Science

REPORTS

Cite as: L. De Marco et al., Science
10.1126/science.aau7230 (2019).

A degenerate Fermi gas of polar molecules

Luigi De Marco"?, Giacomo Valtolina?, Kyle Matsuda’?, William G. Tobias"?, Jacob P. Covey"?*, Jun Ye"*}
YILA, National Institute of Standards and Technology (NIST) and University of Colorado, Boulder, CO 80309, USA. 2Department of Physics, University of Colorado, 440

UCB, Boulder, CO 80309, USA.

*Present address: Department of Physics, California Institute of Technology, 1200 East California Blvd., Pasadena, CA 91125, USA.

tCorresponding author. Email: ye@jila.colorado.edu

Experimental realization of a quantum degenerate gas of molecules would provide access to a wide range
of phenomena in molecular and quantum sciences. However, the very complexity that makes ultracold
molecules so enticing has made reaching degeneracy an outstanding experimental challenge over the past
decade. We now report the production of a degenerate Fermi gas of ultracold polar molecules of
potassium-rubidium (KRb). Through coherent adiabatic association in a deeply degenerate mixture of a
rubidium Bose-Einstein condensate and a potassium Fermi gas, we produce molecules at temperatures
below 0.3 times the Fermi temperature. We explore the properties of this reactive gas and demonstrate
how degeneracy suppresses chemical reactions, making a long-lived degenerate gas of polar molecules a

reality.

Ultracold polar molecules are ideal candidates to realize a
plethora of proposals in molecular and many-body physics.
These include the development of chemistry in the quantum
regime (I), the emulation of strongly interacting lattice spin
models (2-6), the production of topological phases in optical
lattices (7-10), the exploration of fundamental symmetries
(11-15), and the study of quantum information science (16—
18). Although magnetic atoms also exhibit long-ranged dipo-
lar interactions and can be used to carry out these proposals
(19, 20), polar molecules offer more tunable, stronger inter-
actions and additional degrees of freedom. A low-entropy,
quantum degenerate sample is a prerequisite for many of
these explorations.

The intrinsic complexity of molecules relative to atoms,
owing to the additional rotational and vibrational degrees of
freedom, has made their cooling to ultralow temperatures
one of the most significant experimental challenges in molec-
ular physics (21). Although the direct laser cooling of certain
diatomic molecules has progressed enormously in recent
times so that magneto-optical (22-25) and pure optical (26)
trapping have been demonstrated, phase space density in
these systems remains many orders of magnitude away from
degeneracy. To date, by far the coldest diatomic molecules
have been made by cooling atoms to a few hundred nanokel-
vin (10~° K) and coherently associating the ultracold atoms
into deeply bound molecules using a Fano-Feshbach reso-
nance (27) followed by stimulated Raman adiabatic passage
(STIRAP) (28).

Thus far, KRb (28), NaK (29, 30), RbCs (31, 32), NaRb (33),
and LiNa (34) have successfully been produced in deeply
bound molecular states. Typically, such molecules can be
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produced in numbers ranging from hundreds to tens of thou-
sands and at temperatures ranging from 250-600 nK. Reach-
ing degeneracy in these experiments has been impeded by
two major factors: the production of an adequate mixture of
atoms to make a sufficient number of molecules, and rapid
molecular loss. Challenges in producing a suitable mixture
can be technical or physical, such as the immiscibility of two
Bose-Einstein condensates (BECs) (35). Molecules can be lost
owing to chemical reactions; for example, KRb undergoes the
exothermic 2KRb - K + Rb, reaction (36, 37). Even molecules
predicted to have endothermic reactions show large inelastic
loss caused by the complex nature of the scattering process,
which is still being investigated (29, 33, 38). Indeed, the low-
est entropy samples of ground-state molecules have been pro-
duced in a three-dimensional optical lattice, where chemical
reactions cannot occur, with an entropy of just 2.2 k3 per par-
ticle (39); however, producing quantum degenerate mole-
cules in a bulk gas has so far been an outstanding
experimental goal.

