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Ultracold Gas of Bosonic 22Na*’K Ground-State Molecules
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We report the creation of ultracold bosonic dipolar *Na*’K molecules in their absolute rovibrational
ground state. Starting from weakly bound molecules immersed in an ultracold atomic mixture, we
coherently transfer the dimers to the rovibrational ground state using an adiabatic Raman passage.
We analyze the two-body decay in a pure molecular sample and in molecule-atom mixtures and find an
unexpectedly low two-body decay coefficient for collisions between molecules and 3°K atoms in a selected
hyperfine state. The preparation of bosonic *Na3*’K molecules opens the way for future comparisons
between fermionic and bosonic ultracold ground-state molecules of the same chemical species.
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Heteronuclear polar ground-state molecules have
attracted considerable attention in recent years. They serve
as a new platform for controlled quantum chemistry [1,2],
novel many-body physics [3,4], and quantum simulations
[5,6]. Their permanent electric dipole moment gives rise to
anisotropic and tunable long-range interactions which can
be induced in the lab frame via electric fields or resonant
microwave radiation [7,8]. This gives exquisite control over
additional quantum degrees of freedom. In recent years there
has been continuous progress in the production of ultracold
bialkali molecules. Fermionic “°K®’Rb [9], 2*Na*’K [10],
and °LiZNa [11], as well as bosonic 8Rb!33Cs [12] and
23Na®’Rb [13] molecules have been prepared.

Up to now, not a single molecule has been available both
as a bosonic and a fermionic molecular quantum gas, which
makes findings among different species and quantum
statistics challenging to interpret and to compare. For
bialkali molecules only combinations with Li or K offer
the possibility to prepare the bosonic and fermionic
molecule, as Li and K are the only alkali metals which
possess long-lived fermionic and bosonic isotopes. Among
these molecules (LiK, LiNa, LiRb, LiCs, NaK, KRb, KCs)
all possible combinations with a Li atom as well as the KRb
molecule are known to undergo exothermic atom exchange
reactions in molecule-molecule collisions [14]. This leaves
only NaK and KCs [15] as chemically stable molecules for
a comparison of scattering properties of the same molecular
species but different quantum statistics.

Both chemically reactive and nonreactive spin-polarized
fermionic molecular ensembles have been reported to be
long-lived due to the centrifugal p-wave collisional barrier
limiting the two-body collisional rate to the tunneling rate
[1,10]. The lifetime of bosonic molecular ensembles, how-
ever, has been observed to be significantly shorter and limited
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by the two-body universal scattering rate [13,16]. Two-body
collisions involving molecules can lead to the formation of
collisional complexes due to a large density of states. The
complexes can either decay to new chemical species for
chemically reactive molecules [17] or within the lifetime of
the complexes are removed from the trap by light excitation
[18-20] or collisions with a third scattering partner [16,21].

In this Letter, we report on the production of ultracold
bosonic 2Na*K rovibrational ground-state molecules. The
preparation follows the pioneering experiments for the
creation of “°K3’Rb molecules [9] with Feshbach molecule
creation and subsequent stimulated Raman adiabatic pas-
sage (STIRAP) transfer [22] to a selected hyperfine state in
the rovibrational ground-state manifold. We model our
STIRAP transfer through an effective five-level master
equation model and work out an efficient pathway to create
spin-polarized ground-state molecular ensembles. We pre-
pare pure molecular ensembles as well as molecule-atom
mixtures and extract the resulting collisional loss rate
coefficients. We find the loss rate for the *Na*K + 3°K
mixture to be drastically suppressed, which opens interest-
ing perspectives for sympathetic cooling.

