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Coherent Optical Creation of a Single Molecule
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We report coherent association of atoms into a single weakly bound NaCs molecule in an optical tweezer
through an optical Raman transition. The Raman technique uses a deeply bound electronic excited intermediate
state to achieve a large transition dipole moment while reducing photon scattering. Starting from two atoms in
their relative motional ground state, we achieve an optical transfer efficiency of 69%. The molecules have a
binding energy of 770.2 MHz at 8.83(2) G. This technique does not rely on Feshbach resonances or narrow
excited-state lines and may allow a wide range of molecular species to be assembled atom by atom.
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Diverse species of fully quantum-controlled ultracold
molecules are desired for a variety of applications including
precision measurements [ 1-6], quantum simulations [ 7-10],
quantum information processing [11-14], and studies of
ultracold chemistry [15-18]. While many innovative
approaches in the past few years have directly cooled
different species of molecules below 1 mK [19-24], the
highest phase-space-density gas [25] and trapped individual
molecules [26,27] have been achieved through the associ-
ation of ultracold atoms.

Molecular association of ultracold atoms takes advan-
tage of the cooling and trapping techniques that have been
developed for atoms. Associating atoms into deeply bound
molecules is challenging because of the small wave
function overlap between the free-atom and molecular
states and the release of large binding energy. A widely
used method of overcoming these challenges is to associate
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atom pairs into weakly bound molecules first, and then
transfer the molecules from this single internal state to a
desired rovibrational and electronic state, releasing the
binding energy by stimulated emission [1,28-35]. So far,
coherent molecular association has generally been achieved
by magnetoassociation through a magnetic Feshbach scat-
tering resonance. Exceptions include Sr,, where narrow
linewidth (~20 kHz) excited states are available and optical
association can be driven coherently [36,37], and 3’Rb®Rb
with molecular states bound by only 1-2 MHz [27]. With
these requirements, molecules involving nonmagnetic
atoms [38] or atoms without narrow intercombination lines
remain difficult to create. Optical association that can be
applied to a wider range of molecules has also been
demonstrated [39—41]. Although these attempts use a pair
of laser beams to target a particular molecular state, the
created molecule was lost quickly before any coherent Rabi
oscillations were observed. This technique can be used for
spectroscopic study of the molecular structure and inter-
actions, but without control of the created molecule, further
transfer to states of interest in quantum computing or
simulation remains difficult.

Here, we demonstrate coherent association of an atom
pair to a weakly bound molecule by two-photon optical
Raman transfer via an electronic excited state, as shown in
Fig. 1(a), taking NaCs as the prototype system. We observe
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coherent Rabi oscillations between the free atoms and the
weakly bound molecule. The technique does not rely on a
Feshbach resonance, molecular states bound by only a few
megahertz, or a narrow excited state. The resulting single
molecule is in a well-defined internal quantum state and
predominantly in its motional ground state. A vibrational
state of the electronic excited state > (Q = 1) serves as
the intermediate state in the Raman technique, and is
chosen to minimize photon scattering during Raman
Rabi oscillations. To reduce photon scattering and sensi-
tivity to laser intensity noise further, we choose the initial
and final states that balance the two Rabi frequencies as
much as possible. This approach applies to a variety of
molecules that can be created atom by atom with full
quantum-state control.

The optical Raman transfer is illustrated by the idealized
three-level system shown in Fig. 1(a), where the initial
atomic state and the target weakly bound molecular state
are coupled to an intermediate state by two lasers with Rabi
frequencies Q, and €,,, one-photon detuning A, and all
Rabi frequencies are population oscillation frequencies.
The transfer Raman Rabi frequency is given by
Q,Q,,/(2A) [42]. Unlike Raman transitions in atoms,
the one-photon Rabi frequencies are greatly imbalanced
(Q,/Q,, < 1) due to the small wave function overlap
between the atomic state and the intermediate state, and
scattering losses are dominated by the final state. Because
the energy difference between the atomic state and target
molecular state is small (<1 GHz) compared to the single-
photon detuning of 80—200 GHz, both beams scatter nearly

equally with a total rate I',Q2,/(2A%), where T, is the
excited-state linewidth. The two beams have equal power to
maximize the Raman Rabi frequency at fixed total power.
In this idealized treatment, the ratio between the Raman
Rabi frequency and the scattering rate is Q,/Q,, x A/T",,
which limits the transfer efficiency into the molecular state.
At the same time, the intensity-stability requirement is
determined by the ratio of Raman Rabi frequency to light
shift Q,/Q,,. Notably, both figures of merit improve with a
larger ratio Q,/Q,,.