Here, we report the production of 10° fermionic “°’K®Rb
molecules at 250 nK and as many as 2.5 x 10* molecules at 50
nK, the latter corresponding to 7/7¢ = 0.3, where T is the
Fermi temperature. Moreover, we observe that quantum de-
generacy is accompanied by a suppression of chemical reac-
tions.

The efficiency of ultracold molecule production is limited
at low temperatures by rapid three-body recombination of
the atomic species as well as the spatial mismatch between
atomic density distributions (40-42). For KRb, however, in
the limit where the K number vastly exceeds the Rb number,
these effects can be mitigated, and the conversion to
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molecules with respect to the minority species can be high
(42). Furthermore, if the gases are deeply degenerate, the at-
oms’ low entropy can be inherited by the molecules, resulting
in a degenerate molecular gas (Fig. 1A). In our experiment, a
large atom number before molecular association allowed us
to take this approach, and afforded us the flexibility to pro-
duce KRb molecules over a wide range of temperatures, den-
sities, and 7/Ty.

After collecting ~10°#Rb atoms and 7 x 107°K atoms in a
vapor-cell magneto-optical trap, we cool the atoms to degen-
eracy by performing radiofrequency evaporation in an opti-
cally-plugged quadrupole trap followed by evaporation in a
crossed optical dipole trap (xODT) (43). After optical evapo-
ration is complete, the xODT is recompressed such that K ex-
periences harmonic trapping frequencies of (wa, 0y, ©z) = 27T X
(45, 250, 80) Hz, with gravity along the y-direction. Trap fre-
quencies are reduced by a factor of 0.72 and 0.79 for Rb and
KRb, respectively, owing to differences in mass and AC polar-
izability. Slices through atomic column-integrated density
distributions after 16 ms time of flight (TOF) for three repre-
sentative conditions are shown in the upper row of Fig. 1B,
and the corresponding numbers are given in Table 1. Among
a number of technical improvements allowing us to produce
a deeply degenerate mixture with a large number of atoms, a
key advance has been the implementation of A-enhanced
gray molasses on the D; (4°Sy)s — 4°Py») line of K (44) as well
as the Dz (5281/2 — 52P3/2) line of Rb (4‘5)

Ground state KRb molecules are produced by sweeping a
magnetic field through an interspecies Fano-Feshbach reso-
nance at B = 546.6 G to produce weakly bound Feshbach mol-
ecules (Fig. 1A) (28). The molecules are then coherently
transferred to the ground state using STIRAP with ~90% ef-
ficiency. The experiments described here are conducted at
zero electric field. The difference in trapping frequencies be-
tween molecules and atoms results in all three species having
different equilibrium positions due to gravitational sag (46).
Even though the molecules have the same initial temperature
as the atoms, the initial non-equilibrium position sets the
molecules in motion, and the gas rapidly heats up as potential
energy is converted to kinetic energy. To mitigate this effect,
prior to molecule production a one-dimensional optical lat-
tice of 30 molecular recoil energies is turned on against grav-
ity. This ensures that the molecules and atoms are at
equilibrium at the same position in the corrugated potential.
After molecules are produced, unpaired atoms are quickly
blasted away with resonant light (43), the lattice is then
ramped off in 5 ms, and no spatial oscillations or rapid heat-
ing are observed.

By varying the initial temperature and atomic number ra-
tio, we generate molecular gases ranging from 7/Tr greater
than 1 to less than 0.3. Three representative conditions are
summarized in Table 1, and slices through molecular column
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density distributions after 10 ms TOF are shown in the lower
row of Fig. 1B; each molecular distribution shown is pro-
duced from the atomic conditions in the upper row of Fig. 1B.
Over this range, the average molecular density varies from
0.5 -2 x 102 cm™,

At low T/Tv, the effects of degeneracy on the molecular
velocity distribution after TOF are clear. Two-dimensional
absorption images are collected and fit (43); Fig. 2A shows
the azimuthally-averaged density profile of a cloud of KRb
molecules after 10 ms TOF. The profile is well fit by a Fermi-
Dirac distribution (blue curve, 7/7% = 0.31(2)), whereas the
classical Maxwell-Boltzmann distribution (red curve) overes-
timates the density at the center of the cloud and underesti-
mates it in the wings. This is evident in the fit residuals,
shown in the lower part of Fig. 2A, where the classical resid-
uals exhibit ripples that are a hallmark of Fermi degeneracy
(47). A Maxwell-Boltzmann fit to the wings of the profile
(green curve), where the gas looks essentially classical, cap-
tures the temperature of the molecules but deviates at the
center of the cloud.