The experiments start from ultracold weakly bound
molecules. As previously described in Ref. [23], we
associate ’Na*’K Feshbach dimers by applying a radio
frequency pulse to an ultracold mixture of bosonic >*Na and
¥K held in a 1064 nm crossed-beam optical dipole trap
with temperatures below 350 nK. We create 6 x 10° dimers
in the least bound vibrational state |f) with a total angular
momentum projection My = —3 and a binding energy of
h x 100 kHz at a magnetic field of 199.3 G. In terms of
atomic quantum numbers the state |f) is mainly composed
of aj|min,==3/2,mix =—1/2,Mg=~1) +ay|min, =
=3/2,m;x =—-3/2,Mg=0). My is the total electron spin
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projection, m; n, and m; x are the nuclear spin projections,
and a; ), denote the state admixtures. For detection, we use
a standard absorption technique of °K atoms directly from
the weakly bound molecular state.

For the STIRAP transfer, we make use of external-cavity
diode laser systems as already described in Ref. [24]. Both
lasers are referenced simultaneously to a 10-cm-long high-
finesse ultra low expansion cavity using a sideband Pound-
Drever-Hall locking scheme [25]. The cavity’s finesses for
the pump and Stokes laser are 24 900 and 37 400, respec-
tively, and the free spectral range is 1.499 GHz. The
linewidths of both locked lasers are estimated to be below
5 kHz. Furthermore, the power of the pump laser is
amplified by a tapered amplifier. Both lasers, pump and
Stokes, are overlapped and focused to the position of the
molecules with 1/e? Gaussian beam waists of 35 and
40 um, respectively. The direction of propagation is
perpendicular to the direction of the magnetic field; thus,
7 (6+/7) transitions can be addressed by choosing the
polarization parallel (perpendicular) to the magnetic field.

Possible transfer pathways to the ground state have been
previously investigated theoretically and experimentally
[24,26]. Figure 1(a) summarizes the relevant states
involved in the transfer scheme. Starting from the weakly
bound dimer state |f) with mainly triplet character, we
make use of the triplet-singlet mixed excited state |e) to
transfer the molecules into a selected hyperfine state in the
rovibrational ground state |g) with pure singlet character.
For the excited state |e) we choose the strongly spin-orbit
coupled B'TI|v = 8)/c*ET*|v = 30) state manifolds [see
Fig. 1(a)], which have a large state admixture of 26%/74%
[24]. The hyperfine structure of the |[X'Z*, v = 0,N = 0)
ground state consists of 16 states with a total angular
momentum projection Mg = m;, + m; g, which group
into four branches with different m; \, at high magnetic
fields [see Fig. 1(b)] [27]. At 199.3 G, where the molecule
creation is performed, the ground states are deeply in the
Paschen-Back regime. In the excited states the °K nuclear
momenta are also decoupled from the other nuclear and
electronic angular momenta [28]. Therefore, dipole transi-
tions only change the latter ones. This limits the number of
accessible ground states to three, which are highlighted in
Fig. 1(b). Accounting only for z transitions for the pump
transition to maximize the coupling strength, only a single
state is accessible in the ¢+ hyperfine manifold, namely the
|eO>:|c32+’mi,Na:_3/2’mi.K:_1/2’MJ:_1’MF:_3>'
The transition yields an energy of 12242.024(3) cm™!
[which corresponds to a wavelength of 816.8584(2) nm]
and is shown in Fig. 1(a). The Stokes transition, with
an energy of 17453.744(3) cm™' [572.94297(10) nm],
connects the excited state to the ground state. In our case,
we use a ¢~ transition to the |g) = [X'E, m; y, = —3/2,
mix = —1/2,M; =0,M; = -2) state. Nevertheless, our
experimental setup always supports 6~ and 6™ transitions at
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FIG. 1. (a) Potential energy curves of the *Na3*’K molecule.
The energy is shown in cm™! as function of the internuclear
distance. The solid green curve corresponds to the electronic
X'T*, the dotted light blue to the ¢>X*, and the dashed lines to
the 3=+ and B'II potentials. Wave functions are shown as black
lines with the corresponding shading. Amplitudes of the wave
functions are not to scale. The black arrows indicate the STIRAP
transitions and the one- (A) and two- (0) photon detunings. The
inset shows the magnetic field dependence of the pump transition
to the excited states from the model in Ref. [24]. (b) Magnetic
field dependence of the ground-state hyperfine energy structure.
The green lines are the states with Mg = —2 and the black dashed
line is the one with My = —3. As the states enter the Paschen-
Back regime the four branches for different m; v, become visible.
The magnetic field, where the molecule creation process is
performed, is marked with a cross on the axis.