Earlier experiments used excited states with high vibra-
tional quantum number for the intermediate state of the
Raman transition to ensure a large Raman Rabi frequency
[39,40]. However, a complete picture includes both the many
vibrational levels of the excited electronic state and the atomic
continuum. Then the scattering and Raman Rabi rates are
sums over all possible intermediate states. As there is large
overlap between the target molecular state and other vibra-
tionally excited states, intermediate states that are closer to the
dissociation threshold result in a large scattering rate. This
scattering is approximately proportional to 1/AZ . where
Apresh 18 the detuning from the dissociation threshold, which
is smaller for intermediate states that are deeply bound.

We optimize over intermediate states by calculating the
total Raman Rabi frequency €y and scattering rate Iy at
different detunings from the atomic threshold, taking into
account all states of 8 excited molecular electronic poten-
tials [43—47] and the continuum [48]; see the Appendix B
for details. This calculation shows that the figure of merit
Qr/T can be larger for the lowest vibrational state
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FIG. 1.

Optical creation of single molecules from single atoms in an optical tweezer. (a) Schematic of the optical transition from an

atom pair to a weakly bound molecule. The initial state is the relative motional ground state between the two atoms and the final state is
the first molecular bound state. The transition is driven by a pair of laser frequencies whose difference (<1 GHz) matches the molecular
binding energy. The lasers are detuned by A from an excited vibrational sublevel in the ¢c*Z* (Q = 1) electronic state in order to reduce
scattering during the transfer. (b) Calculation of the scattering rate versus laser frequency including all vibrational states of 8 excited-
state potentials and the atomic continuum. The assumed excited-state linewidth for molecular lines is 50 MHz. The dotted red line shows
the contribution from the near-threshold states, which approximately scales as 1/A2 .. (c) Comparison between vibrational sublevels
of the intermediate excited state for the Raman transition. The lowest sublevel (blue line) has a larger optimum ratio of Raman Rabi
frequency to scattering rate than the higher sublevel (orange line). (d) The large scattering length for Na(2, 2), Cs(3, 3) is associated with
enhancement of the relative wave function at short internuclear distance (R).
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compared to higher bound states at a cost of a smaller
transfer rate Qp, as shown in Fig. 1(c). As a result, we
choose the v = 0 level of ¢3Z*(Q = 1) as the intermediate
state near which to drive Raman transitions.

In addition to the intermediate state, the choice of initial
and final Zeeman and hyperfine states affects the single-
photon rates , and Q,,. Because of the small extent of
the intermediate-state wave function compared to that of
the trapped atoms, Q, is approximately proportional to the
amplitude of the relative atomic wave function at short
distance, within the range of the molecular potential. To
increase this amplitude, one can increase the external

confinement of atom pairs. In a harmonic approximation

the short-range amplitude is proportional to a)srég or P3/3,

where @, is the trap frequency and P is the optical power
in the tweezer trap [49] with a fixed beam waist. However,
additional power may not be available and also leads to
additional undesired scattering. Alternatively, one can
choose an atomic pair state with a large scattering length
(positive or negative). For such states, the amplitude of the
relative atomic wave function is substantially enhanced at
short range, as shown in Fig. 1(d). For our system of Na and
Cs atoms, we choose a spin-state combination |1y, cs) =
|f =2.my = 2),|f = 3.m; = 3), that has a large and
negative scattering length of a(Tnadcs) & =700a, [50].
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FIG. 2. Beam path for generating two frequencies in the
tweezer for the Raman transition (only essential optics shown).
Two filters, one directly after the laser source and one after both
optical fibers, clean the light from a fiber amplifier seeded by an
external cavity diode laser. The red beam path is the always-
present zeroth order of the double pass (DP) AOM. The blue
beam path is the switchable first order of the DP AOM. It
generates the second frequency for the Raman transition. To
reduce interferences that cause relative power fluctuation of the
two frequencies, the zeroth order is frequency shifted by
—80 MHz before recombination. The experiment typically starts
with the single-pass (SP) AOM on and the DP AOM off. When
driving the Raman transition, the rf powers for both AOMs are
ramped simultaneously to achieve the desired optical power at
both frequencies, while keeping the total optical power fixed.
Abbreviations: PBS—polarization beam splitter and AOM—
acousto-optic modulator.

