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QUANTUM SIMULATION

Creation of a low-entropy
quantum gas of polar molecules

in an optical lattice

Steven A. Moses, Jacob P. Covey, Matthew T. Miecnikowski, Bo Yan,* Bryce Gadway,

Jun Ye,} Deborah S. Jint

Ultracold polar molecules, with their long-range electric dipolar interactions, offer a
unique platform for studying correlated quantum many-body phenomena. However,
realizing a highly degenerate quantum gas of molecules with a low entropy per particle

is challenging. We report the synthesis of a low-entropy quantum gas of potassium-
rubidium molecules (KRb) in a three-dimensional optical lattice. We simultaneously load
into the optical lattice a Mott insulator of bosonic Rb atoms and a single-band insulator
of fermionic K atoms. Then, using magnetoassociation and optical state transfer, we
efficiently produce ground-state molecules in the lattice at those sites that contain

one Rb and one K atom. The achieved filling fraction of 25% should enable future studies
of transport and entanglement propagation in a many-body system with long-range

dipolar interactions.

olar molecules are an ideal candidate sys-

tem for studying spin physics and emulat-

ing quantum magnetism (7-3). However,

low temperatures and long lifetimes are

required. Ultracold fermionic KRb mole-
cules have been created at a temperature 7 close
to the Fermi temperature 7% (4), but cooling a
trapped molecular gas deeply into quantum de-
generacy has yet to be demonstrated (5-7). For
KRb, the biggest problem is that two molecules
can chemically react, which limits the lifetime of
the trapped gas (8). Furthermore, the chemical
reaction rate increases in an applied electric field
because of the attractive part of the dipole-dipole
interactions (8). A solution to this problem is to
confine the molecules in a deep optical lattice in
order to restrict collisions (9-11). In particular,
the lifetime of ground-state molecules in a deep
three-dimensional (3D) lattice was demonstrated
to be longer than 20 s and limited by off-resonant
scattering of the lattice light (7). With the chemi-
cal reactions mitigated, the remaining challenge
is to create a low-entropy system, which in the
lattice corresponds to increasing the filling frac-
tion. Here, we report the realization of a high-
filling, low-entropy quantum gas of ground-state
molecules in a deep 3D lattice using a quantum
synthesis approach.

Simulating quantum many-body physics with
lattice-confined atoms requires a filling near unity
and correspondingly low entropy (12). This con-
dition can be substantially relaxed with polar
molecules thanks to their long-range dipolar in-
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teractions, which allow for a decoupling of spin
and motion so that only the spin entropy, which
can be prepared to be near zero, is relevant (3).
This was recently demonstrated in (13, 14), where
a spin-5 system was realized by encoding spin in
the rotational degree of freedom of the KRb mol-
ecules. At dilute lattice fillings, spin exchange via
dipolar interactions was observed in the density-
dependent decay of, and oscillations in, the spin
coherence. To go beyond this observation and ex-
plore problems such as the spin-Y4 Hamiltonian
for quantum magnetism (15-21), the propagation
of excitations and the growth of entanglement
and correlations (22, 23), many-body localization
(24), exotic quantum phases (25-29), and spin-
orbit coupling with molecules (30), higher lattice
fillings will be essential. Determining what consti-
tutes high lattice filling depends on the specific
experiment in question; one benchmark is the

percolation threshold, which for an infinite sim-
ple cubic lattice with nearest-neighbor interac-
tions corresponds to a filling of ~0.3 (31). Because
of the molecules’ long-range interactions and the
finite system size, a filling near this percolation
threshold is sufficient for exploring dynamics
such as the propagation of excitations.

