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Ultracold Gas of Dipolar NaCs Ground State Molecules
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We report on the creation of bosonic NaCs molecules in their absolute rovibrational ground state via
stimulated Raman adiabatic passage. We create ultracold gases with up to 22 000 dipolar NaCs molecules
at a temperature of 300(50) nK and a peak density of 1.0(4) x 10'> cm™. We demonstrate comprehensive
quantum state control by preparing the molecules in a specific electronic, vibrational, rotational, and
hyperfine state. We measure the ground state ac polarizability at 1064 nm along with the two-body loss rate,
which we find to be universal. Employing the tunability and strength of the permanent electric dipole
moment of NaCs, we induce dipole moments of up to 2.6 D at a dc electric field of 2.1(2) kV/cm and
demonstrate strong microwave coupling between the two lowest rotational states with a Rabi frequency of
27 x 45 MHz. A large electric dipole moment, accessible at relatively small electric fields, makes ultracold
gases of NaCs molecules well suited for the exploration of strongly interacting phases of dipolar quantum

matter.
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Ultracold dipolar molecules [1,2] are a unique platform
for the investigation of new areas in molecular and many-
body quantum physics [3,4]. Studies with dipolar ground
state molecules are enabling advances in quantum chem-
istry [5-8] and have exciting prospects for quantum
simulation [9,10], quantum computing [11-13] and the
investigation of novel quantum phases [14,15]. Their
electric dipole moment gives rise to tunable long-range
interactions that can be controlled via external electric
[7,16,17] or microwave [18-20] fields. Many applications
of dipolar molecules will require quantum degenerate
molecular gases.

Molecular ensembles with the highest phase-space
densities have been created via assembly of ultracold
molecules from ultracold gases of atoms [21-23]; first,
weakly bound Feshbach molecules [24] are created and
then transferred to their rovibrational ground state via two-
photon transfer. This approach has been previously
employed to create ultracold gases of KRb [22], RbCs
[25,26], NaK [27-30], NaRb [31], NaLi [32], and single
NaCs [33] ground state molecules. Recently, for the
fermionic molecules KRb [34] and NaK [35], direct
creation of degenerate molecular Fermi gases has been
demonstrated. Also, collisional shielding [36-38] and
microwave shielding [39] have been demonstrated to
suppress two-body losses and enable evaporative cooling.
For ultracold gases of bosonic ground state molecules,
collisional shielding, evaporative cooling, and the forma-
tion of a Bose-Einstein condensate are outstanding goals.

In this Letter, we report on the production of ultracold
gases of strongly dipolar NaCs molecules in their rovibra-
tional ground state. Using stimulated Raman adiabatic
passage (STIRAP) [40], we create up to 22000 ground
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state molecules in a specific hyperfine state at a temperature
of 300(50) nK. Under these conditions, we estimate a
phase-space density of about 0.01 and determine a two-
body loss rate of 7(3) x 107!% cm® s~!, which we find to be
universal. In addition, we expose the molecular gases to
electric fields of up to 2.1(2) kV/cm and observe Stark
shifts of the ground state that correspond to an induced
dipole moment of up to 2.6 D, which is significantly larger
than the highest induced dipole moment in previous
work [7].

NaCs stands out due to its large dipole moment of d =
4.75(20) D [41,42] in the rovibrational ground state. As a
result, the effective range of dipole-dipole interactions,
a, = md®/(8megh?), can reach tens of micrometers, an
order of magnitude larger than for NaK and 2 orders of
magnitude larger than for KRb (m denotes the molecular
mass). The large dipole moment also promises that shield-
ing techniques, which generally scale proportional to
higher powers of d [43—45], will be highly effective.
Bulk gases of strongly dipolar NaCs molecules, which
we create in this Letter, will allow for the exploration of
new phases of dipolar quantum matter, facilitate the loading
of extended optical lattice and tweezer arrays, and promise
new avenues for quantum simulation and quantum
computing.