All other stable spin combinations give smaller scattering
lengths (<50ay).

To identify a suitable target molecular state, we carry out
coupled-channel calculations of the near-threshold bound
states, as described in Appendix E. Choosing a bound state
with similar spin character to the atomic state minimizes the
sensitivity of the transition frequency to magnetic field.
A suitable state with this character is predicted about
763 MHz below the |Tnalcs) threshold and the ratio
Q,/Q,, increases to about 0.013. Compared to Q,/Q,, ~
0.003 for other combinations, this relaxes the intensity
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FIG. 3. Coherent transfer of atoms to molecules. The molecular
state is dark to the imaging step and corresponds to zero signal.
(a) Raman difference frequency scans for various durations
showing the resonance as a function of the detuning from the
fitted resonance at 770.5715(1) MHz, near the calculated value of
763 MHz. (b) Raman pulse-length scan on resonance. A decaying
Rabi oscillation shows the coherence of the Raman transfer
process. A model is fitted to (a) and (b) to determine the Raman
Rabi frequency and loss rates. Inset: geometry and polarization of
trap and Raman beam relative to the magnetic field. The 3.25 mW
beam is focused to a waist of 0.9 pm that confines the atoms and
molecule. A perpendicular By = 8.83(2) G magnetic field de-
fines the quantization axis and the atoms experience predomi-
nantly z-polarized light.
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stability requirement to the percent level and enhances the
Raman Rabi frequency.

Experimentally, we first prepare two atoms in a well-
defined external and internal quantum state by using tech-
niques developed previously [41,51,52]. In brief, the
experimental cycle begins by stochastically loading a single
2Na atom and a single '3*Cs atom into separate optical
tweezers. The atoms are initially imaged to postselect loading
of both atoms versus none or one atom. After imaging, we
turn on a 8.83(2) G magnetic field to define the quantization
axis for the state preparation and molecule formation steps.
Raman sideband cooling then prepares both atoms simulta-
neously in the three-dimensional motional ground state of
their optical tweezers, leaving the atoms in the spin state
[Tnalcs) =1f=2.mp=2),|f =4.my=4),, which has a
small scattering length. The weak two-atom interaction
allows merging of the two tweezers with minimum pertur-
bation so that they remain in the motional ground state.

After merging the tweezers, we drive the atoms into spin
combination |Tn,)cs) With a large scattering length by
performing a Cs spin flip while taking into account the
—30.7 kHz interaction shift [50]. This is the initial atomic
state for Raman transfer. The spin flip selectively transfers
atoms in the relative motional ground state, removing any
background from atoms in excited states of relative motion
[53]. For the experiment reported here, 31% of initial two-
atom population is transferred. Of this population, over
60% is in the ground state of center-of-mass motion,
inferred from Raman sideband thermometry.

To transfer the atom pair into the target weakly bound
molecular state, we modulate the tweezer beam with a
second frequency near 770 MHz, as shown in Fig. 2. The
dual use of the tweezer beam for confinement and Raman

transfer not only minimizes photon scattering, but also
allows a tight focus to minimize the transfer duration.
A tweezer frequency far detuned (by —151 GHz) from
v =0 (<50 MHz natural linewidth) reduces resonant
scattering [41]. Furthermore, two filters, each with a
linewidth (FWHM) of 50 GHz, clean the laser spectrum
and prevent broadband noise from causing unwanted
excitation. As shown in Fig. 2, one filter immediately
follows the laser, while the second filter precedes the
focusing objective for final cleanup of the laser spectrum.

Figure 3 shows a Fourier-limited resonance together with
Rabi oscillations between the atomic and molecular states. A
decaying Rabi oscillation with frequency 2z x 3.28(4) kHz
fitted to the data suggests that 69% of atoms are transferred
into the molecular state after a z pulse, with the majority of
molecules in the ground state of motion [26,27].

