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COLD MOLECULES

A degenerate Fermi gas

of polar molecules

Luigi De Marco™?, Giacomo Valtolina?, Kyle Matsuda®?*, William G. Tobias"2,

Jacob P. Covey">, Jun Ye'2}

Experimental realization of a quantum degenerate gas of molecules would provide
access to a wide rangé 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. 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.

ltracold polar molecules are ideal candi-

dates to realize a plethora of proposals in

molecular and many-body physics. These

include the development of chemistry in

the quantum regime (1), 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 (17-15), and the study of quantum
information science (16-18). Although magnetic
atoms also exhibit long-ranged dipolar inter-
actions and can be used to carry out these
proposals (19, 20), polar molecules offer more
tunable, stronger interactions 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 substantial experimental challenges in
molecular physics (21). Although the direct la-
ser 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 diatomie moelecules have been’

made by cooling atoms to a few hundred nano-
kelvin (107 K) and coherently associating the
ultracold atoms into deeply bound molecules
by using a Fano-Feshbach resenance (27) fol-
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lowed by stimulated Raman adiabatic passage
(STIRAP) (25).

Thus far, potassium-rubidium (ERb) (28),
sodium-potassium (29, 30), rubidium-cesium
(31, 32), sodium-rubidium (33}, and lithium-
sodium (34) have successfully been produced
in deeply bound molecular states. Typically,
such molecules can be produced in numbers
ranging from hundreds to tens of thousands
and at temperatures ranging from 250 to 600 nK.
Reaching degeneracy in these experiments has
been impeded by two major factors: the pro-
duction of an adequate mixture of atoms to
make a sufficient number of molecules and rap-
id 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 ean 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 in-
elastic loss caused by the complex nature of
the scattering process, which is still being in-
vestigated (29, 33, 38). Indeed, the lowest-entropy
samples of ground-state molecules have been
produced in a three-dimensional (3D) optical
lattice, in which chemical reactions cannot oc-
cur, with an entropy of just 2.2 %y (Boltzmann
constant) per particle (39); however, produc-
ing quantum degenerate molecules in a bulk
gas has so far been an outstanding experimen-
tal goal.

Here, we report the production of 10° fermi-
onic *“*K*Rb melecules at 250 nK and as many
as 2.5 x 10* molecules at 50 nk, the latter cor-
responding to 7/Ty = 0.3, where Tt is the Fermi
temperature. Moreover, we observed that quan-
tum degeneracy is accompanied by a suppres-
sion of chemical reactions.

The efficiency of ultracold molecule produc-
tion is limited at low temperatures by rapid
three-body recombination of the atomic spe-
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cies as well as the spatial mismatch between
atomic density distributions (4#0-42), For KRb,
however, in the Iimit where the K number vastly
exceeds the Rb number, these effects can be
mitigated, and the conversion to molecules with
respect to the minority species can be high (42).
Furthermore, if the gases are deeply degenerate,
the atoms’ 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 flex-
ibilitv to produce KRb molecules over a wide
range of temperatures, densities, and 7/1%.

After collecting ~10° *Rb atoms and 7 x 107 *°K
atoms in a vapor-cell magneto-optical trap, we
cooled the atoms to degeneracy by perform-
ing radiofrequency evaporation in an optically
plugged quadrupole irap followed by evapora-
tion in a crossed optical dipole trap (xODT) (43),
After optical evaporation was complete, the
xODT was recompressed so that K experienced
harmonie trapping frequencies of (w,, QO ) =
2r x (45, 250, 80) Hz, with gravity along the
y direction. Trap frequencies are smaller by a
factor of 0.72 and 0.79 for Rb and XRb, re-
spectively, owing 1o differences in mass and AC
polarizability. Slices through atomic column-
integrated density distributions after 16 ms time
of flight (TOF) for three representative condi-
tions are shown in Fig. 1B, top, and the corre-
sponding numbers are given in Table 1. Among a
number of technical improvements that allowed
us to produce a deeply degenerate mixture with a
large number of atoms, a key advance was the
implementation of A-enhanced gray molasses on
the D, (4281/2 — ALQ'PW) line of K (44) as well as
the Dy (5%S;y, — 5%Pyy0) line of Rb (45).

