercept to zero and that the loss coefficient is well described with a linear temperature scaling for all measured scattering lengths.
In a second set of measurements, we investigate elas-

tic collisions between Feshbach molecules which are predicted to scale as βel ∝ a6 T 5/2 in the halo regime [8].
Thus, we expect that elastic collisions dominate over inelastic collisions for large temperatures and scattering
lengths, such that a molecular sample out-of-equilibrium
can rethermalize during its lifetime. We create such an
out-of-equilibrium molecular sample by non-adiabatically
compressing the optical dipole trap after the molecule
association such that the trapping frequencies ωy , ωz increase more than ωx . After compressing the trap at
77 G, we ramp the magnetic field to the target magnetic
field B within 1.5 ms where we hold the molecules for a
variable time. We typically produce 1 × 104 Feshbach
molecules with an initial temperature of Tx = 350 nK
and Tz = Ty = 550 nK.
To obtain both the elastic and inelastic collision coefficients, we adapt the model used for two-body collisions
in polar molecules [26] to obtain the following set of differential equations:
dn
n2
n dTx
n dTz
= − Kinel (2Tz + Tx ) −
−
, (4)
dt
3
2Tx dt
2Tz dt
n
Γth
dTz
=
Kinel Tz Tx −
(Tz − Tx ) + cl ,
(5)
dt
12
3
dTx
n
2Γth
=
Kinel (2Tz − Tx )Tx +
(Tz − Tx ) + cl . (6)
dt
12
3
Here, n is the average density of the sample and Kinel =
βinel /T is the temperature-independent coefficient of inelastic collisions. Tx and Tz are the effective temperatures of the molecules in the horizontal and vertical direction, respectively. We checked that the temperature along the direction of the imaging beam Ty
is equal to Tz and assume this for all measurements.
Γth is the thermalization rate given by Γth = nσv̄/α
where σ is the cross-section of the elastic collisions
whichpis assumed to be constant for each measurement,
v̄ = 16kB (2Tz + Tx )/(3πm) is the average velocity of
molecules and α = 4.1 is the number of collisions needed
for thermalization in p-wave collisions [26, 27]. The linear heating term cl has been introduced to phenomenologically account for isotropic heating that we observe in
these measurements. We numerically fit Eqs. (4)–(6) in
the basis of the average temperature Tavg = (2Tz + Tx )/3
and the difference in temperature ∆T = Tz −Tx to reduce
the common mode fluctuation in the temperatures.
The resulting coefficients of inelastic and elastic collisions, βinel and βel = σv̄, are summarized in Fig. 3 as
a function of the scattering length for a temperature of
500 nK. Deep in the non-halo regime, collisions of Feshbach molecules predominantly result in loss such that
the number of elastic collisions during the lifetime of
the molecular sample is negligible. As a result, crossdimensional thermalization is absent (see Fig. 3b). For
higher scattering lengths the elastic collision rate increases notably faster than the inelastic collision rate.
Due to cross-dimensional thermalization, the temperatures in the two directions approach each other during
the measurement (see Fig. 3c).
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FIG. 3. Elastic p-wave collisions of fermionic Feshbach
molecules. (a) Elastic collision coefficient βel (red) and inelastic collision coefficient βinel (blue) as a function of the scattering length a for a temperature T = 500 nK. Data points for
βel are marked (open symbols) when the number of K atoms
increases during the measurement. The red dashed line shows
an a6 scaling and serves as a guide to the eye. The blue dashed
line shows the a2.58 scaling which is deduced from a fit to the
loss coefficients in the first set of measurement. The vertical
error bars for the inelastic and elastic collision rates are given
by the error of the fit. The horizontal error bars result from a
15-mG uncertainty in the magnetic field. A systematic error
of 30% in the collision rate coefficients is expected from a 10%
error in the trapping frequency. The rate coefficient for elastic
collisions for a = −37 a0 and 322 a0 lie outside of the plotting
range. (b),(c) Effective temperatures Tz (dark gray) and Tx
(light gray) as a function of the hold time for magnetic fields
of 72.25 G (−37 a0 ) and 77.25 G (610 a0 ), respectively.