To understand the details and limitations of the Raman
transfer process better, we measured the properties of the
two-photon resonance as a function of tweezer power and
single-photon detuning. Known dependencies of the light
shift and Raman Rabi frequency €% on detuning A allow
experimental determination of the Rabi frequencies €, and
Q,, whose ratio critically affects the transfer efficiency.
Both the light shift and Q follow a 1/A slope as shown in
Figs. 4(a) and 4(b) and include a constant offset that we
attribute to coupling to other excited states that are further
away in energy. The 1/A components due to the nearby
v" = 0 intermediate state determine Q,, and Q, in Table 1.

Figure 4(c) shows the power dependence of Q,, and Q,,
where Q,, scales as P2 as expected. As discussed
previously, the scaling of Q, is P”/® for weakly interacting
particles. However, due to the strong interaction between
the two atoms in the |fna)cs) state, this approximation
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FIG. 4. Raman transition parameters as a function of tweezer power and detuning. (a) The Raman resonance wy, fitted to ap + bp/A,
where ap and bp = (Q2 — Q2,)/2 are the power (P) dependent background and »’ = 0 contributions to the light shift and A = 27 x
(fpao0 — Siweezer) 1S the detuning from the ' = 0 resonance frequency fpao. ap is fitted to a model including linear and small quadratic
light shift to obtain the Raman resonance frequency at zero tweezer power wgpo = 27 x 770.1969(2) MHz, where the statistical
uncertainty is shown. (b) Raman Rabi frequency Q fitted to ¢p + dp/A, where ¢p and dp = Q,Q,,/2 are the background and v/ = 0
contributions that scale as P'?°. The detuning is calculated from fp fitted in (a). Fit parameters are listed in Table L. (c) Tweezer power
dependency of Q,, (top) and Q, (bottom) calculated from bp and dp on a log-log scale showing approximate P%3 scaling of Q,, and
P07 scaling of Q,.
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TABLE I. Fitting results for Figs. 4(a) and 4(b). Qj is reported
at —151 GHz detuning from the v’ =0 state. At 3.75 mW,
Q,,/Q, =0.016, near the theory prediction of 0.013. The
measured Rabi rate Qp is only 63% of Q,,Q,/(2A) due to
interference from further-detuned Raman processes.

P (mW) 0.75 1.5 3.75
Sfrao (GHz) 288711.8

ap(27 x MHz)

770.20452(6) 770.2081(1) 770.1943(3)

bp(47> x MHz- GHz) —12.46(2) —24.44(3) —60.66(8)
cp(27 x kHz) 0.29(2) 0.63(4) 2.4(2)
dp(4n> x MHz-GHz)  0.1154)  02756)  0.95(3)
Qg (27 x kHz) 0.49(2) 1.18(3) 3.97(9)
Q,,(27 x MHz) 348.3(3)
Q, (27 x kHz) 55(2)

breaks down. Coupled-channel calculations show that the
wave function scaling is well approximated by P2 within
the range of confinement in our experiment and the
expected scaling of Q, o« P*7° agrees with the data.

While the measured single-photon Rabi frequencies of
Table I are in broad agreement with calculations (see
Appendixes D and E), calculated scattering rates of the
molecular and atomic state underestimate the decoherence in
Fig. 3(b). From experimental measurements, the Raman
transfer efficiency is limited by the molecular lifetime,
together with a reduction in the Raman Rabi frequency
due to destructive interference with intermediate states
beyond v’ =0 (see Table I). We discuss loss and
decoherence below.

The molecular lifetime measurement in Fig. 5(a) is
performed by preparing the molecule with a z pulse,
followed after a variable delay by a second dissociating
7 pulse. The measured lifetime o 0.196(14)ms is consistent
with the decaying timescale of 0.203(13) ms of the Rabi
oscillation in Fig. 3(b). Preliminary experiments and
theoretical considerations indicate that the molecular life-
time may be limited by two-photon coupling to the atomic
continuum [54]. Atom loss is shown to be small in Fig. 5(b)
by measuring the two-body lifetimes of the atoms directly
without the second Raman frequency. In principle, destruc-
tive interference that reduces the Raman Rabi rate Qp for
negative detunings A changes to constructive interference
for positive detunings, but additional molecular resonances
make the positive region unusable. More negative detun-
ings that might reduce the scattering rate were prevented by
vanishing of Q.