The experiment starts with an ultracold gas of 4 x 10*
NaCs Feshbach molecules that are associated from ultra-
cold gases of Na and Cs via a magnetic field ramp across
the Feshbach resonance at 864.12(5) G [46,47]. Details of
the molecule preparation can be found in Refs. [47,48]. Na
and Cs are in their lowest hyperfine state |f,m,) = |1, 1)
and [3,3), respectively. The Feshbach molecules are
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prepared at a magnetic field of 863.84(1) G with a binding
energy of about 500 kHz; their molecular state has about
25% singlet and 75% triplet character, with the dominant
bound-state contributions being |S=1,mg=0,m; =3/2,
m[CS :5/2> and |S = 1, mg = 1, m,Na = 3/2, m]CS = 3/2>
Here, § is the quantum number of the electronic spin, and
my its projection on the quantization axis; m; (m,_) is the
projection of the Na (Cs) nuclear spin. The molecular gas is
held in a crossed optical dipole trap operating at 1064 nm;
the trap frequencies are w = {w,, w,,»,} = 27 x {30(3),
60(5), 130(5)} Hz. For detection, the molecules are dis-
sociated into free atoms via a reverse magnetic field ramp
and imaged at low field.

We have developed a coherent two-photon scheme that
transfers ultracold gases of NaCs Feshbach molecules to
the rovibrational ground state via an electronically excited
state that has mixed singlet and triplet spin character (see
Fig. 1). For the laser that couples the Feshbach state |F)) to
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FIG. 1. Two-photon pathway to the rovibrational ground state

of NaCs. (a) An ultracold bulk gas of weakly bound NaCs
Feshbach molecules is transferred to the ground state via
STIRAP. Prior to detection, STIRAP is applied in reverse.
(b) Molecular potentials of NaCs as relevant for transfer to the
rovibrational ground state X'EF [v = 0,J = 0, m; = 0). Here, J
denotes the total angular momentum and m; its projection on the
quantization axis. Q; and Q, denote the Rabi frequencies of the
Raman lasers. The inset shows the relevant sublevels, including
the my quantum numbers that are accessible with the given laser
polarizations. A and ¢ denote the one- and two-photon detuning
from the excited state and the ground state, respectively. Arrows
indicate light polarizations relative to the quantization axis set by
the vertical magnetic field.

the excited state |E) (laser 1), we use a titanium-sapphire
laser that operates near 916 nm; its polarization is parallel
with respect to the quantization axis (defined by the vertical
magnetic field). For the laser that couples the excited state
|E) to the rovibrational ground state |G) (laser 2), we use an
external cavity diode laser that operates near 632 nm; its
polarization is orthogonal with respect to the quantization
axis. In order to establish phase coherence between the
lasers on the relevant timescale (less than 1 ms), we
stabilize their absolute frequencies to the kilohertz level
by locking them to an optical cavity made from ultralow
expansion glass via the Pound-Drever-Hall technique.

As a bridge to the ground state, we use an electronically
excited state in the ¢3X* ~ B'II complex as shown in
Fig. 1(b). Because of strong spin-orbit coupling in NaCs
[49,50], many vibrational states have strongly mixed
singlet and triplet spin character. However, we have found
that states of the ¢3X* ~ B'II complex have unconven-
tionally broad linewidths, which is unsuitable for resonant
or near-resonant STIRAP. For example, in recent work,
Cairncross et al. [33] have demonstrated ground state
transfer of an individually trapped NaCs molecule via far
off-resonant Raman-Rabi transfer using the ¢3XF|v = 26,
J = 1) state (v denotes the vibrational state). We found
this state to have a linewidth of 2z x 51(5) MHz, which
is significantly broader than realistically achievable
Rabi frequencies. In this Letter, we have identified the
B'TI|v=10,J =1,m; =1) as a suitable intermediate state.
Additional spectroscopic details of the ¢ ~ B'TI com-
plex are discussed in Ref. [51].

