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We demonstrate the coherent creation of a single NaCs molecule in its rotational, vibrational, and
electronic (rovibronic) ground state in an optical tweezer. Starting with a weakly bound Feshbach
molecule, we locate a two-photon transition via the |03X317 v’ = 26) excited state and drive coherent
Rabi oscillations between the Feshbach state and a single hyperfine level of the NaCs rovibronic
ground state |X'%,v” = 0, N = 0) with a binding energy of Dy = h x 147044.63(11) GHz. We
measure a lifetime of 3.4 + 1.6 s for the rovibronic ground-state molecule, which possesses a large
molecule-frame dipole moment of 4.6 Debye and occupies predominantly the motional ground state.
These long-lived, fully quantum-state—controlled individual dipolar molecules provide a key resource
for molecule-based quantum simulation and information processing.

Trapped arrays of individually controlled interacting
atoms have enabled a range of studies in quantum infor-
mation and quantum many-body physics that are now
reaching beyond what can be computed on classical ma-
chines [1-6]. Substituting atoms with polar molecules,
which feature rich internal states with tunable long-range
dipolar interactions, further expands the opportunities
for quantum simulation of novel phases of matter [7—
11], high fidelity quantum information processing [12—
15], precision measurements [16-18], and studies of cold
chemistry [19-21]. However, this molecular complexity
also presents challenges in obtaining the same level of
control in molecules as in atoms, motivating the devel-
opment of new approaches [22-30]. Recent experiments
have now realized coherent control of molecules at the
level of individual particles and single internal quantum
states for ions through cooling and readout of co-trapped
atoms [31, 32] and with neutrals in optical tweezers [33—
38]. In select cases, motional control of single molecules
has also been attained.

Associating single molecules from individual atoms
cleanly maps the full quantum state control that is at-
tainable for the constituent atoms onto the molecules. By
controlling the motional states of the atoms prior to as-
sociation, both the motional and the internal state of the
resultant molecule can be controlled. Previously, full con-
trol has been demonstrated for single molecules in weakly
bound states [35, 37, 38]. In order to realize tunable
dipolar interactions—the key ingredient for simulating
strongly correlated, novel phases of matter—these single
molecules must be transferred to a low-lying vibrational
state where they possess an appreciable molecule-frame
dipole moment.

In this Letter, we demonstrate the coherent associa-
tion of a single rovibronic ground-state molecule in an
optical tweezer. Specifically, we perform “molecular as-
sembly” [Fig. 1(a)] to form a single ground-state NaCs
molecule starting from individually trapped single atoms

that are first magnetoassociated into a weakly bound
Feshbach molecular state. We transfer the Feshbach
molecules to the rovibronic ground state using a coherent
two-photon detuned Raman pulse, demonstrating inter-
nal state transfer of ultracold molecules in a new pa-
rameter regime. The resulting molecule possesses a large
molecule-frame dipole moment of 4.6 Debye [39, 40], and
we measure a trapped lifetime of 3.4 + 1.6 s, which is
limited by photon scattering. An inherent feature of the
assembly process is that these molecules are created pre-
dominantly in the motional ground state of the optical
tweezer. With the final step of “molecular assembly”
completed, we establish a new platform for quantum sim-
ulation of novel phases of matter with arrays of molecules
in the motional ground state of optical tweezers.

Our apparatus and experimental sequence have been
described in detail previously [33, 35, 41]. First, sin-
gle 2Na and '23Cs atoms are loaded from a dual-
species magneto-optical trap into tweezers at 700 nm
and 1064 nm, respectively [Fig. 1(a), first panel]. An
initial non-destructive imaging step allows for postselec-
tion of the ~ 30% of experimental sequences where both
atoms are initially present. Both atoms are then cooled
to their respective 3D motional ground states using po-
larization gradient cooling followed by Raman sideband
cooling. After cooling, the atoms are prepared in the
|FF=3,Mp =3)q, |F=1,Mp = 1), state before their
traps are adiabatically merged, leaving them in a single
1064 nm trap. We then perform Feshbach magnetoasso-
ciation to convert the atom pair into a weakly bound
molecule [35] [Fig. 1(a), center panel]. The Feshbach
molecule is formed in a single internal state with a bind-
ing energy of ~ 1 MHz at 863.7 G, and occupies predom-
inantly the center-of-mass (COM) ground state of the
optical tweezer.