Separately we observe a decrease in coherence by a
factor of 2 without laser spectrum filters, suggesting that
spectral impurity of the laser can be a significant source of
loss. While we have not fully characterized the sources of
broadband noise, possibilities include amplified sponta-
neous emission from the laser and fiber nonlinearities.
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FIG. 5. Lifetime measurements with about 3.25 mW optical

power. (a) Direct measurement of molecule lifetime. Molecule
survival is detected by dissociating back to atoms via a second
Raman transition. The lifetime is consistent with the decay of the
Rabi oscillation in Fig. 3(b). Inset: pulse sequence for the lifetime
measurement. (b) Two-body atom lifetime of 5(1) ms limited by
off-resonance photoassociation. This is used to improve the
fitting of the Raman transfer data. Inset: atomic scattering rate
scales as PZ8, .. x 27 x 1.05(6) Hz/m W>38 on a log-log scale;
this is consistent with a two-photon scattering process.

Other potential decoherence sources include fluctuations of
the tweezer intensity and magnetic field, although the shape
of the Rabi oscillation in Fig. 3(b) indicates that loss
rather than frequency fluctuations are responsible for
decoherence. Based on the ratio between Qp and the light
shift, the requirement on the tweezer intensity stability is
1% at 3.75 mW power. We stabilize the power to 0.1%,
indicating that in the absence of beam-waist fluctuations,
light shift is not a major source of decoherence. Similarly,
the measured Zeeman shift of 42.2(2) kHz/G does not
cause significant decoherence for the measured magnetic
field fluctuation of 1.5 mG.

In conclusion, we have coherently formed a weakly
bound NaCs molecule in an optical tweezer by optical
Raman transfer. This process is enabled by utilizing a deeply
bound intermediate state, as well as highly interacting initial
atomic states. A theoretical investigation including 8 excited
molecular electronic potentials, the electronically excited
atomic continuum, and coupled-channel ground-state wave
functions indicates the potential for higher transfer effi-
ciency than the observed value of 69%. Future experiments
may benefit from better balancing of the up-leg and down-
leg Rabi frequencies, for example, by driving to more deeply
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bound states. If possible, destructive interference that
reduces the two-photon Rabi rate should be avoided.
Nonlinear optical effects that limit the molecular state
lifetime can also be explored.

Our technique can be applied to form a diverse set of
molecular species, because it does not rely on a magnetic
Feshbach resonance, states bound by only a few megahertz,
or a narrow excited state. The formation of weakly bound
molecules is a key step in forming rovibrational ground-
state molecules. By scaling up to many optical tweezers
[55-57], large arrays with arbitrary geometry of highly
controlled molecules can be achieved. These molecules
comprise a flexible platform for quantum simulation,
quantum computing, precision measurements applications.
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APPENDIX A: THREE-LEVEL RAMAN
TRANSFER WITH CROSS-COUPLING

In our system, the separation in energy between the
initial and target state is much smaller than the single-
photon detuning A from the intermediate state; see Fig. 1(a)
in the main text. Thus, there is significant cross-coupling
for the scattering rate and light shift, where each state is
coupled to the excited state by the power in both beams.
Under these conditions, the scattering rate and light shift
are proportional to the total power P, = P,, + P,, where
P, (P, is the power in the beam that addresses the
molecular (atomic) state. The Raman Rabi frequency is
proportional to /P,,P,. With a fixed total power and thus
fixed scattering rate, the Raman Rabi frequency is maxi-
mized when P,, = P, = P/2.

For the purposes of this work, we denote Q, (€2,,) as the
Rabi frequencies to drive a transition from the atom (target
molecule) state to the intermediate state used in the Raman
transition corresponding to the power in a single beam, P,
(P,,). Thus, the Raman Rabi frequency is Q,Q,,/(24),
where A is the single-photon detuning. Cross-coupling
affects the scattering rate and light shift, and assuming
equal powers in both beams, these quantities become

[LQ%/(20%) + T,02/(24%) and Q3/(24) - Q2/(2A),
where I', is the excited-state linewidth. Since Q,, > Q,,
the scattering rate and light shift can be approximated as
I,Q2,/(2A%) and Q2 /(2A).