Our strategy for realizing higher lattice fillings
for polar molecules is to take advantage of the
precise experimental control available for manip-
ulating the initial atomic quantum gas mixture
in a 3D lattice (32, 33). Specifically, one needs to
prepare a low-entropy state of two atomic species
in the lattice and combine this with efficient mol-
ecule production. We use magnetoassociation
to first create very weakly bound Feshbach mol-
ecules followed by optical transfer to the molec-
ular ro-vibrational ground state. Previously, we
showed that the conversion efficiency from
atoms to Feshbach molecules is high (87 + 13%)
for lattice sites containing exactly one Rb atom
and one K atom (Z7). In addition, previous mea-
surements of inelastic collisional loss rates for
Feshbach molecules with K or Rb atoms (8, 34)
suggest that having an extra atom on a lattice site
will be detrimental to molecule production at
that site.

The basic scheme is illustrated in Fig. 1. By
loading a nearly pure Bose-Einstein condensate
(BEC) of Rb atoms into a 3D optical lattice, we
achieve a Mott insulator (MI) state, where repul-
sive interactions between the Rb atoms drive a
transition to a state that has an integer number
of particles per site (35). The lattice depth is sub-
sequently increased to pin the Rb atoms. The ini-
tial BEC density should be low enough to avoid
having multiply occupied sites. For spin-polarized
fermionic K atoms, Pauli blocking will prevent
any site from having more than one K atom if the
atoms are all prepared in the lowest band. The
optimum case is a K band insulator (36, 37) of
one atom per site, which requires starting with
a relatively large initial K density. Creating both
insulators simultaneously is very challenging.
The densities of both species should be ~(A/2)2
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Fig. 1. Quantum synthesis for creating polar molecules. Left: We load K (blue) and Rb (red) atoms into
a 3D optical lattice, with many more K atoms than Rb atoms. In the center of the lattice where the two atom
clouds overlap, we realize a Rb Mott insulator and a K single-band insulator, each with near-unity filling.
Right: Sites with one Rb and one K have a high probability of producing molecules, whereas sites with
multiple Rb or with only a single atomic species do not yield molecules.
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prior to loading the lattice, where A/2 is the
lattice spacing. When loading both species into
a common optical lattice, we thus need to work
with a Rb BEC with small atom number and a
degenerate Fermi gas with large atom number.
The Rb MI must be well spatially overlapped with
the center of the much larger K distribution. We
also need to preserve the high filling of each
atomic species in the presence of the other. Final-
ly, any excess atoms should be removed quickly
from the lattice after the molecule production.
To prepare the atomic quantum gases, we evap-
orate Rb in the [1,1) state and sympathetically
cool K in the %, -%) state in a crossed-beam
optical dipole trap with a wavelength A = 1064 nm.
Here, the atomic hyperfine states are denoted by
|F, mp), where F is the total atomic spin and m
is its projection. The evaporation is performed at
a magnetic field B of 540 G, where the inter-
species scattering length agyy, is -100a,, with ag

the Bohr radius. This field provides for modest
interspecies interactions while being close to an
interspecies Feshbach resonance (38) at B, =
546.6 G that is used for tuning interactions as
well as for molecule creation. The final optical
trap is cylindrically symmetric with a typical axial
trap frequency of ®, = 2r x 180 Hz (along gravity)
and a radial trap frequency of w, = 2r x 25 Hz for
Rb. The measured trap frequencies for K are 2r x
260 Hz and 2r x 30 Hz. The larger vertical trap
frequency helps prevent separation of the Rb and
K clouds due to gravitational sag. Immediately af-
ter the evaporation, we turn off the interspecies in-
teractions by ramping B to 543.6 G where aggy, =
0. At this point, we have a Fermi gas of 1 x 10° to
2 x 10° K atoms and a nearly pure Rb BEC with
10? to 10* atoms. Once Rb condenses, it no longer
thermalizes efficiently with K, and as a result the
temperature of the K gas does not reach below
T/Tr =~ 0.3. We then smoothly turn on, in 150 ms,

three retro-reflected beams with A = 1064 nm
that form a cubic optical lattice. Two of the lattice
beams are in the horizontal plane; the third beam
is at an angle of 6° from vertical. The final lattice
depth is between 20 and 25 EX, where ERXP =
K*k?/2m is the recoil energy for Rb, k = 2n/A, his
the Planck constant divided by 2r, and m is the
mass of the Rb atom.

