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We report on the creation of ultracold gases of bosonic Feshbach molecules of NaCs. The molecules are
associated from overlapping gases of Na and Cs using a Feshbach resonance at 864.12(5) G. We characterize
the Feshbach resonance using bound-state spectroscopy, in conjunction with a coupled-channel calculation. By
varying the temperature and atom numbers of the initial atomic mixtures, we demonstrate the association of
NaCs gases over a wide dynamic range of molecule numbers and temperatures, reaching 70 nK for our coldest
systems and a phase-space density near 0.1. This is an important stepping stone for the creation of degenerate

gases of strongly dipolar NaCs molecules in their absolute ground state.
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The ability to associate weakly bound molecules from
ultracold atoms via Feshbach resonances has enabled ground-
breaking advances in ultracold quantum science, including
the creation of Bose-Einstein condensates (BECs) of Fesh-
bach molecules [1-4], studies of the BEC-BCS crossover in
ultracold Fermi gases [5-8], and the realization of polaronic
systems [9-11]. Feshbach molecules have also enabled the
preparation of ultracold molecules in their absolute ground
state [12,13]. Heteronuclear molecules, which have an electric
dipole moment in their ground state, are of particular interest.
The long-range interactions between dipolar molecules open
up new opportunities for the creation of strongly correlated
and highly entangled many-body quantum states [14-16],
with exciting possibilities for quantum simulation [17-19] and
quantum computing [20].

Many applications of dipolar molecules will require quan-
tum degenerate molecular gases. The coldest molecular gases
have been created by associating Feshbach molecules from
ultracold atomic mixtures that are then transferred to the rovi-
brational ground state via stimulated Raman adiabatic passage
(STIRAP). So far, ultracold gases of heteronuclear Feshbach
molecules have been created with KRb [21,22], RbCs [23,24],
NaK [25], LiK [26], NaRb [27], and LiNa [28]. Typically,
numbers have ranged from 1000 to 20 000 molecules and tem-
peratures from 200 to 1200 nK. Recently, it has been shown
that degenerate Fermi gases of KRb [29] and NaK [30] can
be directly created through optimized Feshbach association
from the initial Bose-Fermi mixture, reaching temperatures
of 50 and 100 nK, respectively. The equivalent for heteronu-
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clear bosonic molecules, the creation of a molecular BEC,
has not been achieved yet. For Bose-Bose mixtures enhanced
loss in the vicinity of interspecies Feshbach resonances tends
to induce heating [31,32] which so far has limited phase-
space densities (PSDs) for bosonic molecular gases to around
0.01 [23,33].

In this Letter, we demonstrate the creation of ultracold
ensembles of NaCs Feshbach molecules from overlapping
Bose-Bose mixtures of *Na and '**Cs and observe phase-
space densities near 0.1 (see Fig. 1). We study molecule
formation for different temperatures and atom numbers of the
initial mixtures, associating molecules from thermal Na and
Cs gases, from Na BECs overlapping with thermal Cs gases,
and from overlapping BECs. This allows us to control the
properties of molecular ensembles over a wide dynamic range,
from up to 20 000 molecules at 2 uK to 600 molecules at
70 nK. We find a lifetime of about 6 ms for high-density NaCs
ensembles (~10'2 cm~?), providing excellent conditions for
the transfer of ultracold NaCs Feshbach molecules into the
rovibrational ground state via STIRAP.

NaCs molecules are of special interest due to an ex-
ceptionally large dipole moment of d =4.6 D [34] in the
rovibrational ground state. For NaCs, the effective range
of dipole-dipole interactions, aq = md?/ (8neoh2), can reach
tens of micrometers, an order of magnitude larger than for
NaK and two orders of magnitude larger than for KRb (m
denotes the molecular mass). In earlier work, NaCs molecules
have been created from laser-cooled mixtures of Na and
Cs [35-38] and single NaCs molecules have been created in
optical tweezer traps [39-41]. The present work constitutes
a step towards ultracold bulk gases of NaCs molecules, en-
abled by our recent demonstration of miscible and overlapping
quantum gas mixtures of Na and Cs [42]. Due to its large
dipole moment, NaCs is a promising candidate for the re-
alization of novel many-body phases in strongly interacting
dipolar quantum matter [15—19], making the pursuit of a BEC
of NaCs ground-state molecules an exciting goal.
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FIG. 1. Formation of ultracold NaCs Feshbach molecules. (a) Il-
lustration of association of free atoms into weakly bound Feshbach
molecules. (b) Absorption images of NaCs molecules after 16 ms
of time-of-flight expansion. Images corresponds to the data shown
in Fig. 4. Phase-space density increases from left to right. Gravity
points in the —z direction. (¢) Azimuthally averaged optical density
profiles (black points) with Gaussian fits (red line). The molecule
temperatures are obtained as discussed in the main text.