The classical fit to the entire cloud systematically overes-
timates the temperature compared to the Fermi-Dirac fit be-
cause the Pauli exclusion principle prevents the multiple
occupancy of low energy states. The difference between the
temperatures measured with the two fits is a strong indicator
of the degree of quantum degeneracy (47). Figure 2B shows
the normalized difference between these, 3U/Uq = 1-T/Tq,
for KRb as a function of 7/Ty, where T¢ is the temperature
determined from the Maxwell-Boltzmann fit. As 7/T% is de-
creased, the normalized energy shows a deviation from the
classical value, and for the most degenerate molecular clouds
we currently produce, the deviation is larger than 30%. For
comparison, the same quantity is shown for K at several val-
ues of T/Ty; both sets of data show good agreement with the
theoretical prediction for an ideal Fermi gas (solid line).

Given the T/Tr measured for K prior to molecular associ-
ation, we expect an increase in the molecular 7/7r by roughly
a factor of 3-4 based on the change in particle number and
trap frequency. However, we typically measure values of 7/ Tk
that are only a factor of 2.5-3 larger than that of K. At values
of T/Tr < 0.1 for K, 85% of the Rb is condensed, and the Rb
to K ratio is made to be roughly 1:10 (Table 1, third row) in
order to minimize three-body recombination during magne-
toassociation (42, 48). Under these conditions, molecules are
produced with 7/7Tr < 0.3. Because the Rb BEC is fairly local-
ized to the center of the K cloud (Fig. 1B), molecules are only
produced in the lowest-entropy part of the Fermi sea (49),
resulting in molecules that have a lower 7/7Tr than expected
from uniform K conversion over the entire distribution. At
such low temperatures, the conversion from Rb to Feshbach
molecules can be as high as 50%, indicating that there is good
local phase space overlap between potassium and the
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rubidium condensate. In fact, because the density of the BEC
is much higher than that of the K Fermi gas, the local conver-
sion efficiency of K atoms approaches unity. This is the same
principle of strong phase space matching that allowed for the
efficient production of ground state molecules in a 3D optical
lattice (39). In contrast, at high 7/T%, where we produce the
largest absolute number of molecules, conversion is typically
15% of Rb (Table 1, first row).

Degenerate molecules are produced by adiabatically
sweeping the magnetic field through a Fano-Feshbach reso-
nance followed by coherent transfer to the ground state with
high efficiency. Since the first step occurs on timescales that
are comparable to the inverse trap frequency, the Feshbach
molecules are produced at thermodynamic equilibrium (50).
After transferring molecules to the ground state, we do not
observe any large-scale spatial dynamics, suggesting that the
ground-state molecular gas remains close to equilibrium.
This is corroborated by the measured momentum distribu-
tion (Fig. 2A) and expansion energy (Fig. 2B). Furthermore,
because inelastic collisions are predicted to be accompanied
by a comparable number of elastic, momentum-exchanging
collisions (51), this thermodynamic state is essentially main-
tained over the lifetime of the gas, as evidenced by the persis-
tence of a low 7/Tr, which grows slowly with time (Fig. S2B)
(43). This is further supported by the dependence of chemical
reactions on degeneracy, as described below.

Given that KRb molecules are fermions, intermolecular
scattering must occur in the p-wave channel as this is the
lowest energy antisymmetric collision channel. As such, the
intermolecular potential (Fig. 3A) exhibits a centrifugal bar-
rier through which molecules must tunnel in order to chem-
ically react. According to the Bethe-Wigner threshold law
(52, 53), the tunneling rate (and therefore reaction rate), is
proportional to the temperature, so that chemical reactions
must slow down at low temperatures (36). Examples of den-
sity loss curves and their corresponding fits (see below) for
two temperatures are shown in Fig. 3B. At low temperature,
the density decays at a slower rate compared to at high tem-
perature.

