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We report the successful production of an ultracold sample of absolute ground-state **Na%’Rb
molecules. Starting from weakly bound Feshbach molecules formed via magnetoassociation, the lowest
rovibrational and hyperfine level of the electronic ground state is populated following a high-efficiency and
high-resolution two-photon Raman process. The high-purity absolute ground-state samples have up to
8000 molecules and densities of over 10'" cm™3. By measuring the Stark shifts induced by external electric
fields, we determined the permanent electric dipole moment of the absolute ground-state *Na®’Rb and
demonstrated the capability of inducing an effective dipole moment over 1 D. Bimolecular reaction
between ground-state 2*Na®%’Rb molecules is endothermic, but we still observed a rather fast decay of the
molecular sample. Our results pave the way toward investigation of ultracold molecular collisions in a fully
controlled manner and possibly to quantum gases of ultracold bosonic molecules with strong dipolar

interactions.
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Ultracold polar molecules (UPMs) featuring large elec-
tric dipole moments are promising candidates to investigate
the physics of dipolar quantum gases [1,2]. However,
the production of ground-state UPMs is challenging due
to the lack of efficient direct laser cooling of molecules.
Currently, the most successful way of creating UPMs is via
magnetoassociation of ultracold atoms with the help
of a Feshbach resonance [3,4]. With a properly designed
stimulated Raman adiabatic passage (STIRAP) [5], weakly
bound Feshbach molecules formed this way can be
transferred with high efficiency to the ground state, where
these molecules are more stable and the permanent electric
dipole moment is large. This scheme was successfully
demonstrated with fermionic “°K3’Rb [6] and >*Na*’K [7]
molecules and with bosonic 8’Rb'33Cs molecules [8,9].

Bialkali UPMs can be divided into two classes depend-
ing on their chemical stability [10] in their absolute ground-
state level. A two-body chemical reaction can happen in
40K®Rb [11,12], while it is energetically forbidden in
87Rb133Cs and 2*Na**K [10]. A signature of enhanced
stability is actually observed in fermionic 2*Na*’K [7] but
not in bosonic 8’Rb'33Cs [8]. Currently, for both classes of
molecules, the existence of other loss mechanisms, such as
the enhanced loss from long-lived binary complexes [13],
cannot be ruled out [7,8].

In this Letter, we report the successful production of
absolute ground-state >*Na®’Rb molecules by STIRAP.
This bosonic molecule is also chemically stable in its
rovibrational ground state X'T*|v” =0,J” =0), with
the reaction 22°Na%’Rb — 2*Na, + 3’Rb, endothermic by
47 cm™! [10,14—17]. Besides, it has a large permanent
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electric dipole moment [18-21], which can lead to strong
dipolar interactions. We achieved a full control of the
population distribution among the nuclear spin hyperfine
states, allowing us to create molecules in the absolute
ground state with high purity. With two-photon Stark
spectroscopy, we have measured the permanent electric
dipole moment and demonstrated an induced dipole
moment of g = 1.06 D, higher than all previous works
[6-9]. With this dipole moment, the dipolar interaction
between two 2’Na®’Rb molecules has a dipole length
Ip = Mu?/4me h? [22] as large as 35000a,. Here M is
the mass of the molecule, 7 is Planck constant divided by
2z, and ay is the Bohr radius.

The same as our Feshbach molecule creation work [23],
the current experiment starts from an ultracold mixture of
2Na and ¥'Rb atoms in their |F = 1, my = 1) hyperfine
states prepared in a 1064 nm optical trap. Here F' and mpg
are the quantum numbers of the atomic hyperfine state
and its projection onto the magnetic field, respectively.
Feshbach molecules are created by sweeping the
magnetic field down to 335.6 G across the interspecies
Feshbach resonance located at 347.7 G [24]. For detection,
we reverse the magnetic field sweep to dissociate the
Feshbach molecules and absorption image the resulting
atoms. All data in this work are taken by imaging Rb
because of the better signal-to-noise ratio.