We experimentally locate the ground state [52,53] via
dark resonance spectroscopy, as shown in Fig. 2(a). Dark
resonance spectroscopy also allows us to measure the
excited state linewidth I and Rabi couplings Q; and Q,
by fitting the data with a three-state model [54,55].
Combining the results of measurements at different laser
powers [56], we obtain I'/2z = 15(3) MHz for the
B'Tljv = 10,J = 1,m; = 1) state. For the laser powers
available in our setup, we can reach Rabi frequencies of up
to Q"™ /27 ~ 12 MHz and Q)'** /27 ~ 25 MHz, which is
on the order of the excited state linewidth. To realize
STIRAP, we dynamically change the Rabi frequencies €2,
and Q, [Fig. 2(b)], which transfers the molecules to the
ground state and back, while the system remains in the dark
state whose population is proportional to cos[6(7)]|F)—
sin[0(1)]|G), where 6(t) = tan™'(Q,/Q,) [40]. Between
forward and reverse STIRAP, a 100 ps-pulse of resonant
laser light removes the remaining Na and Cs atoms and
Feshbach molecules [56]. This increases the detected
molecule number by a factor of 3 compared to a slower
removal scheme based on a magnetic field gradient, which
we employed in earlier work [47].

Figure 2(c) shows transfer to the ground state by
monitoring the Feshbach molecule population during the
STIRAP sequence. We have found robust conditions for
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FIG. 2. Creation of NaCs ground state molecules. (a) Coupling
to the rovibrational ground state via B'TI|v = 10) is observed in
two-photon dark resonance spectroscopy. The solid line is a fit to
a master equation model yielding Rabi frequencies Q,/2z =
0.6(1) and Q, /27 = 8.8(5) MHz. (b) STIRAP is realized via a
ramp of laser intensities, giving rise to a dynamic change of the
Rabi frequencies Q; (red) and 2, (orange) as shown. (c) Evolu-
tion of the number of Feshbach molecules (circles) during the
STIRAP sequence. The black solid line shows a fit of the
Feshbach molecule number to a master equation model that also
yields the number of molecules in the ground state (red solid
line). The inset shows a background-free absorption image of
about 1.2 x 10* Feshbach molecules after a STIRAP round trip
and 17 ms time of flight. For this data, Q,;/2z =4.5,
Q,/27 = 8.4, A/2x = 90, and §/27 = 0 MHz.

20 ps long pulses, shown in Fig. 2(b) and used for all data
in this Letter, and a one-photon detuning of A/2z =
—90 MHz. Starting with 4 x 10* Feshbach molecules, we
detect 1.2 x 10* Feshbach molecules after the STIRAP
round trip. This corresponds to a one-way transfer effi-
ciency of 55(3)%. About 2.2 x 10* ground-state molecules
are created with a peak density of 1.0(4) x 10'> cm™ and a
phase-space density of 0.01.

In Fig. 3(a), we show the transfer efficiency as a function
of one-photon detuning. We find that our system signifi-
cantly deviates from the behavior of a canonical three-level
STIRAP model, where most efficient transfer is expected
on resonance (A = 0) [57]. Instead, our one-photon detun-
ing spectra show nearly vanishing transfer efficiency on
resonance for a pulse duration of 20 ps; in addition, they
are highly asymmetric and tend to favor negative one-
photon detuning. We attribute this behavior to unresolved
hyperfine structure in the excited state [28,30,58]; laser 1
with z-polarized light leaves m = 4 of the initial Feshbach
state unchanged and can, in principle, couple to three
hyperfine states fulfilling myp = 4 [see inset of Fig. 1(b)].

IG1) |G2) |G3)
T T

T
A=-90MHz |7

S 1.0p fq1.0r A=+00MHz |1
8 26 e
205k o2 °\ig q0.5F 7 1
= o oo o
< 0.0t 1 1 C|) 1 10.0 1 1
-200 -100 0 100 0. 0.5 1.0
A/(2m) (MHz) o/(2m) (MHz)
(C) T T T T T T T T
S , O™, Jleniaies i
S g 3f w2 0”0’ o -
L 20 0 O O
o+
= . 1F 120 O O O e
Q = fcs 32 0 0 O O
g_ g 1} 520 O O © -
[l 7/2 03/20 o o
I § -3r o+1/2O 8 o i
|9 -5 my, -1/2 o J
° 32
0 1 2 3 4 5 6 7
Energy (MHz)
FIG. 3. Controlling the hyperfine state of NaCs ground state