‘We image the atom clouds, either in situ in the
lattice or after a time-of-flight (TOF) expansion,
using resonant absorption imaging with a probe
beam that propagates along the vertical direc-
tion. As the lattice depth is increased beyond the
superfluid-MI transition of the Rb gas, coherent
matter wave interference disappears (Fig. 2A).
Figure 2B shows a TOF image of 1.8 x 10° K atoms,
where the lattice was turned off more slowly for
band mapping (39). A trace through this image
along the direction of one of the horizontal lattice
beams, which is rotated by roughly 45° with
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Fig. 2. Imaging of Rb and K clouds. (A) The superfluid—Mott insulator transition for Rb, with ~8 x 10% atoms. The images were taken with TOF = 8 ms; the final
lattice depthis 12, 17, or 22 Egb from left to right. The optical depth (OD) for each image is indicated by the color bar to the right of the image; scale bar units refer to
momentum. (B) Band mapping of K, imaged after 11.5 ms of expansion. The white line shows the direction of the cut shown in (C). (C) Cut through the K band-
mapping image, showing OD versus quasi-momentum. (D) In situ image of 2 x 10% Rb atoms. (E) In situ image of 1.8 x 10° K atoms. (F) In situ image of the K cloud
after initiating loss due to K-Rb inelastic collisions. The resulting hole in the K cloud demonstrates good initial spatial overlap with the Rb cloud in all three directions.
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respect to the camera axes (and averaged along
the other direction), shows that most of the
atoms are in the lowest band (Fig. 2C). In situ
images of Rb (Fig. 2D) and K (Fig. 2E) reveal that
the Rb cloud is much smaller than the K cloud.
To verify that the clouds are spatially overlapped,
we used a radio-frequency (RF) pulse to transfer
the Rb atoms to the |2, 2) state in order to induce
spin-changing collisions that result in loss of K
and Rb atoms on the same lattice site. The re-
sultant hole in the K distribution (Fig. 2F) clearly
demonstrates that the clouds are overlapped
in the trap.

We determine the peak filling fraction from
fits to the measured atomic distributions. We fit
the K Fermi gas with a Gaussian. In this case, the
peak filling is

N(n/2)°

(2n)3/ 2(5sz62

S = (1)

where N is the number of atoms and o, 6,, and
o, are the Gaussian root mean square widths.

The Rb MI is better described by a Thomas-Fermi
(TF) distribution (40), and the peak filling is

15N (2/2)°

= )
8nR,RyR.

Jrb
where R,, R,, and R, are the TF radii. We image the
gas along g, so we determine the radial size. The
vertical size is smaller by a factor of A = 64 + 0.1,
which is measured for a thermal gas of Rb in the
combined potential of the optical trap and lattice.

Figure 3A shows f, versus Rb number. For a
comparison to the data, we calculate the 7= 0 MI
distribution for our trap, convolve this distribu-
tion with a Gaussian filter to account for the
finite imaging resolution, bin the data into pixels,
and then fit with a TF distribution (41). For very
small samples, the size of the cloud is about twice
the imaging resolution. The data correspond well
to the T = 0 calculation, and from this compar-
ison, we infer that the N = 1 Rb MI occurs for
fewer than 5000 atoms in our trap.

Figure 3B shows fx versus K number in a
23 ERP lattice. Given the different mass and ac

polarizability for K, this is equivalent to only
9 E¥, where Ef is the recoil energy for K atoms.
We find that fx rises with increasing K atom
number (blue points) and saturates around 80%
for K numbers =1 x 10°. For these data, 7/7% de-
creases with increasing K number (red points).
The saturation of fx is consistent with the onset
of a band insulator in the center of the lattice.