By upgrading the setup, we significantly increased the
number of Feshbach molecules from 2 x 103 [23] to 10*.
These molecules are mainly of triplet character resulting
from the closed channel quantum state a*~" v =21,/ =1)
with a dominating closed channel fraction and a binding
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energy of ~2z x 21 MHz. Importantly, they also have a
near zero magnetic dipole moment, which allows us to
obtain a very pure molecular sample by removing residual
atoms with a strong magnetic field gradient [23].
This character is also advantageous for maintaining the
two-photon resonance necessary for stable STIRAP, as
molecules in the X' X7 state also have a near zero magnetic
moment. Thus, small magnetic field noises can change the
one-photon detuning only by shifting the intermediate
level, which affects the STIRAP efficiency much less
sensitively.

For efficient population transfer, we built a Raman laser
system consisting of two stabilized external-cavity diode
lasers. With the standard Pound-Drever-Hall technique
[25], they are locked simultaneously to a 10 cm long
and dual-wavelength coated ultrastable optical cavity with
measured finesses of more than 25000 for both wave-
lengths. To our best estimate, the linewidths for both lasers
are about 5 kHz. Both lasers are linearly polarized and
copropagate perpendicularly to the magnetic field. Each
laser can thus drive a 7 or 6 (both 6 and ¢7) transition by
setting its polarization parallel or perpendicular to the
magnetic field.

To transfer the triplet Feshbach molecules to the singlet
X'Z* state, the intermediate level has to be strongly triplet
and singlet mixed [6-9]. As illustrated in Fig. 1(a), for
NaRb, such mixing can be found readily in the 1'T1/23Z+
[26] or the 2! =+ /1311 [27] coupled electronic states. Based
on available experimental potentials of the 2'X* /131
states [27], we have identified several triplet and singlet
mixed vibrational levels with large enough transition
dipole moments to both the Feshbach state and the ground
state. In Fig. 1(b), we show the one-photon spectrum
of the transition from the Feshbach state to the coupled
213+ /131)v" = 55,0 = 1) level near 8012.7 cm™' [28].
This level has 95% 13T, and 5% 2'=* character, and its
hyperfine structures can be resolved and modeled [28].
The spectrum shown is taken with the pump laser polari-
zation aligned 45° to the magnetic field; thus, both 7 and ¢
transitions can be accessed. One of the strongest z
transitions is selected as the intermediate level for
STIRAP. The lifetime of this level is calibrated to be
238(30) ns [28], much longer than the ~20 ns lifetime of
typical excited levels. Fortunately, the measured transition
dipole moment is 7.4(6) x 10~*eay, still large enough to
support submegahertz Rabi frequencies necessary for an
efficient STIRAP in the current configuration.

The small 2' =+ component in the v/ = 55 level makes a
transition to the X'X* state allowed. As shown in
Fig. 1(c), scanning a strong dump laser with the pump
laser locked on resonance, we observed both the J’ =0
and J” =2 rotational levels manifested as population
gains. The rotational constant B, obtained from this
measurement is 2z x 2.0896(5) GHz. We also found v" =
1 at 105.833(3) cm~! above the »” =0 level. Both

2, 2
3 S1/2"-5 P3/2

Energy (10° cm™)
(9]

1 1
5 10 15 20
Internuclear distance (a,)

ELO',,,-_b :.'.p"\./'\ /-\.___‘././'\.“ oo
éo.s» t/ﬂ\./'.’ .\, \-" ._IL\F
Lt Ul

8012.70 8012.75

’;1.0

S . v'=0, J" =2 v'=0,J"=0

[}

o)

€ 0.5} A

=)

c

&£ .