Next, we proceed to transfer the molecule from

the Feshbach state to the rovibronic ground state
| X132, 0" =0,N"” = 0) [Fig. 1(a), last panel], where v”
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FIG. 1. Schematic overview of assembling rovibronic ground
state molecules in optical tweezers. (a) Sequence of molecu-
lar assembly from individually trapped atoms to ground state
molecule. This work focuses on the outlined final step of inter-
nal state transfer. (b) Selected potential curves of the NaCs
molecule, showing the Raman transfer scheme from the Fesh-
bach state to the rovibronic ground state via |c*X1, v = 26).
Pump and Stokes laser Rabi frequencies are labeled Q2p and
Qs, respectively. Inset: Geometry of the optical tweezer,
magnetic bias field, and Raman transfer lasers.

and N are the vibrational and rotational quantum num-
bers, respectively, of X'3. As in earlier work that used
ensembles of molecules, we employ a two-photon opti-
cal transfer via an electronically excited state [Fig. 1(b)]
[22-24, 42-46]. Earlier works have used stimulated Ra-
man adiabatic passage (STIRAP) to transfer population
from the Feshbach state. In this work, we instead im-
plement a detuned Raman transfer, and by doing so we
demonstrate that high-fidelity creation of ground state
molecules is possible in a different parameter regime than
previously explored. The relevant parameters for a coher-
ent transfer are the excited state linewidth I', the pump
and Stokes Rabi frequencies Qp g, and the ratio Qr/Rsc,
where Qi is the Raman Rabi frequency and Ry is the
(detuning-dependent) scattering rate. High-fidelity co-
herent transfer can be achieved if Qr/Rs. > 1. After
locating the pump and Stokes transitions, we investigate
these properties to find suitable parameters to perform
Raman transfer.

A two-photon transfer to the ground state has not
been previously performed in NaCs, necessitating first a

search for and characterization of intermediate states as
well as locating the ground state resonance. We choose
|31, = 26) as an intermediate state due to several
factors: (1) it has relatively high Franck-Condon over-
lap with the Feshbach state, (2) it is expected to have
strong transition dipole moments to both the Feshbach
and rovibronic ground states due to the large spin-orbit
coupling constant of the Cs atom, and (3) it is accessible
from these states with convenient laser wavelengths of
922 nm and 635 nm, respectively [Fig. 1(b)]. Following
a prediction based on the potential curves of Ref. [47],
we located |c®¥1,v" = 26) using photoassociation spec-
troscopy. Figure 2(a) shows a high-resolution spectrum
of the transition from the Feshbach state to the J =1
and J' = 2 manifolds along with a model that incor-
porates the excited state structure, where J’ is the ro-
tational plus electronic angular momentum in the ¢3¥;
state. The details of the modeling and quantum number
assignment are reported elsewhere [48].

The linewidth of the intermediate state has a signif-
icant influence on our state transfer scheme. In ear-
lier molecular association experiments, the molecular ex-
cited state used as an intermediate had a width com-
parable to that of the atomic transition to which it is
asymptotically connected. In our system, that would
be the Cs 6s — 6p transition, with a natural linewidth
of order T'atom/2m =~ 5MHz. However, we measure
the linewidth for |¢*¥,0" =26,J =1, M} =1) to be
I'/2r = 120(30) MHz—more than an order of magni-
tude larger than the atomic linewidth [Fig. 2(b)], where
M, is the projection of J’ onto the laboratory mag-
netic field. We have not been able to determine the
origin of the increased linewidth, and further investi-
gation is warranted. We also characterized the scat-
tering arising from all |¢*¥1,v" = 26) lines when red-
detuned from resonance, as shown in Fig. 2(c). We find
scattering rates consistent with our independent mea-
surements of the [¢3%;,v' = 26) linewidth and transi-
tion strength, with the addition of a background scatter-
ing rate of [200(100) ps]~! that may arise from further-
detuned states.