Unfortunately, our measurement does not allow us to
extract the scaling of βel with the scattering length a in
the halo regime due to the following two reasons. First,
while we intentionally reduced the initial molecule density to n0 = 0.4 × 1011 cm−3 , the elastic collision rate
becomes comparable to the trap frequencies for a scattering length of a > 2000 a0 . Therefore the system enters
the hydrodynamic regime and the measured value of βel
saturates near the so-called hydrodynamic limit given by
ω̄α/(2πn0 ) = 1.71 × 10−9 cm3 /s with a geometric mean
trapping frequency ω̄ = 2π × 167 Hz [28]. We note that
in the presence of strong loss, the measured elastic collision rate can exceed the hydrodynamic limit calculated
for a constant density. Second, our model which only
considers dimer-dimer elastic collisions, is only valid in
deducing βel for scattering lengths up to 610 a0 . When
a > 610 a0 , where the binding energy of the molecules is
smaller than the trap depth, we observe an accumulation
of spectator K atoms which can contribute to the crossthermalization. Despite these limitations, this measurement shows that the rate coefficient of elastic collisions

FIG. 4. Elastic p-wave collisions in fermionic Feshbach
molecules for different temperatures. Elastic collision coefficient βel (red) and inelastic collision coefficient βinel (blue)
as a function of the temperature averaged during the hold
time for a scattering length a = 610 a0 . The vertical error
bars are given by the error of the fit. The horizontal error
bars represent the statistical error of Tavg during the hold
time. A systematic error of 30% in the collision rate is expected from a 10% error in the trapping frequency. The blue
and red solid line are the fits of the polynomial function to
the rate coefficients.

exhibits a stronger scaling with the scattering length than
that of inelastic collisions.
In addition, we measure the scaling of the elastic collision rate with the temperature. To this end, we perform
the non-adiabatic compression to different trap depths
while keeping the ratio between the trapping frequencies fixed. To ensure that cross-dimensional thermalization results from elastic collisions between the Feshbach
molecules, we perform the measurement at a scattering
length of a = 610 a0 where we checked that the number
of K atoms does not systematically change for the different temperatures. The results are summarized in Fig. 4.
One can see that the elastic rate coefficient scales stronger
with temperature compared to the inelastic one. For temperatures around T = 300 nK, the rate of elastic and inelastic collisions are comparable while for T = 1000 nK,
the elastic collision rate is larger by almost one order of
magnitude. We fit the temperature scaling with the polynomial cT l and obtain l = 1.39(12) and l = 3.46(63) for
βinel and βel , respectively. The measured temperature
scaling of the elastic collision rate agrees reasonably with
the T 5/2 scaling expected for p-wave collisions.
In conclusion, we have characterized inelastic and elastic collisions of fermionic NaK Feshbach molecules and
found reasonable agreement with the threshold behavior
of p-wave collisions between Feshbach molecules. Our
investigation provides a benchmark for solving the fourbody problem that predicts the collisional behavior in
other heteronuclear molecules. The surprisingly strong
suppression of dimer-dimer loss in the non-halo regime
suggests that after molecule formation, dimer loss can be
strongly reduced by quenching the magnetic field into the
regime of large binding energies. This has, for example,
been essential in our recent work on the generation of
degenerate Fermi gases of NaK molecules [29, 30].
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With the discovery of long-lived interacting Feshbach
molecules, it seems unfortunate that the pursuit for utilizing these molecules for quantum many-body physics
has predominantly ceased. Further improvement of the
ratio of elastic-to-inelastic collisions is expected when
confining the molecules in two-dimensional traps [10, 31],
which should allow for evaporative cooling of Feshbach molecules and possibly the observation of p-wave
paired phases. The authors of Ref. [10] have identified
40
K–39 K as a promising system in this regard. Furthermore, it would be interesting to prepare fermionic Feshbach molecules formed by two magnetic atoms such as
170
Er161 Dy [32], which are expected to be long-lived and

exhibit large magnetic dipole moments [33].
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