We produced ground-state KRb molecules
by sweeping a magnetic field through an in-
terspecies Fano-Feshbach resonance at B =
546.6 G to create weakly bound Feshbach mol-
ecules (Fig. 1A) (28), The molecules were then
coherently transferred to the ground state by
using STIRAP with ~90% efficiency. We con-
ducted the experiments described here at zero
electric field. The difference in trapping fre-
quencies between molecules and atoms resulted
in all three species having different equilibrium
positions because of gravitational sag (46). Even
though the molecules had the same initial tem-
perature as the atoms, the initial nonequilibriun
position set the molecules in motion, and the
gas rapidly heated up as potential energy was con-
verted to kinetic energy. To mitigate this effect,
before molecule preduction a 1D optical lattice
of 30 molecular recoil energies was turned on
against gravity, This ensured that the molecules
and atoms were at equilibrium at the same po-
sition in the corrugated potential, After molecules
were produced, unpaired atems were quickly
blasted away with resonant light (43), the lattice
was then ramped off in 5 ms, and no spatial
oscillations or rapid heating were observed.

By varying the initial temperature and atomic
number ratio, we generated molecular gases
ranging from 777y greater than 1 to less than

1 of 4

6102 ‘I 1 Yyosep uo /Bio Bewssusns aousios)/ diy Wol papeojumoq



RESEARCH | REPORT

0.3. Three representative conditions arc sum-
marized in Table 1, and slices through molec-
ular column density distributions after 10 ms
TOF are shown in Fig. 1B, bottom; each molee-
ular distribution shown was produced from the
atomic conditions in Fig. 1B, top. Over this range,
the average molecular density varies from 0.5 x
107 t0 2 x 10”2 em™.

At low T/Ty, the effects of degeneracy on
the molecular velocity distribution after TOF
are clear. Two-dimensional absorption images
were collected and fit (43); the azimuthally av-
eraged density profile of a cloud of KRb mol-
ccules after 10 ms TOF is shown in Fig. 2A. The
profile is well fit by a Fermi-Dirac distribution
[Fig. 24, top, blue curve; T/T; = 0.31(2)], whereas

the classical Maxwell-Boltzmann distribution
(Fig. 24, top, red curve) overestimates the den-
sity at the center of the cloud and underesti-
mates it in the wings. This is evident in the fit
residuals (Fig. 2A, bottom), where the classical
residuals exhibit ripples that are a hallmark of
Fermi degeneracy (47), A Maxwell-Boltzmann
fit to the wings of the profile (Fig. 24, top, ereen
curve), where the gas looks essentially classical,
captures the temperature of the molecules but
deviates at the center of the cloud,

The classical fit to the entire cloud system-
atically overestimates the temperature compared
with the Fermi-Dirae fit because the Pauli ex-
clusion principle prevents the multiple occupancy
of low-energy states. The difference between

A
L ]
. 3 i
H T eshha "r &
H @ m— -
- il o W X
} B Mum._»B Ground Stale D
molecules
B
TT.=03] 3 TM.=02{ 3
T, >1 . TM,=09
2 2
1 - '
K
= 4 K 1
e Rb
8 o 0 : 0
@ TT.=1.0(1) T/T,. = 0.54(3) T/T, = 0.33(3)
g 0.4; w ’/\ 04l W 02 =
KRb KRb KRb
0.2 0.2 0.1
N— \\,mv‘m 0 ke \
200 O 200 200 0O 200 =200 O 200

Position (um)