While the observed linewidth of the ¢3%; state is not
ideal for state transfer, we find that the strength of the
pump transition offsets this issue. We characterize the
strength of the 922 nm pump transition by measuring
the depletion time on the J’ = 1, M’ = 1 resonance at
325129.48(7) GHz at low laser power, where the lifetime
7 is long compared to 1/T'. In this limit, 7 ~ I'/Q3%.
We independently calibrate the pump laser intensity us-
ing a measurement of the vector AC Stark shift of the
Cs hyperfine ground state, allowing us to extract the
transition dipole moment. We find a Rabi frequency
Qp/2n = 6.2(8) MHz x /Pp/(1mW) where Pp is the
pump laser power, corresponding to a transition dipole
moment of pp = 0.009(1) eag. We attribute this large
transition strength (when compared to other species of
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FIG. 2. Characterization of the |c*X1, v’ = 26) state of NaCs
by depletion of Feshbach molecules. (a) Depletion spec-
trum near 325130 GHz using 0™ 4 0~ polarization, showing
J' = 1,2 rotational levels and Zeeman structure with approx-
imate quantum number assignments. The curve is a theory
prediction based on a model of the Feshbach and Y states
[48]. (b) Linewidth characterization of the J' = 1, M} = 1
level of |c*Y1, v = 26) used for Raman transfer when probed
with ¢ polarization. The curve is a fit to a Lorentzian line-
shape, with fit linewidth I" = 27 x 120(30) MHz. (c) Charac-
terization of the single-photon scattering rate Rs. due to the
pump laser when red-detuned from |c*E1,v" = 26). The curve
is a fit to the scattering rate derived from the same model as
in part (a). Inset: the linear dependence of the scattering rate
on the pump laser power at the —21 GHz detuning is consis-
tent with single-photon scattering. Error bars on all data are
Wilson score intervals for the binomially distributed Na + Cs
survival probability.

Feshbach molecules, cf. [23]) to the closed-channel domi-
nated character of the Feshbach state. The tight confine-
ment provided by the diffraction-limited optical tweezer
allows us to use a small ~ 13pm waist for the Raman
lasers, allowing Rabi frequencies up to ~ 60 MHz for this
transition with Pp ~ 100 mW.

Having characterized the excited state properties, we
can then identify the ¢33, levels whose quantum num-
bers allow a two-photon transition to the rovibronic
ground state. In the presence of a large magnetic field,
the initial (Feshbach), intermediate (c®¥;), and final
(X'Y) states of our transfer scheme are in very dif-
ferent angular momentum coupling regimes. As a re-
sult, both initial and final states can couple to many
excited states. Only a few intermediate levels couple
to both and can thus give rise to Raman transitions,
while others contribute only to loss via one-photon scat-
tering. We find that choosing both lasers to have ot

polarization [Fig. 1(b) inset] gives the simplest spectrum
within the current geometrical constraints of our appara-
tus. In this case, the Raman transition amplitude is dom-
inated by the |J' =1, M/ = 1) state of |*%q,v" = 26),
connecting the Feshbach state (which we calculate has a
~ 50% admixture of |My,, =3/2, M, =5/2)) to the
|M7, = 3/2,M] =5/2) hyperfine component of the
| XY, N” = 0) rotational state, where M/ is the pro-
jection of the nuclear spin I onto the laboratory mag-
netic field. With the pump laser fixed on the J' =
1, M, = 1 resonance, we located the Stokes transition
at 472165.93(9) GHz using Autler-Townes spectroscopy.
This measurement provides a value of the NaCs binding
energy Do = 147044.63(11) GHz of the v" = 0 state with
respect to the degeneracy-weighted atomic hyperfine cen-
troid at zero magnetic field [49].

Fixing the Stokes beam on resonance with
|34, =1,M} =1), we scan the pump beam
frequency to calibrate the Stokes laser Rabi fre-
quency Qg and the X'Y — 3%, transition dipole
moment. As a function of pump detuning, we observe
a characteristic Autler-Townes doublet, and we find
Qg/2r = 158(8) MHz x /Ps/(1mW), where Pg is
the Stokes laser power [49]. Using the estimated peak
intensity of the Stokes beam, we obtain a transition
dipole moment of s = 0.23(1) e ap.

To perform Raman transfer, we detune both pump and
Stokes lasers by 21 GHz to the red of the |¢3X,v" = 26)
manifold. With a 3ps pulse, we locate the Raman res-
onance shown in Fig. 3(a) by scanning the Stokes laser
detuning. Fixing the Stokes laser frequency on resonance
and varying the pulse duration, we observe coherent Rabi
oscillations [Fig. 3(b)]. We measure a Raman Rabi fre-
quency of Qr/2m = 187(2) kHz, consistent with the the-
oretical value of 210(30) kHz with pump Rabi frequency
Op/27 ~ 44(6) MHz at Pp = 50mW, and Stokes Rabi
frequency §2g/2m ~ 230(10) MHz at Ps = 2.1mW. We
find a ratio Qr/Rsc = 27(7), indicating that coherent
transfer dominates over loss.