APPENDIX B: RAMAN TRANSFER WITH
MANY INTERMEDIATE STATES

With multiple intermediate states, the total Raman Rabi
frequency, scattering rate, and light shift become a sum
over all these possible states. In our model, we consider all
vibrational states of ¢*Z+(Q = 1) and states in the atomic
continuum as intermediate states. The Rabi frequency
between two states is proportional to the electronic dipole
moment, arising from the electronic wave functions, and
the overlap of the vibrational wave functions. Under the
assumption that the electronic dipole moment d is the same
for all transitions between the ground state and the excited
electronic state, the total Raman Rabi frequency becomes

d*E? a|v
Qp = 272 Z

where |a) (|m)) are the relative coordinate wave functions
for the trapped atomic (target molecular) state, and |v') is
the relative-coordinate wave function for the excited state
which includes both bound molecular states and the atomic
continuum. A, is a single-photon detuning with respect to
the v state, and E is the electric field for the power in the
single beam given a waist size. We can divide this sum into
a sum over all the bound molecular states, and a sum over
atomic continuum states,

/|m

(B1)

d’E? {a]v')(v'|m)
2h2 U/Svlrnax A“/
d*E? {a]v')(v'|m)
* 2n? Z A, ’

g
v >Lmax

QR:

(B2)

where v}, corresponds to the excited molecular state,
which is most weakly bound. The first term can be
calculated numerically given an excited-state potential.
To calculate the second term, we first make an assumption
that we are far enough detuned from the contributing
continuum states that they are all at approximately the
same detuning, Ay, .q,- This allows us to pull it out of the
sum, and we obtain

QR%

d’E? 3 (a[v")(v'|m)

2h2 V' <o, AU,

d*E?

P e (alv")(v'|m).
2h Athresh /Z

v >1

(B3)

From requiring completeness and orthogonality,
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> (alt))(w'im) = (alm) =0, (B4)

I

we derive an expression for the second sum in Eq. (B3),

Y {al)(@lm) =~ (alv'){v/|m).

/U, > 171’nax

(BS)

<l
V' SVnax

which can be calculated from the vibrational states of the
excited-state potential. Thus, the Raman Rabi frequency
can be approximated as

d’E? (a|v")(v'|m)

Qp ~ —

g 2h2 1)’; Av’
d*E?

- th Athrcsh 2

!
V' SUmax

{a|v')(v'|m).

(B6)

We can account for the atomic continuum in the scattering
rate in a similar way,

_dE? Z r (m|v") (v |m)
v th V<o, ' Aiz/
d’E°’T
2h2A2 Z <m|v’><v’|m}, (B7)

thresh /> 7

where 'y is the excited-state linewidth for the |o/) state,
and we have assumed the atomic continuum states all have
the same linewidth I'. Using normalization, we derive an
expression for the sum in the second term:

Y ml)(@lm) =1~ (m|v'){¢/|m).

gyl J !
V' > Vhax V' Vax

(B8)

We then arrive at an expression for the scattering rate,
accounting for the atomic continuum:

r _&E? Z r, (m|v')(v'|m)

s~ hp 2
2n? e A%
d*ET
+m(1— > <m|v’)<v’|m>>. (B9)

7"/Syinux

We have replaced the full continuum with an effective state
at the atomic threshold with strength proportional to the
amount of wave function overlap between the target
molecular state and all atomic continuum states. This
model leads to a component in the scattering rate that is
proportional to 1/A% . and is smaller as one detunes
farther from the threshold. We note that the first term can
also scale nearly as 1/A2 . if, as in our case, the largest

terms in the summation are from states near the threshold.

A very similar result holds for the light shift § and is
written here for completeness:

5 CE (m|v") (v'|m)

20 V' <Ulnax Ay
B>

+m(1— > <m|1/><1/m>>. (B10)

T
U< Umax

APPENDIX C: COMPUTATIONAL METHODS
FOR BOUND AND SCATTERING STATES

For scattering and near-threshold bound states, we solve
the Schrodinger equation by coupled-channel methods
[58], using a basis set in which the electron spins sy,
and sc, and the nuclear spins iy, and ic, are separately
coupled:

|(SNaSCsS)(iNaiCsI)FMF>' (Cl)

Here S and [ are the total electron and nuclear spins of the
molecule or atomic pair. Their resultant F is the total spin,
with projection M onto the axis of the magnetic field. In
principle, F can be further coupled to the rotational angular
momentum L, but in the present work only functions with
L = 0 are included. In the absence of a magnetic field, F
and M are both good quantum numbers, but in a magnetic
field, only M. is conserved. The calculations in this paper
use basis sets with all possible values of S, I, and F (for
the required value of M) that can be constructed with
SNa = Scs = 1/2, ing = 3/2, and ic, = 7/2.