Fig. 1. Production of degenerate molecules. (A) Beginning with degenerate gases of Rb (red) and
K (blue), Feshbach molecuies are created by sweeping a magnatic field through a Fano-Feshbach
resonance. The weakly bound melecules are coherently transferred to the ground state by using
STIRAP. The resulting molecules reflect the degeneracy of their parent atoms. (B) Slices through
images of atomic mixtures (twe averages, 16 ms TOF, top) and ground-state molecules (four
averages, 10 ms TOF, bottom) for molecular T/T¢ ranging from 0.3 to 1 {right to left). (Inset) False-
color 2D column density. with blue corresponding to K and red to Rb. Dashed red lines correspond to
noncandensed component of Rb cloud. The TOF images reflect the differing momentum

distributions of the atoms and molecules,

e e e T s e e
Table 1. Atom and molecule conditions corresponding to Fig. 1B.

T (nK) Rb number T/T: K number T/Te KRb number T/Te
230 BisednR >1 1.2 % ;06 0.3 1.0(1) x 10° 10
o 2 % 10° 0.9 1% 10° 0.2 50(5) x 10% 0.54(3)
50 7 % 10% 05 5 % 10° 0.1 3.0(5) x 10* 0.33(3)

De Marco et al., Seience 363, 853-856 (2019)
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the temperatures measured with the two fits
is a strong indicator of the degree of quantum
degeneracy (47). The normalized difference be-
tween these, 80U/ Uy = 1~ T/11, is shown in Fig 2B
for KRb as a function of T/Ty, where Ty is the
temperature determined from the Maxwell-
Boltzmann fit. As T/Ty, is decreased, the normal-
ized 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 values of
T{Ty; both sets of data show good agreement
with the theoretical prediction for an ideal
Fermi gas (Fig. 2B, solid line).

Given the T/7y measured for K before molec-
ular association, we expect an increase in the
molecular T/T%: by roughly a factor of 3 to 4 based
on the change in particle number and trap fre-
quency. However, we typically measured values
of T/T= that were only a factor of 2.5 to 3 larger
than that of K. At values of T/T¢ < 0.1 for K,
85% of the Rb was condensed, and the Rb-to-K
ratio was made to be roughly 1:10 (Table 1, third
row) in order to minimize three-body recombi-
nation during magnetoassociation (42, 48). Un-
der these conditions, molecules were produced
with T/Tr £ 0.3. Because the Rb BEC was fairly
localized to the center of the K cloud (Fig, 1B),
molecules were only produced in the lowest-
entropy part of the Fermi sea (49}, resulting in
molecules that have a lower 7/7% than expected
from uniform K conversion over the entire dis-
tribution. At such low temperatures, the con-
version from Rb to Feshbach molecules can be
as high as 50%, indicating that there is good
local phase space overlap between K and the
Rb condensate. Because the density of the BEC
is much higher than that of the K Fermi gas,
the local conversion efficiency of K atoms ap-
proaches unity. This is the same principle of
strong phase space matching that allowed for
the efficient production of ground-state mol-
ecules in a 3D optical lattice (39). By contrast,
at high 7/7%, where we produce the largest ab-
solute number of molecules, conversion is typ-
ically 15% of Rb (Table 1, first row).

We produced degenerate maolecules by adia-
batically sweeping the magnetic field through
a Fano-Feshbach resonance followed by coherent
transfer to the ground state with high efficiency.
Because the first step occurs on time scales that
are comparable with the inverse trap frequency,
the Feshbach molecules were preduced at ther-
modynainic equilibrium (50). After transferring
molecules to the ground state, we did not ob-
serve any large-scale spatial dynamics, suggest-
ing that the ground-state molecular gas remains
close to equilibrium. This was corroborated by
the measured momentum distribution (Fig. 2A)
and expansion energy (Fig. 2B), Furthermore,
because inelastic collisions are predicted to be
accompanied by a comparable number of clastic,
momentum-exchanging collisions (57), this ther-
modynamic state is essentially maintained over
the lifetime of the gas, as evidenced by the per-
sistence of a low T/ 7y, which grows slowly with

2 of 4

6102 ‘11 yatep uo /6o Bewsousios eousios//:dly Wol papEo|uMO(



RESEARCH | REPORT

time (fig. S2B) (43). This is further supported
by the dependence of chemical reactions on
degeneracy.