the same time. Consequently, the ground state is coupled
to two additional states |e;,) through ¢* transitions [see
inset Fig. 1(a)]. For the experiments and for the modeling we
thus have to consider an effective five-level system. The
details of the model are described in the Supplemental
Material [29].
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For STIRAP a high degree of phase coherence between
the two independent laser sources is imperative. To prove
the coherence and to determine the explicit frequencies for
the two-photon Raman transition, we perform electro-
magnetically induced transparency (EIT) experiments on
the selected states. For the measurement shown in Fig. 2(a),
Rabi frequencies of Q,, =27 x0.63(2) MHz and
Qgokes = 27 X 4.1(2) MHz are used. The coherent inter-
action time is set to 50 ps. The observed asymmetry of
the molecule revival arises from a one-photon detuning
A =27 x 400(20) kHz to the excited state |ey). EIT relies
only on coherent dark state effects and never populates the
ground state. A coupling between the ground state and the
perturbing excited states |e; ,) does not alter the coupling
scheme as the two-photon condition is not fulfilled for
these states. Consequently, a three-level scheme is suffi-
cient for its description. Figure 2(a) shows the experimental
data and the theoretical prediction (solid black line) using
experimentally determined parameters for Rabi frequencies
and laser detunings. The errors on the parameters are
displayed as dashed lines and gray shaded area. We find
very good agreement of our data with the model and
consequently good conditions for the STIRAP.

For the creation of ground-state molecules, we perform
STIRAP starting from Feshbach molecules. As the
Feshbach molecule lifetime is very short, on the order of
0.3 ms [23], STIRAP is completed 25 us after Feshbach
molecules creation. The STIRAP process itself takes 11 us
so that no significant loss from a decay of the weakly bound
dimers is expected. Figure 2(b) shows a typical signal for
ground-state molecule creation. The figure includes the
STIRAP light pulse sequence (lower panel) and the pop-
ulations of the Feshbach molecules as well as the ground-
state molecules during the pulse sequence calculated by a
five-level master equation. Starting with Feshbach mole-
cules at t = 0, the molecules are transferred to the ground
state at = 14 us where the molecules become dark for the
imaging light. To image the molecules, we reverse the
STIRAP sequence and transfer ground-state molecules back
to the Feshbach state. Because of the additional coupling of
the ground state to the excited states |e; ), the STIRAP is
highly dependent on the one-photon detuning (see Fig. 3).
The states |e; ,) act as loss channels, into which the ground-
state molecules are pumped and consequently get lost. On
resonance with one of the |e; ) states, nearly no ground-
state molecules revive (see Fig. 3). Clearly, in the vicinity of
the |e;,) states, the STIRAP benefits from fast transfers,
which is restricted by the adiabaticity in the limit of small
pulse-overlap areas [22]. On the other hand, the pulse-
overlap area can be increased by raising the Rabi frequencies
of the pulses, which accordingly also increases the undesired
coupling to the states |e; ,). We find the best results in our
system for a pulse duration of 12 us with a pump pulse
delay of —2 us and resonant Rabi frequencies of Q. =
27 x3.0(1) MHz and Qgges = 27 X 2.3(1) MHz at a
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FIG. 2. EIT and time evolution of STIRAP. (a) EIT measure-
ment together with a theory curve. The points are the remaining
Feshbach molecule fraction normalized to the initial Feshbach
molecule number. The solid black line is the theory curve from a
three-level master equation and the dashed lines with the enclosed
shaded gray area correspond to the uncertainty of the Rabi
frequencies. (b) Time evolution of the Feshbach and ground-state
population during a round-trip STIRAP. Data points in the upper
panel are the observed Feshbach molecule number normalized to
the initial molecule number. The solid green (dashed black) line is
a theory curve for the ground-state (Feshbach molecule-state)
population using the model described in the text and the pulses
from the lower panel. The pulse duration for both lasers is 10 ys.
The ramping-up of the pump pulse starts 1 us before the ramp-
down of the Stokes pulse begins. The lower panel shows the pulse
sequence of the pump and Stokes laser during the STIRAP. Rabi
frequencies are obtained from one-photon loss measurements
(not shown here). Error bars are the standard deviation coming
from different experimental runs.