When a molecular collision leads to a reaction, the prod-
uct molecules are ejected from the trap with high energy,
leaving the remaining molecules unaffected as the mean free
path is much larger than the size of the cloud. However, col-
lisions tend to occur in the coldest, densest part of the cloud
so that the lowest energy molecules react and are lost prefer-
entially, leading to anti-evaporation and an overall heating of
the cloud. We typically observe heating linear in time with
rates ranging from A = 10-30 nK/s, slightly larger than a sim-
ple anti-evaporation model would suggest. However, this rate
is small enough for the molecular 7/Tr to remain close to its
initial value over the course of the molecules’ lifetime.
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The reduction of density is determined by both the loss of
KRb molecules and the increase in temperature. We fit our
data to a simple two-body model that includes the effect of

heating (36)
dn , 3ndT
—=—pn-=_——
dt P 2T dt W

where n is the average classical molecular density of the
bulk gas; the temperature is a measured, linear function of
time, T = To + ht; and B is the two-body loss coefficient. Be-
cause two-particle threshold behavior predicts B = b7, the fit-
ting of the data with Eq. 1 allows us to determine b (43).

Measurements of 8 as a function of initial molecular tem-
perature are shown in Fig. 4A. Data points with a blue face
correspond to 7/Tx < 0.6 and those with a red face to 7/7T% >
0.6; the solid red curve is the value predicted by multi-chan-
nel quantum defect theory (MQDT), based on a previously
published ab initio calculation of the van der Waals coeffi-
cient, Cs (36, 54). The points with 7/Tr > 0.6 follow the pre-
dicted MQDT trend closely, but those with 7/7% < 0.6 show
deviations at all temperatures. Considering 3/7, we observe a,
trend that is only dependent on 7/7r and not initial temper-
ature. We find that at 7/7r < 0.6, 3/T shows a strong deviation
from the Bethe-Wigner threshold law, whereas above T/Tr =
0.6, B/T is constant, with a measured value of 3/T = 0.84(6)
x 107° cm?® s7! K (black line in Fig. 4B, error range shown in
gray). This value is in excellent agreement with the predicted
MQDT value (36, 54) of 3/T = 0.8(1) x 10~° cm?® s K™! (red line
in Fig. 4B). Our value is somewhat lower than the previously
measured value of /T = 1.2(3) x 107° cm?® s7! K! (86), with the
discrepancy likely arising from the use of the corrugated po-
tential to suppress gravitational sag in the current experi-
ment.

Below T/Tr = 0.6, the measured 3/7T drops to values as low
as 0.21(8) x 107° cm?® s! K. A possible explanation for this
observed deviation from a constant value is the change in
density correlations as the gas becomes deeply degenerate.
For a classical gas, the density sets the length scale of in-
terparticle separation, which is much larger than the deBro-
glie wavelength, N. In this case, large density fluctuations
occur on the molecular scale, and two particles can easily find
a configuration to scatter in the p-wave channel. In a degen-
erate Fermi gas, however, the probability of finding two mol-
ecules within a short distance of each other decreases as 7/Tr
is lowered because of anti-bunching, with the average in-
terparticle spacing being set by the deBroglie wavelength it-
self and ultimately by the Fermi wavevector, 2w/kr. This is the
same physical phenomenon that gives rise to the Pauli pres-
sure and reduced compressibility of a Fermi gas. This would
cause an effective blockade that results in reduced density
fluctuations (55-57) such that p-wave scattering and chemical
reactions are suppressed beyond the Bethe-Wigner predic-
tion. The suppressed collision rate manifests itself within our
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model as a reduction in the measured /7T for the bulk gas,
though the true two-body reaction rate constant is unaffected
by degeneracy for any given molecular collision.