Given that KRb molecules are fermions, in-
termolecular scattering must ocecur in the p-
wave channel because this is the lowest-energy
antisymmetric collision channel, As such, the
intermolecular potential (Fig. 3A) exhibits a
centrifugal barrier through which molecules
must tunnel in order to chemically react. Accord-
ing to the Bethe-Wigner threshold law (52, 53),
the tunneling rate (and therefore reaction rate)
is proportional to the temperature, so that chem-

A .
= — Fermi-Dirac
E 1.0 - Classical
8 0.8l —— Thermal Wlngs"
0
% 0.6}
£ 0.2}
5
Z 0.0t
5 .
Residuals (%)
0feas 11ty R
R 5 10 15
Velocity (mm/s)
B 05— ; .
" * KRb
0.4r o 10K |
o 0.3
=
=
o 0.2k
0.1}
008504 0.6

TIT,

Fig. 2. Signatures of quantum degeneracy.
(A) (Top) An azimuthally averaged molecular
density profile with 7/TF = 0.31(2) fit to a Fermi-
Dirac distribution (blue curve) and a classical
Maxwell-Boltzmann distribution (red curve).
(Bottom) The fit residuals show the deviation of
the classical fit (red points) characteristic of
cdegeneracy; the solid curve corresponds to the
difference of the residuals. Fitting only the
wings of the cloud to a Maxwell-Boltzmann
distribution (top, 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/T¢ is reduced. The
solid curve is the expected result for an ideal
Fermi gas, and the resuits for K are shown

for comparison,

De Marco ¢t al., Seience 363, 853-856 (2019)

ical reactions must slow down at low temper-
atures (36). Ixamples of density loss curves and
their corresponding fits for two temperatures are
shown in Fig. 3B. At low temperature, the den-
sity decays at a slower rate compared with at
high temperature.

When a molecular collision leads to a re-
action, the product molecules are ejected from
the trap with high energy, leaving the remain-
ing molecules unaffected because the mean free
path is much larger than the size of the cloud.
However, collisions tend to occur in the coldest,
densest part of the cloud so that the lowest-
energy molecules react and are lost preferen-
tially, leading to anti-evaporation and an overall
heating of the cloud. We typically observed heat-
ing linear in time, with rates ranging from # = 10
to 30 nk/s, which is slightly larger than a simple
anti-evaporation model would suggest (57). How-
ever, this rate is small enough for the molecular
T/Tr to remain close to its initial value over the
molecules’ lifetime.,

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 heat-
ing (36)

ﬁ: ,“Bn?_éit.d_T (1)

dt 27 dr
where n is the average classical molecular den-
sity of the bulk gas; the temperature is a mea-
sured, linear function of time, T = T, + /it; and
B is the two-body loss coefficient. Because two-
particle threshold behavior predicts p = 57, the
fitting of the data with Eq. 1 allows us to de-
termine & (43).

Measurements of p as a function of initial
molecular temperature are shown in Fig, 4A,
Data points with a blue face correspond to
T/Ty < 0.6, and those with a red face correspond
to 7/7% > 0.6; the solid red curve is the value
predicted by multichannel quantum defect theory
(MQDT), based on a previously published ab initio
calculation of the van der Waals coefficient, Cs
(36, 54). The points with T/T3 > 0.6 follow the
predicted MQDT trend closely, but those with
/1% = 0.6 show deviations at all temperatures.
Considering B/T, we observed a trend that is
only dependent on 7/7% and not initial temper-
ature, We found that at 7/7% < 0.6, B/T shows a,
strong deviation from the Bethe-Wigner thresh-
old law, whereas above /Ty = 0.6, p/7 is con-
stant, with a measured value of B/7 = 0.84(6) x
107" ems® s K~ (Fig. 4B, black line, error range
shown in gray). This value is in excellent agree-
ment with the predicted MQDT value (36, 54) of
B/T = 0.8(1) % 107 em® 57 K (Fig. 4B, red
line), Our value is somewhat lower than the
previously measured value of B/T = 1.2(3) x
107% em® s7' K77 (36), with the discrepancy
likely arising from the use of the corrugated
potential to suppress gravitational sag in the
current experiment.