one-photon detuning A = 2z x 8 MHz to the center posi-
tion of |ey). Under these conditions single-trip STIRAP
efficiency can get as high as 70%, which corresponds to a
ground-state molecule number of about 4200 in a single
hyperfine spin state (see inset of Fig. 3). Moreover, we do not
observe heating effects of the molecules due to the STIRAP
(see Supplemental Material [29]), leading to a phase-space
density of up to 0.14. To model the influence of the states
le; ») on the STIRAP we apply a five-level master equation
model fit (solid curve in Fig. 3) and compare it to an ideal
three-level one (dashed curve in Fig. 3). The model is
described in detail in the Supplemental Material [29]. In the
comparison between the five- and three-level model the
influence of the states |e;,) gets clear. It indicates that
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FIG. 3. One- and two-photon detuning for STIRAP. The round-

trip efficiency for STIRAP is shown as a function of the one-
photon detuning A. The pulse sequence and laser intensities for
these measurements were kept constant corresponding to the
optimal values given in the text. The vertical solid blue (dashed
red) [dotted red] line is the position of the |eq(y)z)) state deduced
from measurements and the model developed in Ref. [24]. The
solid black curve is a fit using the five-level master equation
model and the individual couplings of the Stokes laser to the
le; ) states as free parameters. The dashed gray curve is a theory
curve from a three-level model using the same set of parameters.
The inset shows the STIRAP round-trip efficiency dependent on
the two-photon detuning § with a phenomenological Gaussian fit.
The error bars for both plots are the standard error coming from
different experimental cycles.

the STIRAP efficiency can be easily increased by choosing a
different excited state, experimental geometric condition,
such as laser polarization relative to the magnetic field axis,
and larger STIRAP pulse overlap areas, which is discussed
in the Supplemental Material [29].

After the transfer to the ground state the molecules are
still immersed in a gas of >’Na and *K atoms remaining
from the creation process of the weakly bound dimers. 2’Na
atoms can be removed by applying a 500 s resonant light
pulse. 3K atoms can be removed by transferring them to
the |f = 2, m; = —2) state by a rapid adiabatic passage and
a subsequent resonant light pulse for 500 us. By introduc-
ing a variable hold time between the atom removals and the
reversed STIRAP pulse, we perform loss measurements,
which we analyze assuming a two-body decay model to
extract the two-body decay rate coefficient. The model is
described in the Supplemental Material [29].

First, we investigate the mixture of molecules and
atoms. We observe fast losses from *Na*)K + >’Na colli-
sions (see Fig. 4). The extracted loss rate coefficient is
1.25(14) x 1071% cm? s~!, which is close to the theoretical
prediction of 1.3 x 10719 cm?s~! taken from Ref. [31]. We
assign the saturation of the losses to chemical reactions, in
which >Na, dimers are formed. Thus, *Na atoms are
generally removed as fast as possible from the trap as the
ground-state molecule number suffers from the strong losses.
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FIG. 4. Loss measurements of pure ground-state molecules and
with remaining atoms. The open triangles are measurements
without atom removal. The fast loss originates from the chemical
reaction with 2>Na atoms. The gray circles are measurements with
only *Na removed while still *’K atoms remain in the trap. The
solid circles are measurements performed with a pure molecular
ensemble. The data are normalized to the molecule number
without holding time obtained from the individual fits. The
curves are fits using a coupled differential equation system for
modeling the losses. For the corresponding loss rate coefficients,
see text. All error bars are the standard deviation resulting from
different experimental runs.