Our experiment begins with the preparation of ultracold
mixtures of Na and Cs in their hyperfine ground states
|F,mp) =11, 1) and |3, 3), respectively. Here, F denotes
the total angular momentum and my its projection on the
magnetic field axis. Following evaporative cooling in the
magnetic trap, the mixture is transferred into a crossed
optical dipole trap operating at 1064 nm and further evapo-
ratively cooled in the presence of a strong magnetic field of
Bprep = 894 G. In the optical dipole trap, the trap frequen-
cies of Na and Cs are very similar, @™ =~ 1.08w°*, such
that the differential gravitational sag is minimal. At the end
of evaporation the trap frequencies are {wy, wy, w;} =27 x
{74(1), 54(1), 332(7)} Hz (measured for Na). At By, the
intra- and interspecies scattering lengths are such that Na and
Cs clouds are miscible [42].

First, we identify a Feshbach resonance for molecule for-
mation. Using trap loss spectroscopy, we locate a Feshbach
resonance at 864 G with an approximate width of 1 G [43].
This resonance has been theoretically predicted [44] and was
recently observed in Ref. [40]. With the coarse location of
the resonance known, we associate NaCs molecules via a
magnetic field ramp from Bpp to 862.8 G [see Fig. 2(a)].
The ramp quickly traverses the region of increasingly attrac-
tive Cs-Cs scattering length [see Fig. 2(e)] with a speed of
15 G/ms to suppress three-body losses of Cs, before crossing
the Feshbach resonance at a reduced speed of 1 G/ms to
ensure adiabatic molecule formation. After association, we
apply a magnetic field gradient of 25 G/cm and reduce the
depth of the optical dipole trap by a factor of 4. The gradi-
ent removes nonassociated Na and Cs atoms from the trap,
while levitating NaCs Feshbach molecules [45]. This allows
for background-free imaging of molecules [see details in the
Supplemental Material (SM) [43]].
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FIG. 2. Magnetoassociation of NaCs Feshbach molecules and
characterization of the Feshbach resonance. (a) Schematic of the
magnetic field ramp for molecule association, dissociation, and
subsequent imaging. tror denotes the duration of time-of-flight ex-
pansion. (b) Molecule dissociation yields the accurate location of
the Feshbach resonance. The gray-shaded region indicates B =
864.12(5) G. (c) Molecular binding energy as a function of magnetic
field. The solid line shows a fit using a coupled-channel calculation.
(d) Closed-channel fraction as a function of magnetic field, deter-
mined from the coupled-channel calculation. (e) Scattering length
of Na-Na (orange) [47], Cs-Cs (red) [48], and Na-Cs (black) as a
function of magnetic field.

We determine the resonance position by measuring the
magnetic field at which NaCs molecules dissociate using the
magnetic field ramp shown in Fig. 2(a) [5,6]. If B, is above
the resonance, the molecules are dissociated and detected; if
Biina is below the resonance, they remain undetected. Fig-
ure 2(b) shows the determination of the resonance location
at Bres = 864.12(5) G. In addition, we measure the molecular
binding energy as a function of magnetic field with the os-
cillating magnetic field method [46]. We record loss spectra
at several magnetic field values (see details in SM [43]) and
obtain the data shown in Fig. 2(c). The binding energy shows
a linear behavior up to very close to the resonance, which
indicates that the molecular state is closed-channel dominated.
This is confirmed by a coupled-channel calculation, which
allows the calculation of the closed-channel fraction as shown
in Fig. 2(d). The measured and calculated parameters are sum-
marized in Table I and show good agreement with Ref. [40].
The Na-Cs scattering length that results from the parametriza-
tion of the Feshbach resonance is displayed in Fig. 2(e).

We characterize the properties of the associated molec-
ular clouds in terms of molecule number, temperature, and
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TABLE 1. Parametrization of the Feshbach resonance using
a(B) = apg[1 — A/(B — By)]. The error bar in the position reflects
the systematic uncertainty in our magnetic field calibration. Theoret-
ical values are obtained from a coupled-channel calculation.