Below 77T} = 0.6, the measured /T drops
to values as low as 0.21(8) x 10 em® s ' KL A
possible explanation for this observed deviation

22 Hebruary 2019

>
w
o

K)

(__CG/'VG

aaenye | 5N

[
o

Potential Energy (u
o =)

0.0 2 ('4

Time (s)

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.

from a constant value is the change in density
correlations as the gas becomes deeply degen-
erate. For a classical gas, the density sets the
length scale of interparticle separation, which
is much larger than the deBroglie wavelength,
A. In this case, large density fluctuations occur
on the molecular scale, and two particles ean
easily find a configuration to scatter in the
p-wave channel. In a degenerate Fermi gas,
however, the probability of finding twe mole-
cules within a short distance of each other
decreases as T/Ty is lowered because of anti-
bunching, with the average interparticle spacing
being set by the deBroglie wavelength itself and
ultimately by the Fermi wave vector, 2r/X;. This
is the same physical phenomenon that gives rise
to the Pauli pressure and reduced compressibil-
ity of a Fermi gas. This would cause an effective
blockade that results in reduced density fluctu-
ations (85-57) so that p-wave scattering and
chemical reactions are suppressed beyond the
Bethe-Wigner prediction. The suppressed colli-
sion rate manifests itseif within our model as a
reduction in the measured B/7 for the bulk gas,
although the true two-body reaction rate con-
stant is unaffected by degeneracy for any given
molecular collision.
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This effect is captured in the average rela-
tive number density fluctuation (8n%(7)}/(n(r)},
which is shown as a blue line in Fig, 4B as a
function of T/Ty. The eurve is scaled to the
MQDT value of B/T for 7/Ty > 1 but otherwise
has no fitting parameters. That this simple con-
sideration qualitatively describes the change in
reaction rate suggests that the reduced particle
fluctuations correspondingly reduce the proba-
bility of two molecules colliding, resulting in a
suppression of chemical reactions. Density fluc-
tuations are most strongly suppressed in the
center of the trap (43), where the majority of
chemical reactions oceur, which is a possible
explanation for why some points fall below the
expected fluctuation suppression curve, Similar
suppression of loss caused by strong correla-
tions has been observed in the three-body re-
combination rate of a ID Bose gas in which the
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Fig. 4. Temperature dependence of reaction
rate constants. (A) The reaction rate constant
B for initial temperatures ranging from T = 70 to
450 nkK. Solid blue points correspond to

T/T¢ = 0.6, and solid red points correspond

to T/Tr > 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 p/T,
as determined by fitting the average density

to the solution of Eq. 1, appears to decrease
sharply when T/T¢ < 0.6 owing to the suppres-
sion of fluctuations. The solid black line and
gray bar are the average B/T for 7/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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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 clastic case, the reduction of the elastic
cross section is attributed 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 fluc-
tuations is suggestive, a complete theory must
treat the many-body nature of the degenerate
gas within which the chemical reactions are
taking place. In particular, it is important to
consider the degree to which molecules thermal-
ize after some are lost to chemical reactions.
Furthermore, as T/Ty is decreased well below
0.3, collisions will be dominated by molecules
near the Fermi surface so that the mean rel-
ative collision energy will deviate from the clas-
sical equipartition value to the quantum value
of 3k T per particle,

The production of a degenerate Fermi gas of
polar molecules opens previously unexplored
paths in ultracold molecular science. In a bulk
gas, we now have the opportunity to study chem-
ical reactions in a regime where gquantum de-
generacy and quantum fluctuations compete
with classical chemical reaction dynamics. Fur-
thermore, 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 devel-
opment of exotic many-body correlations.
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