] * Cc

Z 0.0l . . ( )
12989.38 12989.39 12989.80 12989.81

L2 wave number (cm™)

FIG. 1. (a) Scheme of the 2*Na®’Rb potential energy curves
including spin-orbit coupling, with squared density probabilities
of the relevant levels. We used experimental potentials from
Refs. [14,24] for the X!Z* and ¢ states and from Ref. [27]
for the 2! =% /1311 coupled states. The two-photon path through
the 2! /1311 states driven by the pump (L;) and dump (L,)
lasers is shown schematically. (b) One-photon spectrum of the
213+ /13|’ = 55,0 = 1) level near 8012.7 cm™!, taken by
scanning a free running pump laser. The selected intermediate
level is marked by the red circle. (c) Two-photon spectroscopy for
finding the lowest vibrational level v” = 0 of the X'Z* state.
Only the J” = 0 and 2 rotational levels can be accessed because
of parity selection rules.

numbers are in excellent agreement with known values
[24]. The dissociation energy of the v” = 0 level, directly
measured from the energy difference between the two
Raman lasers, is DY = 4977.308(3) cm™! (at zero mag-
netic field with respect to the hyperfine center of gravity),
0.018 cm™! less than the previously reported value [24].
The quoted uncertainty of D is mainly from the absolute
accuracy of our wavelength meter [29].

The hyperfine structure of the X'EF[v” =0,J” = 0)
state of bialkali molecule has been modeled in
Refs. [30,31]. As shown in Fig. 2(a), since both >’Na
and ®Rb have nuclear spins of [ = 3/2, there are 16
hyperfine Zeeman levels grouped according to the total
angular momentum projection My = my + mR°. As the
Feshbach molecule has M = 2, the absolute ground state
with M = 3 can be reached by the two-photon (7, then o)
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FIG. 2. (a) The calculated hyperfine Zeeman structures of the
lowest rovibrational level of 2*Na®’Rb at 335.6 G. The dashed
lines indicate levels with the same mX®. (b) Two-photon spectrum
obtained by dark resonance spectroscopy with six of the 16
hyperfine levels fully resolved. For this measurement, both lasers
are locked to the optical cavity and a low dump transition Rabi
frequency of 27 x 170 kHz is used. Solid lines are from Gaussian
fitting to the data points.

transition directly. As shown in Fig. 2(b), we resolved both
the Mr = 3 and the three M = 1 levels unambiguously.
By changing the polarizations to both z, the M =2
hyperfine levels can also be fully resolved. The observed
spacings between these observed hyperfine levels agree
with the theoretical calculations almost exactly [30,31], as
depicted by the vertical dash-dotted lines. From the dark
resonance line shape, the transition dipole moment to the
absolute ground state is determined to be 2.1(1) x 10~2ea
[28], much stronger than the pump one.

To populate the absolute ground state, we perform
STIRAP with the Raman laser pulse sequence shown in
Fig. 3(b) with both lasers locked on the corresponding
resonances. A time-dependent dark state, which starts as
the Feshbach state and ends as the absolute ground state, is
created in the coupled three-level system during this
sequence. After this sequence, the Feshbach molecules
are transferred to the ground state adiabatically, as evident
by the loss of signals at around 20 us in Fig. 3(a). As we
cannot detect the ground-state molecules directly, a
reversed STIRAP sequence is applied subsequently to
bring them back to Feshbach molecules for detection.
Assuming identical efficiencies for the two STIRAP
processes, a one-way transfer efficiency of 80% can be
inferred from the round-trip efficiency of about 64%. As
shown in Fig. 3(a), this performance matches our simu-
lation using the master equation with measured experi-
mental parameters and estimated laser linewidths well. The
simulation also indicates that transfer efficiencies over 90%

taken with a STIRAP pulse duration of 15 us and a Rabi
frequency of 2z x 0.7 (1.1) MHz for the pump (dump) transition.
The reversed STIRAP is necessary for detection. The solid curve
is the calculation using the master equation with experimentally
measured parameters. (b) Pulse sequences for a round-trip
STIRAP. The Rabi frequencies are from real measurements.

are attainable by increasing the Rabi frequencies, which are
currently limited by the pump laser power.