We find a one-way transfer efficiency of 82(10)% from
Feshbach molecules to rovibronic ground state molecules.
Incorporating the present Feshbach molecule creation fi-
delity of 38(1)%, the overall efficiency for creation of
ground-state molecules from individual atoms is 31(4)%,
and the round-trip efficiency from atoms to ground state
molecules and back is 26(6)%. The dominant factor lim-
iting the overall molecule creation fidelity from atoms is
that of Feshbach molecule creation, which is currently
limited by heating of the atoms during the trap merge
step [49].

Figure 3(b) shows that another significant factor limit-
ing ground-state molecule formation is decoherence. We
fit a dephasing time of v~ = 17(5) ps, while the scatter-
ing time is Ry.;! = 23(6) ps. The observed decoherence
can be accounted for by fluctuating AC Stark shifts aris-
ing from drifts in the pump and Stokes laser intensities.
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FIG. 3. (a) Raman resonance and (b) Raman Rabi oscillation between Feshbach state and the rovibronic ground state of NaCs
via |¢321,v’ = 26). Dashed lines and gray bars show the Feshbach molecule contrast, which was collected simultaneously with
the data in (b) and is shown there by the first blue circle and orange triangle. The data are simultaneously fit to a Rabi

lineshape including loss and decoherence.

At present, the optical power in each of these beams drifts
by ~ 5% due to thermal variation in the laboratory en-
vironment. For the data shown here, these powers were
not actively stabilized.

Since our experiment involves only a single molecule in
a deep optical trap, we expect the ground state lifetime
to be primarily limited by scattering of the trap light or
collisions with background gas. At our typical trap in-
tensity of 80 kW / ch, we find a ground-state lifetime of
3.4+ 1.6 s. To investigate possible limits to the molecule
lifetime, we increased the tweezer intensity to 10x and
27x (Fig. 4). We find that the rovibronic ground state
lifetime can be reduced to 0.5(1) s and 130(40) ms at
trap intensities of 0.8 MW /cm? and 2.2 MW /cm?, re-
spectively, consistent with a linear scaling.

Assuming a linear dependence on trap intensity,
we find a loss rate for ground state molecules of
2.3(5) S_I(MW/CIH2)_1 (Fig. 4 inset). The precision
of our measurement is limited by a maximum cycle
time of 1.5 s due to thermal fluctuations of the appa-
ratus. Using the theoretical ground state polarizability
of NaCs from Ref. [50], we expect a scattering rate of
54 S*I(MW/sz)’l, suggesting either an overestimate
of the theoretical polarizability or a high proportion of
Rayleigh over Raman scattering at this wavelength.

The rovibronic ground state molecule primarily inher-
its the motional quantum state of the Feshbach molecule,
which arises from the individually laser cooled atoms. We
estimate that the rovibronic ground state molecule oc-
cupies the motional ground state with 65(5)% probabil-
ity, compared to 75(5)% for the Feshbach molecule [49].
This excitation of the motion of the rovibronic ground
state molecule arises from two sources: First, the Ra-
man transition imparts a coherent momentum kick to
the molecule, removing it from the ground state with
~ 8% probability. Second, the Feshbach and rovibronic

ground states experience different optical trapping fre-
quencies due to their differential polarizability, leading to
a wavefunction mismatch that projects population onto
excited motional states with ~ 6% probability. These ef-
fects can be mitigated by performing the Raman transfer
more slowly with a larger detuning and at a higher trap
frequency. However, loss of Feshbach molecules and finite
laser coherence will limit the maximum transfer time. In
the limit of resolved motional sidebands during Raman
transfer, both effects can be eliminated. It is also possible
to apply the Raman lasers perpendicular to the tweezer
axis to take advantage of the higher trap frequencies in
the radial direction.

In summary, we have demonstrated the coherent cre-
ation of a single rovibronic ground state molecule pre-
dominantly in the motional ground state of an opti-
cal tweezer. The 31(4)% overall fidelity of ground-state
molecule production demonstrated here is not fundamen-
tally limited at any step, and can be improved with opti-
mization of the atom ground-state cooling and merging.

This work completes the final step of molecular as-
sembly in our work towards arrays of molecules in the
motional ground state of optical tweezers. With a sin-
gle quantum-state-controlled rovibrational ground state
molecule in hand, recent demonstrations of scaling to
larger arrays with atoms [5, 6] then serve as a start-
ing point for parallel molecular assembly in the near
future, providing a platform for engineering controlled
long-range entangling interactions between molecules.
With the addition of microwave and electric field con-
trol [51, 52], molecular qubits for quantum computing
applications [13, 15] and simulations that further our un-
derstanding of quantum phases of matter [7-11, 53] are
within experimental reach.
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