The data in Fig. 3, A and B, show that to
achieve optimal molecule production, the initial
BEC should have fewer than 5000 atoms for a M1
with mostly one atom per site, whereas the Fermi
gas should have more than 10° atoms to reach
the band insulating limit. When loading both
atom species at very low temperatures, one might
expect attractive interactions to enhance the over-
lap between the two species (33, 42). For the
temperatures achieved in our experiment, the
hotter K gas affects the filling of Rb, and we
find empirically that turning off interactions by
going to aggp = 0 is optimum (41). To illustrate
this effect, fig. S1 shows how fi}, and the initial
BEC fraction depend on axgy,

Fig. 3. Peak filling for Rb and K clouds. (A) fr;, (blue points)
versus Rb number. The cloud size was extracted from a TF fit to
the in situ image; the Rb number was extracted from the in situ
image or from a Gaussian fit to the cloud after a few milliseconds
of free expansion. The filling was computed according to Eq. 2. The
green staircase displays the calculated peak occupancy fora T =
0O distribution (41). The total harmonic confinement (including
the lattice light) is represented by o, = 2r x (38 + 2) Hzand @, =
(64 + 0.1)o.. The orange band shows a fit to the calculated
density distribution, accounting for finite imaging resolution and
pixelation present in the experiment. (B) Peak filling fx versus K

number for a lattice depth of 9 EE (blue points), indicating the
onset of a K band insulator for Nk > 10°. The red points show the
measured T/T of the initial K gas before loading the lattice.
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Fig. 4. Molecule formation. (A) The interspecies
Feshbach resonance. The atoms are loaded into the
lattice at akrp = 0. The K atoms are then transferred
to a hyperfine state (|%,-7»)) that does not par-
ticipate in the resonance, and B is swept above the
resonance. After transferring K back to the |%, —%)
state, magnetoassociation proceeds by sweeping B
from above to below the resonance (center and right
panels). The Feshbach molecules are then trans-
ferred to the absolute ground state via STIRAP. (B)
Fraction of Rb atoms converted to Feshbach mol-
ecules. The orange-shaded region shows the expected
fraction of Rb atoms that are on a site with exactly
one Rb atom and one K atom. (C) In situ images of
ground-state KRb molecules after a 40-ms hold in
the lattice. For low initial Rb number (top image, av-
erage of three repeated experiments), we find a filling
fraction of 25 + 4%. For higher Rb number (bottom
image, average of seven shots), we observe a hole in
the center of the molecular distribution, and the
filling is much lower.
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The first step in creating ground-state mole-
cules is magnetoassociation, which consists of
adiabatically sweeping B across the K-Rb Feshbach
resonance from high to low field (Fig. 4A). How-
ever, starting from aggy, = 0, which occurs for B <
By, we first need to jump B to the high-field side
of the resonance. This jump should be diabatic in
order to avoid promoting atoms to higher lattice
bands (39); however, the high local atom densi-
ties in the lattice make it difficult to sweep the
field fast enough. To overcome this problem, we
use an RF pulse to transfer the K atoms to a spin
state, |%/5,-7), that does not experience the
546.6 G resonance. After ramping B above B, we
transfer the K atoms back to the |9/, -%/5) state
and then proceed with magnetoassociation. We
find that applying these RF transitions improves
the final filling of ground-state molecules by
60% relative to the case of not doing these RF
transitions.

Figure 4B shows the measured fraction of the
Rb number, Ny, that is converted to Feshbach
molecules (blue points). Because we operate with
many more K atoms than Rb atoms, a large
background of K atoms remains after making
molecules. To determine the number of Feshbach
molecules Nggp+, We use RF to transfer the back-
ground K atoms to another spin state before
dissociating the molecules and imaging the result-
ing K (4I). For comparison with the data, the
shaded band in Fig. 4B shows the product of the
measured fx = 0.80 + 0.05, the calculated fraction
of Rb atoms of a 7= 0 MI that are on singly
occupied sites, and the conversion efficiency of
preformed pairs reported in (77). We find that the
trend of the calculation matches the data, with
the conversion efficiency decreasing for higher
Rb number. This is consistent with the expecta-
tion that molecules are not produced on sites that
have more than one Rb atom. The data lie slightly
below the calculation; possible explanations for
this include finite temperature effects on the MI,
leading to fewer singly occupied sites, or reduced
conversion efficiency for sites with one Rb and
one K atom. For small Rb numbers, we find that
Nxgrp+/Nrp exceeds 50%.