To illustrate the dipolar nature of >’Na%’Rb, we have
installed two parallel-plate electrodes made of conductive
and transparent indium-tin-oxide glasses outside of the
vacuum cell. With these electrodes, an external electric
field can be applied to induce an effective electric dipole
moment in the laboratory frame. The Stark shift vs electric
field for the absolute ground state measured with dark
resonance is shown in Fig. 4. This shift corresponds
directly to the two-photon resonance shift, as the
Feshbach molecule has essentially zero electric dipole
moment. We also observed large shifts of the one-photon
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FIG. 4. Stark shift of absolute ground-state >>Na%’Rb measured
by dark resonance spectroscopy. Electric fields are calculated
from the applied voltages and the effective spacing between the
electrodes with all surrounding components taken into account.
The solid curve is the fit to a model including contributions from
several higher rotational levels. The uncertainty shown by the
gray shading is mainly from the electric field determination. The
inset shows the induced dipole moment vs the electric field with
the currently accessible region marked by the shading area.
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FIG. 5. Decay of absolute ground-state >’Na%’Rb at zero
electric field. The solid line is our fit based on a two-body decay
model (see the text). The measured trap frequencies for the
ground-state molecules are (@,,,,®,) =2z x (30,156,162) Hz
[32]. The sample has a typical temperature of 720 nK and an
initial peak density of 1.5 x 10'" cm™3. Error bars represent one
standard deviation from three shots. The inset shows a typical
round-trip STIRAP line shape obtained by scanning the dump
laser with the pump laser on resonance.

resonance from the Stark effect of the common intermedi-
ate level. From the fit (solid curve) of the absolute ground-
state Stark shift to a model including contributions from
rotational levels up to J” = 10, we obtain a permanent
electric dipole moment of 3.2(1) D, consistent with
previously reported values [18-21]. A dipole moment of
1.06(4) D can already be induced in the current configu-
ration (the inset in Fig. 4).

Despite their expected chemical stability [10], we
observed a fast decay of the absolute ground-state population
by varying the holding time between the two STIRAP
sequences (Fig. 5). Fitting this decay to the two-body model
N = —B(M&?/4nkgT)¥2N?, we extracted a loss rate coef-
ficient # = 2.5(9) x 1071° ¢cm?® s~! (equivalent to a lifetime
of about 0.2 s). Here we assumed a constant temperature 7
and a Gaussian density profile, with @ the mean trapping
frequency and kp the Boltzmann constant. The uncertainly
of /3 is mainly from the number calibration. Only data after
50 ms are used in the two-body fit, as substantial breathing
and sloshing motions can be clearly seen right after
STIRAP [32].

The origin of this large loss is not clear without
knowing the final products. The typical linewidth of
the STIRAP line shape (the inset in Fig. 5) is much
smaller than the hyperfine level spacings, which ensures
that all the transferred molecules are in a single and the
lowest hyperfine level. However, due to the imperfect
STIRAP, ~20% of the Feshbach molecules are not
transferred to the ground state. No leftover molecules
can be detected after the first STIRAP only; thus,
these molecules may distribute among a range of states
and collide with the absolute ground-state molecules
inelastically with an unknown rate. Another contribution

could come from the so-called “sticky mechanism”
which causes a unity short-range loss probability by
forming long-lived complexes [13]. Using the best-known
Cy between two ground-state 2*Na%’Rb molecules [33],
the estimated rate [34] for this mechanism is

kY (T =720 nK) = 3.5 x 10710 cm3s™!. Finally, the
two-molecule photoassociation into an excited tetramer
state [33] by the trap light cannot be excluded either,
although this can happen only at short ranges, since there
are no resonances at long range.

This unexpectedly short lifetime imposes a challenge for
many future works. More investigations are necessary to
fully understand and possibly to mitigate this problem.
For instance, we may use short-range shielding mecha-
nisms involving J” = 1 #’Na®’Rb molecules in a static
electric field [34-36] to suppress the losses at short
distances. Ultimately, we can use optical lattices to isolate
the molecules from each other to completely remove loss
processes [37,38]. With the presently achieved dipole
moment, the nearest neighboring dipole-dipole interaction
is already > kp x 50 nK in squared lattices formed by a
1064 nm laser. With such a strong long-range interaction,
some of the predicted new quantum phases of the extended
Bose-Hubbard model may already be observable [39—41].
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