This effect is captured in the average relative number den-

sity fluctuation (5n(r))/(n(r)), which is shown as a blue

line in Fig. 4B as a function of 7/Tr. The curve is scaled to the
MQDT value of /T for T/Tr > 1, but otherwise has no fitting
parameters. That this simple consideration qualitatively de-
scribes the change in reaction rate suggests that the reduced
particle fluctuations correspondingly reduce the probability
of two molecules colliding, resulting in a suppression of
chemical reactions. Density fluctuations are most strongly
suppressed in the center of the trap (43) where the majority
of chemical reactions occur, which is a possible explanation
for why some points fall below the expected fluctuation sup-
pression curve. Similar suppression of loss caused by strong
correlations has been observed in the three-body recombina-
tion rate of a one-dimensional Bose gas in which the particles
have undergone fermionization (58). Furthermore, this effect
is reminiscent of the reduction of the elastic s-wave collision
rate observed in fermionic atoms (59, 60); however, in the
elastic case, the reduction of the elastic cross section is at-
tributed to the unavailability of empty states to scatter into,
which is not relevant for inelastic collisions.

Although the qualitative agreement between the data and
the suppression of density fluctuations is suggestive, a com-
plete theory must treat the many-body nature of the degen-
erate gas within which the chemical reactions are taking
place. . In particular, it is important to consider the degree to
which molecules thermalize after some are lost to chemical
reactions. Furthermore, as 7/7r is decreased well below 0.3,
collisions will be dominated by molecules near the Fermi sur-
face so that the mean relative collision energy will deviate
from the classical equipartition value to the quantum value

of %kBTF per particle.

The production of a degenerate Fermi gas of dipolar mol-
ecules opens previously unexplored paths in ultracold molec-
ular science. In a bulk gas, we now have the opportunity to
study chemical reactions in a regime where quantum degen-
eracy and quantum fluctuations compete with classical
chemical reaction dynamics. Furthermore, this work shows
great promise for the exploration of degenerate molecules in
electric fields, where the strong dipole-dipole interaction
dominates. In this limit, we expect to see interaction-induced
effects such as the deformation of the Fermi surface and the
development of exotic many-body correlations.
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Fig. 2. Signatures of quantum degeneracy. (A) An azimuthally-averaged
molecular density profile with T/T¢ = 0.31(2) fit to a Fermi-Dirac distribution
(blue curve) and a classical Maxwell-Boltzmann distribution (red curve). The
fit residuals (lower panel) show the deviation of the classical fit (red points)
characteristic of degeneracy; the solid curve corresponds to the difference
of the residuals. Fitting only the wings of the cloud to a Maxwell-Boltzmann
distribution (green curve) accurately captures the temperature but
overestimates the density in the center. (B) The deviation of the internal
energy of the molecular gas from its classical value grows as T/Tris reduced.
The solid curve is the expected result for an ideal Fermi gas, and the results
for K are shown for comparison.
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Fig. 3. Intermolecular reactions. (A) The intermolecular p-wave (/ = 1)
scattering potential for KRb (36); molecules can react once they have
tunneled through the barrier. (B) As reactions occur, molecular density
(shown at two temperatures) decays according to a two-body rate law. The
rate constant decreases with decreasing temperature in accordance with the
Bethe—Wigner threshold law (see text).
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Fig. 4. Temperature dependence of reaction rate constants. (A) The
reaction rate constant g for initial temperatures ranging from T =70 — 450 nK.
Blue-filled points correspond to T/Tr < 0.6 and red-filled points to T/T¢ > 0.6.
The red curve is the value expected from MQDT. (B) Temperature-normalized
reaction rate constants from (A) as a function of degeneracy. The measured
g/T, as determined by fitting the average density to the solution of Eq. 1,
appears to decrease sharply when T/Tr < 0.6 owing to the suppression of
fluctuations. The solid black line and gray bar are the average /T for T/T¢ >
0.6 and corresponding error range. The red line is the MQDT value and the
blue curve is the average relative density fluctuations.
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Table 1. Atom and molecule conditions corresponding to Fig. 1B.

T (nK)

Rb Number

T/Tc KNumber T/T:¢

KRb Number T/T:

230

110
50

1.2 x 10° 0.3
1x 106 0.2
5x 10° 0.1

1.0(1) x 105 1.0(1)
5.0(5) x 10*  0.54(3)
3.0(5) x 10*  0.33(3)
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