As a last step, we use stimulated Raman adia-
batic passage (STIRAP) to transfer the Feshbach
molecules to their ro-vibrational ground state
(4). The typical efficiency of this transfer is 89 +
4%. After STIRAP, we apply resonant light pulses
to remove all unpaired atoms from the lattice;
without this step, the molecule lifetime in the
lattice is only a few milliseconds, which we attri-
bute to K tunneling followed by molecule-atom
chemical reactions (8). After holding the ground-
state molecules in the lattice for 40 ms, we take
in situ images of the molecule distribution by re-
versing the STIRAP process, dissociating the
Feshbach molecules, and then imaging the K
atoms. Figure 4C shows images of the ground-
state molecules in the lattice for cases of high
(top) and low conversion (bottom), correspond-
ing to starting with roughly 2500 and 25,000 Rb
atoms, respectively. The bottom image exhibits a
central hole in the molecule distribution, which
is consistent with the central lattice sites contain-
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ing multiple Rb atoms and therefore not produc-
ing molecules.

For the higher-conversion case, we perform a
TF fit to the ground-state molecular distribution.
From the fit we find 7.9 (+0.5) x 10> molecules
with a TF radius of 12.0 (0.2) um. This gives fi,q =
0.27 + 0.02. As an alternative approach, we can
determine the filling by comparing the width of
the molecular cloud to that of our simulated 7" =
0 Rb distribution and assuming a uniform con-
version efficiency of Rb into molecules. The mol-
ecules are best described by a distribution that
corresponds to an initial Rb number of 3.2 (+0.4)) x
10%. Taking the ratio of the measured number of
molecules to this Rb number, we find f;,,,; = 0.25 +
0.04, which is consistent with the other method.
From the product of the previous measurements,
namely fzp, Nxrp+/Nrp, and the STIRAP efficiency,
one might expect fi,o; = 0.35. We attribute the
lower measured filling to molecular loss caused
by the atom removals.

Given the ac polarizability (43) and mass of the
ground-state molecules, a 25 ER” lattice corre-
sponds to 62 EX®, where EXR is the recoil ener-
gy for a KRb molecule. The tunneling rate for
molecules is therefore negligible, and the lifetime
is long and limited by single-photon scattering
(I1). In this case, the entropy per molecule can be
estimated from the filling in the lattice, with some
assumption about the shape of the distribution.
Our approach likely leads to a molecular distri-
bution that is much more homogeneous than the
alternative approach of adiabatically loading a
Fermi gas of molecules into the lattice. The K
Fermi gas is homogeneous within the confines of
the Rb MI, and the entropy per particle in this
region is roughly that of a lattice system with a uni-
form filling of 80%, which is about 0.6 k. For an
average filling of fin a uniform lattice, the entropy
per particle is (<kg/f)fIn (f) + A1 -f) In(A - f)]
(44). Similarly, for f,, = 25%, the entropy per
molecule is 2.2 kg. For comparison, the lowest
entropy we have achieved in a harmonic trap is
about 6 kg per molecule, corresponding to
T/Ty =~ 1.

The system realized here is appropriately sized
for imaging with quantum gas microscopy (45-47),
where dynamics associated with percolation can
be investigated. More generally, this work eluci-
dates the many challenges in, and extends the
experimental toolbox for, synthesizing ultracold
molecule systems that can realize novel quantum
many-body behavior.
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