Experiment Theory
B.s (G) 864.12(5) 864.07(2)
ag (ap) 29(4) [42] 31.58(3)
A (G) ~1 1.30(1)

phase-space density. For the temperature measurement, we
develop a protocol that is based on the time-of-flight expan-
sion of dissociated molecules, following the sequence shown
in Fig. 2(a). Right after association, the molecules are released
from the trap, initiating time-of-flight expansion, and nonasso-
ciated atoms are separated via a magnetic field gradient. After
5 ms, the molecules are dissociated by a reverse field ramp
with variable speed (see details in SM [43]). The dissociated
molecules continue ballistic expansion as Na and Cs atoms
for a variable time of flight until an image of Cs is taken [see
Fig. 3(a)]. From the expansion data we obtain the mean kinetic
energy via Ex = (3/2)mcs A 0%/ A tior [49], where mcy is the
mass of a Cs atom.

To extract the mean kinetic energy of the molecules prior
to dissociation, we take into account that Ey is comprised
of the mean kinetic energy of the molecules E., and an
additional kinetic energy from the dissociative reverse ramp
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FIG. 3. Measuring the mean kinetic energy of NaCs Feshbach
molecules. (a) Cloud size o vs time of flight 1o for a dissociation
ramp speed of 10 G/ms. o is obtained from a two-dimensional
Gaussian fit to the Cs clouds after dissociation. The solid line shows
a linear fit where the slope equals to Ac?/A t%OF (see text). (b) Mean
kinetic energy of the resulting Cs cloud vs ramp speed. The solid
line shows a fit of £Enq + AE(B), where Epo is the only fitting
parameter. For this data set, the fit yields Tj,o = 124(13) nK.

AE. The additional kinetic energy arises from nonadiabaticity
of the dissociation ramp and depends on the ramp speed and
the coupling strength of the Feshbach resonance; the latter
is characterized by the background scattering length ap, and
the resonance width A. This has been previously considered
for homonuclear molecules [49,50]. For our case, involving
heteronuclear molecules, we find that the additional kinetic
energy carried by Cs depends on the ramp speed as [43]

2/3

MiNg 34’B
—TI¢ 3)(—) , (D
mNa + mcs / 4|A|abg~/2,u,

where I" is the gamma function, my, is the mass of a Na atom,
I is Planck’s constant divided by 2w, u = mnamcs/(mna +
mcs) the reduced mass of the molecule, and B the ramp speed
across the resonance. Using the fitted values for ape and A
(see Table I), we quantify AE without free parameters using
Eq. (1) and find good agreement with our experimental data
for different ramp speeds, as shown in Fig. 3(b). From the fit
we extract the energy £ E o1 at zero ramp speed (full adiabatic-
ity), where Ey, is the mean kinetic energy of the molecular
gas prior to dissociation and & = mcg/ (MmN, + mcs)-

In Fig. 4, we study the dependence of molecule number,
temperature, and phase-space density [43] on the conditions
of the initial atomic mixtures. To this end, we associate
molecules from thermal gases of Na and Cs, from Na BECs
overlapping with a thermal gas of Cs, and from overlapping
BECs of Na and Cs. For Na, the initial numbers range from
3.5 x 10° to 5 x 10°, and, for Cs, from 9 x 10° to 4 x 10*
atoms. The Na temperatures are typically slightly lower than
the Cs temperatures due to a lag in thermalization of Cs during
sympathetic cooling with Na [42]. We use the Cs temperature
Tcs as a parameter that characterizes the starting conditions at
Byrep prior to association.

We observe NaCs samples with 1.2(2) x 10* molecules
when associated from thermal mixtures, and 6(1) x 10?
molecules when associated from overlapping BECs [see
Fig. 4(a)]. The detected molecule numbers correspond to
4(1)% of the Cs atoms prior to association, independent of
the temperature of the initial mixture. While this fraction
is similar to previous observations in heteronuclear bosonic
molecules [23,27,51], it is likely not a fundamental limit.
Using the pairing model of Ref. [52] we expect that 80 % of
the Cs atoms are associated into molecules, owing to well-
matched densities and good cloud overlap [see Fig. 4(d)].
Indeed, we observe that the majority of Cs atoms vanishes
during Feshbach association from dual BECs, suggesting that
the molecule formation efficiency is high, but collisional
loss between molecules and atoms during the relatively slow
atom removal procedure (~ms) reduces the number of de-
tectable molecules. A fast atom removal procedure via optical
clean-out (~pus) is expected to improve detectable molecule
numbers [53].