molecules. (a) Dependence of transfer efficiency on the one-
photon detuning A, while staying on resonance with the ground
state (5 = 0). Top (bottom) panel corresponds to Q,/2z = 4.5
and Q,/27 = 8.4 MHz (Q,/27z = 4.5 and Q, /27 = 4.5 MHz).
(b) Accessible hyperfine states for A/2z = —90 MHz (top) and
A2z = +90 MHz (bottom) with Q; = Q, = 27z x 4.5 MHz.
Solid lines in (a) and (b) are calculated from a master equa-
tion model to be reported in Ref. [56]. (c) Energies of all
(2In, + 1)(21s + 1) = 32 hyperfine ground states at a magnetic
field of 863.84 G. The hyperfine structure is in the Paschen-Back
regime, dominated by the nuclear Zeeman effect, while scalar
spin-spin interactions are weak (¢, = 3941.8 Hz [59]). The initial
Feshbach state has mjyp = 4. Hyperfine states that can be
addressed in our coupling scheme are shown as red dots.

Taking into account the multilevel structure, we have
developed a numerical model [56], which accurately
captures the behavior of our system (solid lines in
Fig. 3). The model suggests that the observed STIRAP
efficiency is largely limited by the multilevel structure and
not by laser noise.

In Fig. 3(b) we demonstrate controlled transfer into a
well-defined hyperfine level. To this end, we have mea-
sured distinct STIRAP resonances in the rovibrational
ground state by varying the two-photon detuning & for
two different one-photon detunings A. While laser 1 leaves
mp = 4 unchanged, laser 2 couples to the ground state via
horizontal polarization, corresponding to (o +67)/v/2
light, which, in principle, gives access to mp = 3 and 5.
However, experimentally we see dominant coupling into
|G1) and weak coupling to |G2) with m; = 3; coupling to
the absolute hyperfine ground state with my =5 is not
observed and likely suppressed due to the absence of an
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FIG. 4. Lifetime of NaCs in the rovibrational ground state
measured for an initial peak density of 5(3) x 10" cm™ and
temperature of 300(50) nK. The solid line shows a fit to a two-
body decay model. Data points correspond to the average of three
experimental runs. The inset shows a trap frequency measure-
ment of ground state molecules oscillating along the y axis. From
this we determine a ratio for the ac polarizabilities of the ground
state molecules and Cs atoms of 0.77(1) in the optical dipole trap
at 1064 nm.

|m;. =3/2,m;, =7/2) admixture in |E). The observed
splitting between |G1) and |G2) of 483(1) kHz [56] is
consistent with the prediction of the ground state hyperfine
structure, shown in Fig. 3(c).

Equipped with the ability to create spin-polarized ultra-
cold gases of NaCs ground state molecules, we study their
collisional properties. Figure 4 shows a lifetime mea-
surement for an ensemble with a peak density of ny =
5(3) x 10" ¢cm™ and a temperature of 300(50) nK. In
order to determine the molecular density, we measure the
molecular trap frequencies. By comparing the molecular
trap frequencies to those of the Cs atoms [56,60], as shown
in the inset to Fig. 4, we determine the polarizability of the
molecules at 1064 nm to be h x 41(1) Hz/(W/cm?). This
compares reasonably well to Ref. [61] which predicts
h x 35 Hz/(W/cm?). The lifetime data closely follows
a two-body loss model with a decay rate of I3y =
7(3) x 10719 cm3s~! and a characteristic decay time of
1/(Iop) =10(1) ms, where 7 is the average density [62].
Our measurement agrees well with the predicted theoretical
two-body collision rate, ', = 8 x 107!° ¢cm? s~! [43]. This
suggests that NaCs, similar to other bialkali species, exhibits
unity loss at short range, although direct two-body loss is
energetically forbidden [63]. The exact nature of the two-
body loss process is an open question [17,64—68] and future
studies of NaCs will provide a valuable data point in this fast-
evolving field [69].