Scattering calculations are carried out using the
MOLSCAT package [59,60] and bound-state calculations
using the related BOUND package [60,61]. The calcula-
tions use singlet and triplet interaction potentials for
Na + Cs obtained by adjusting the potentials of Docenko
et al. [62] at short range, using the same procedure as
for KCs [63], to reproduce the experimental binding
energy of the least-bound triplet state [50] and the
position of the s-wave Feshbach resonance near 864 G
[26]. The atomic nuclear hyperfine coupling and Zeeman
effects are fully included, using the Hamiltonian
described in Ref. [64].

The bound-state calculations were initially used to
predict the binding energies of states that lie within about
1 GHz of each atomic threshold of interest. At zero
magnetic field, the states fall into groups from each
hyperfine state of the atomic pair, labeled by (fna, fcs)-
For example, for the (fna, fcs) = (2,3) states that are of
principal interest here, each group comprises 5 zero-field
levels with F' =1, 2, 3, 4, and 5; one such group is spread
out over a range of energies between 290 and 770 MHz
below the (fna, fcs) = (2, 3) threshold. In a magnetic field,
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each zero-field level splits into 2F 4 1 Zeeman sublevels
labeled by M. For each sublevel we can calculate the
dependence of the energy on magnetic field, in order to
choose a target state for which the Raman transition
frequency depends only weakly on field.

The state that we ultimately chose as the target state for
Raman transfer is the least-bound (F, M) = (5,5) sub-
level with (fna. fcs) = (2,3), which was predicted at a
binding energy 763 MHz below the (fya,fcs) = (2,3)
threshold. As described in the text, it was sub-
sequently located experimentally at a binding energy of
770.1969(2) MHz at 8.83(2) G.

Multichannel bound-state wave functions, with
components labeled by S, 7, and F, are calculated using
the method of Thornley and Hutson [65]. For molecular
bound states, they are obtained on a grid of internuclear
distances from 2.4 to 50 A. For states of confined
atomic pairs, a harmonic confining potential is added to
the molecular potentials and the grid is extended
to 3000 A.

APPENDIX D: EXCITED
MOLECULAR STATES

To obtain a full calculation for the expected Raman
Rabi frequency, light shift, and scattering, we need to
account for all the excited molecular states. The lowest
eight excited molecular potentials in NaCs asymptote
to the dissociation limit of Na3S + Cs6P. These eight
potentials can be written in the Hund’s case (a) basis as
ATy s A5, Pllgog-, b’ lg g+, b’lgy, bl s,
B'llg_;, A'E)_,. [43]. Because of spin-orbit coupling,
especially large in Cs, the excited molecular states are
mixed, containing components in multiple potentials.
Fortunately, single-channel potential energy curves for
3% and B'TI; have been experimentally determined, and
are predictive across the entire energy range of the
potential [44,46,48]. Since there is only one Q=2
potential at this dissociation limit, a single-channel
potential has been determined for bI, as well [47].
Unfortunately, single-channel potentials for the other
electronic states do not exist. A deperturbation analysis
was required for states belonging to the mixed A — b
complex, and the fitted potentials and spin-orbit coupling
coefficients are only accurate within the energy range of
the measured experimental data [45]. Since our experi-
ment attempts to work in a regime where the predominant
Raman coupling comes from the v = 0 state of ¢>Z], the
contribution of the other seven potentials is mainly to a
background that is nearly detuning independent. Thus, for
the computational ease, we use the diabatic potentials
for H’Iy, b1, and A'Z /.. Lastly, to our knowledge, no
potential fit to experimental data exists for the ¢>Z " state.
Assuming that its contribution is only to the background,

as an approximation, we simply double the contribution of
all states except v = 0 from ’Z].