The temperatures of the molecular clouds range from
2(1) uK to 68(15) nK [see Fig. 4(b)]. We calculate the tem-
perature via T = 3Eno1/2ks, which serves as a measure
of mean kinetic energy as we do not have direct evi-
dence for thermalization of the molecular ensembles. The
molecules follow the trend of the Cs temperatures, especially
for the association from thermal mixtures and from Na BECs

AE(B) =
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FIG. 4. Creation of NaCs Feshbach molecules across a wide
parameter range. Molecules are associated from overlapping ther-
mal clouds of Na and Cs (right), overlapping Na BECs and Cs
thermal clouds (middle), and overlapping Na and Cs BECs (left).
(a) Molecule number vs Cs temperature T¢s. The gray-shaded re-
gion indicates a fraction of 4(1)% of the initial Cs atom number.
(b) Molecule temperature 7p,,, VS Tcs. The solid line indicates T, =
Tts. (c) Phase-space density of the molecular cloud vs Ts. Numbered
data points correspond to Fig. 1(b). (d) Density profiles and cloud
overlap of Na (orange) and Cs (red). The shift of the cloud centers
reflects the differential gravitational sag between Na and Cs.

overlapping with a Cs thermal cloud. For the association from
dual BECs, a marked increase of temperature compared to the
initial Cs temperature is observed; we attribute this to heating
of the Cs BEC during the ramp from Byyep to below Bies, where
the Cs scattering length varies from moderately repulsive to
strongly attractive [see Fig. 2(e)]. Despite the heating, this
is one of the lowest temperatures reported for heteronuclear
bosonic Feshbach molecules.

Combining the data on molecule numbers and tempera-
tures, we determine phase-space densities that range from
2.4(4) x 107* up to 4(1) x 102, We find the highest phase-
space densities when molecules are associated from a Na
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FIG. 5. Lifetime of NaCs Feshbach molecules. Decay dynamics
are recorded for molecules at a binding energy of 4 x 1.3 MHz.
The solid (dashed) line is a fit to two-body (one-body) decay. The
inset shows the derived two-body loss coefficients as a function of
molecular binding energy for a cloud temperature of 1.8(4) uK. We
attribute the increased decay at E, = h x 50 kHz to thermal dissoci-
ation of Feshbach molecules as the binding energy is comparable to
the temperature.

BEC overlapping with a thermal Cs gas at the verge of
condensation. The data demonstrate excellent starting con-
ditions for the preparation of ultracold NaCs ground-state
molecules. Recently, effective evaporative cooling has been
shown for ground-state molecules using resonant collisional
shielding [54,55] and microwave shielding [56,57]. For NaCs,
resonant shielding is predicted to lead to a superb ratio of
elastic to inelastic collisions of 10° [55,58] and microwave
shielding should be highly effective owing to weak hyperfine
interactions [59,60]. This makes NaCs a promising candi-
date for direct evaporation to a BEC of dipolar ground-state
molecules, in particular when starting from a high initial
phase-space density.

Finally, we study the lifetime of NaCs molecular ensem-
bles, while held in the vicinity of the Feshbach resonance.
Figure 5 shows a decay curve for a gas in the regime of high-
est phase-space density with a peak density of ng = 8(2) x
10'"" cm~3 and a temperature of 147(9) nK. The data are con-
sistent with two-body loss with a decay rate of I';p = 5(2) x
1071% cm?® s~! and a characteristic decay time of 1/(I',p#1) =
6(1) ms, where 7 is the average density [61]. We attribute the
two-body decay to vibrational relaxation when two molecules
collide. We do not observe a strong dependence of the decay
rate on molecular binding energy (see the inset of Fig. 5). This
is expected as the Franck-Condon factor for vibrational relax-
ation is proportional to the closed-channel fraction, which, as
shown above, saturates for small binding energies (see Fig. 2).
The observed lifetime is sufficiently long for fast STIRAP
transfer (~100 ws) of a high phase-space density gas of NaCs
molecules into the rovibrational ground state.

In conclusion, we have demonstrated the creation of high
phase-space density gases of NaCs Feshbach molecules,
which is an ideal stepping stone for the preparation
of ultracold gases of NaCs ground-state molecules. In
the ground state, evaporative cooling supported by mi-
crowave [56,57,59,60] or resonant shielding [54,55] may open
the door to a BEC of dipolar NaCs molecules. In addition,
mixtures of Na and Cs have favorable properties for the
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creation of dual Mott insulators in an optical lattice. This
offers a path towards the efficient formation of Feshbach
molecules [62,63] and low-entropy lattice gases of strongly
dipolar NaCs ground-state molecules.
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