In a next step, we measure losses in a pure molecular
ensemble (see Fig. 4). The two-body loss rate coefficient is
measured to be 4.49(1.18) x 1071 cm? s=!. This loss rate
coefficient is comparable to the universal limit [32] and is
possibly resulting from sticky collisions [21] and sub-
sequent removal of the tetramers from the trap. Comparable
observations have been made in experiments with other
bosonic ground-state molecules, such as 3Rb!*Cs and
23Na®’Rb [12,13]. However, the loss rate coefficient for the
fermionic counterpart *Na*’K is 6 x 10~!" cm?s~! [10].
The difference can be assigned to the absence of the
centrifugal barrier in bosonic s-wave collisions.

Next, we investigate collisions between the molecules and
3K atoms. Surprisingly, even a high density of *’K atoms in
the nonstretched |f = 1,m; = —1) state colliding with
23Na*K in the nonstretched hyperfine ground state does not
increase the molecular loss (compare Fig. 4), although sticky
collisions with trimer formation are also expected in
mixtures of 22Na**K + 39K [33]. In these collisional trimer
complexes nuclear spin transitions can occur leading to
subsequent loss of molecules from the prepared hyperfine
state. We analyze the observed decay of the molecular cloud
using the model fit described in the Supplemental Material
[29]. We find the loss rate coefficient for the two-body
Na*)K + 3K collisions to be consistent with zero with an
upper limit of 1.5 x 107" ¢cm?s~!. The corresponding
universal limit is calculated by using the prediction from
Refs. [33,34] and parameters from Ref. [35] and results
in 1.3 x 10719 cm®s~!. Note that this corresponds to a

083401-4



PHYSICAL REVIEW LETTERS 125, 083401 (2020)

suppression of the two-body decay in comparison to the
universal limit by more than 3 orders of magnitude. This is in
contrast to experiments reported for fermionic molecules in
collisions with bosonic atoms (*°K®’Rb + 8Rb [1]) and
fermionic atoms (>*Na*’K + 4°K [36]), where such suppres-
sion of losses far below the universal limit has not been
observed for sticky molecule-atom collisions. The only
experiment describing such a suppression has been per-
formed in a mixture of the fermionic molecule °Li**Na with
the bosonic atom 2>Na with both particles in their lowest
stretched hyperfine states [37]. Here, we now report colli-
sions in nonstretched states with loss rates far below the
universal limit, which might result from a low density of
resonant states [33]. Individual resonances might thus be
resolvable in this system and demand for further investiga-
tions of loss rates in other spin channels and magnetic fields.
Moreover, with the low loss rate between 2Na**K molecules
and ¥K atoms in the named hyperfine state it might be
possible to use K atoms as a coolant for bosonic 2Na*’K
molecules to further increase the molecular phase-space
density [37].

In conclusion, we have reported the first creation of an
ultracold high phase-space density gas of bosonic *Na*’K
ground-state molecules. We have investigated the creation
process and find very good agreement with our five-level
model. The spin-polarized molecular ensemble yields up to
4200 molecules and is chemically stable. We extract the
two-body decay coefficient for the bosonic ’Na’*’K
molecules. For molecule-atom collisions, we find a
significant suppression of the two-body decay rate in
collisions between >*Na*’K molecules and *°K atoms in
nonstretched states. This unexpected result demands further
experiments including the analysis of collisions between
molecules and atoms in different hyperfine states and as a
function of magnetic field to identify possible scattering
resonances. These experiments can be extended to a
detailed comparison of collision properties between same
species molecules of different quantum statistics.
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