APPENDIX E: CALCULATING MATRIX
ELEMENTS WITH COUPLED-CHANNEL
GROUND STATE

To calculate Rabi frequencies for transitions to the eight
excited molecular potentials, we obtain their wave func-
tions from a single-channel calculation [66] using the
potential energy curves described in Appendix D. We then
calculate overlap integrals between these functions and
either the triplet (S = 1) or singlet (S = 0) components of
the coupled-channel wave functions for either the target
molecular state or the confined atomic state. These calcu-
lations assume that the intermediate states have pure singlet
or triplet character and neglect its nuclear spin character,
which is unknown. These calculations include theoretical
electronic transition dipole moments, shown in Fig. 6,
calculated with the same ab initio methods as described
in Ref. [67] for Rb,. Using previously calculated NaCs
transition dipole moments [68,69] would lead to similar
qualitative results.

The full calculation of the Raman Rabi frequency and
scattering rate using the methods in Appendix B is shown
in Fig. 7. The strong contribution from the atomic threshold
arises from the large overlap to the near-threshold bound
states shown in Fig. 8 for the ¢Z] state. This leads to a
1/A2 . dependence of the scattering rate and favors using
deeply bound states as the intermediate state for the Raman
transfer. A similar result holds for the other excited-state
potentials.

Transition dipole moment (eag)

5 6 7 8 910
R (A)

FIG. 6. Electronic transition dipole moments calculated via
ab initio methods between different electronic states of NaCs.
These transition dipole moments are shown in units of ea,, where
e is the elementary charge and a is the Bohr radius. They are
plotted as a function of internuclear distance R.
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FIG. 7. Full calculation of the Raman Rabi frequency and scattering rate as a function of the single-photon frequency including all
vibrational states of ¢*T*(Q = 1) and the atomic continuum. The second frequency in the Raman transition is offset by about 770 MHz
and resonant with the two-photon transition. The assumed excited-state linewidth for all molecular lines is S0 MHz. The red line shows

the contribution that comes only from the near-threshold states.
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FIG. 8. The Franck-Condon factor (FCF) between the target

molecular state and vibrational state v’ of ¢*Z. The potential
supports 74 bound states, and the predominant contribution arises
from the near-threshold bound states. The total overlap with all
the bound states is 0.4822, which is 96.8% of the total triplet
fraction of the target molecular state.

APPENDIX F: EFFECTIVE MATRIX
ELEMENTS TO A SINGLE STATE

In this calculation, there is a matrix element, €2,;;,€2,,;;
between each channel i of the coupled-channel ground state
and an excited state j. The total Raman Rabi frequency Qp,
light shift 6, and off-resonant scattering I'; contribution
from this single excited state is calculated as

o Qaiijij

Qpj = A (F1)

Q2. Q2 .
. aij ‘mij
Q2.1+ Q2 .
- aij mij
FS/ - Zre 2A2 ’ (F3)

1

where A is the single-photon detuning and I', is the
excited-state linewidth. The experiment, through measur-
ing the detuning dependence of the Raman Rabi frequency
and the resonance frequency, extracts a single €,
and Q,. In order to compare to the theory, we introduce
effective Q[,Q,,. T, so that Qp = Q,Q /(2A), §=
(Q2 —Q2)/(2A), and T, =T,(Q2 + Q72)/(2A%). The
effective Rabi frequencies for the v/ = 0 state of ¢’X}
and their ratio are reported in Table II at 3.75 mW of
tweezer power.

APPENDIX G: SCALING OF ATOMIC MATRIX
ELEMENT WITH TWEEZER POWER

Since our coupled-channel calculations include the
harmonic confinement, we can calculate the enhancement
in Q, with increasing confinement. Using two calculations
with @y, =36.5 kHz and @, = 80 kHz trapping
frequencies, and assuming a power-law scaling, we find

TABLEIIL. The effective Rabi frequencies for the v" = 0 state of
X at 3.75 mW of tweezer power.

Q) 21 x 573 MHz
Q) 27 x 7.37 MHz
Q. /L, 0.013

031061-9



YICHAO YU et al.

PHYS. REV. X 11, 031061 (2021)

that the wave function overlap scales as w{qp = P*%.

Thus, , o« P*7°, which was also experimentally verified.
However, we note that in the actual experiment, our system
does not have spherically symmetric confinement. The
radial trapping frequency is about 5.7 times larger than the
axial trapping frequency.
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