Strong dipole-dipole interactions between NaCs mole-
cules can be induced by aligning their electric dipole
moments in the laboratory frame using a homogeneous
electric field. In Fig. 5(a) we demonstrate the effect of a dc
electric field on the ground state by monitoring its Stark
shift, which is directly related to the magnitude of the
induced dipole moment. Homogeneous electric fields with
up to 2.1(2) kV/cm are generated at the location of the
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FIG. 5. Strong dipole moment of NaCs molecules. (a) NaCs

molecules in a homogeneous electric field. The Stark shift of the
ground state is measured via dark resonance spectroscopy (red
circles). Error bars are smaller than the point size. The solid line
corresponds to the calculation of the expected Stark shift based on
the known permanent dipole moment d [41] and the rotational
constant of the ground state. The gray shading reflects the
uncertainty in the dipole moment. The Stark shift is used to
calibrate the electric field strength. The inset shows the induced
dipole moment d versus dc electric field; the dashed rectangle
indicates the dipole moments of up to 2.6 D reached in this Letter.
(b) Fast Rabi oscillations between rotational states of NaCs. The
population in the rotational ground state (J = 0) is measured as a
function of time. The optical dipole trap is switched off during the
microwave pulse. The solid line is a sinusoidal fit yielding a Rabi
frequency of 45.4(3) MHz. The microwave frequency is about
3.471 GHz. Further details on rotational spectra of NaCs will be
reported elsewhere [70].

molecules using indium tin oxide coated glass electrodes,
mounted outside of the ultrahigh vacuum chamber. First,
we confirm via one-photon spectroscopy that the Stark shift
of the excited state is negligible even for the strongest
fields. Then, we determine the Stark shift of the ground
state via dark resonance spectroscopy. For the largest field,
we observe a Stark shift of 1.8 GHz, which corresponds to
an induced dipole moment of 2.6 D.

In addition, we demonstrate strong microwave coupling
between the rotational ground (J = 0) and first excited state
(J/ = 1) in NaCs. The coupling scales linearly in the dipole
moment, dE,., where E, is the electric-field strength of the
microwave. We observe fast Rabi oscillations with a
frequency of up to 2z x 45 MHz, as shown in Fig. 5(b),
indicating further enhanced coupling compared to recent
demonstrations with NaK [39] and CaF [71]. For quantum
information applications [11], the fast Rabi oscillations can
enable rotational single-qubit gates on a timescale of few
nanoseconds, surpassing or rivaling existing quantum
information platforms.
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Recently, it has been shown that resonant collisional
shielding [37,38] and microwave shielding [39,71] can
enable effective evaporative cooling. For NaCs, resonant
shielding is predicted to lead to an extremely favorable ratio
of elastic to inelastic collisions of 10° [38,44]. This requires
accessing a Forster resonance in the |J,m;) = |1,0) state,
located at an electric field of 2.5 kV/cm [44], which can be
reached with minor technical upgrades. Microwave shield-
ing [45,72] is also expected to be highly effective thanks to
weak hyperfine interactions and strong microwave cou-
pling. This makes NaCs a promising candidate for evapo-
rative cooling towards a Bose-Einstein condensate of
dipolar ground state molecules, which is an important
prerequisite for applications of dipolar molecules in quan-
tum simulation [4].

In conclusion, we have created an ultracold gas of 22 000
NaCs ground state molecules at 300(50) nK. Using
STIRAP, we have prepared the molecules with full control
over their electronic, vibrational, rotational, and hyperfine
state. Demonstrating the tunability and strength of the
electric dipole moment, we have exposed the molecular
ensembles to electric fields that induce a dipole moment of
up to 2.6 D. These conditions, combined with prospects for
effective repulsive shielding protocols, make NaCs an
exceptional candidate for the demonstration of evaporative
cooling of bosonic ground state molecules, Bose-Einstein
condensation, the exploration of new phases of matter,
and applications in quantum simulation and quantum
information.
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