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We report on the observation of photoassociation resonances in ultracold collisions between 2*Na*’K

molecules and “’K atoms. We perform photoassociation in a long-wavelength optical dipole trap to form
deeply bound triatomic molecules in electronically excited states. The atom-molecule Feshbach resonance
is used to enhance the free-bound Franck-Condon overlap. The photoassociation into well-defined
quantum states of excited triatomic molecules is identified by observing resonantly enhanced loss features.
These loss features depend on the polarization of the photoassociation lasers, allowing us to assign
rotational quantum numbers. The observation of ultracold atom-molecule photoassociation resonances
paves the way toward preparing ground-state triatomic molecules, provides a new high-resolution
spectroscopy technique for polyatomic molecules, and is also important to atom-molecule Feshbach

resonances.
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Photoassociation of ultracold atoms is a resonant light-
assisted collision process, in which two colliding atoms
absorb a photon and form an excited diatomic molecule [1—
3]. Since the first experimental observation about three
decades ago [4—6], photoassociation of ultracold atoms has
made significant contributions to the study of ultracold
atoms and molecules. For example, photoassociation is a
general approach to forming molecules. In contrast to
magnetoassociation, which forms extremely weakly bound
halo molecules [7], photoassociation can form molecules in
various rovibrational levels by tuning laser frequencies and
using multiphoton processes [8—18]. In addition to forming
molecules, photoassociation provides a new high-resolu-
tion molecular spectroscopy technique [1-6], which ena-
bles the study of high-lying states that are difficult to access
for conventional molecular spectroscopy.

With the preparation of ultracold diatomic molecules
[19-31], atom-atom photoassociation may be extended to
atom-molecule photoassociation or molecule-molecule
photoassociation. Such extensions will provide a new
high-resolution spectroscopy technique for polyatomic
molecules whose constituent atoms can be precooled.
Photoassociation spectroscopy of polyatomic molecules
can probe highly vibrationally excited molecular states,
which are difficult to measure using conventional methods
that start from the equilibrium configuration [2,3]. Such
extensions also provide a general approach to preparing
ultracold polyatomic molecules. Compared to diatomic
molecules, polyatomic molecules have more degrees of
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freedom for control and offer many new research oppor-
tunities [32-34]. For example, ultracold triatomic mole-
cules present an ideal quantum system to study the
notoriously difficult quantum-mechanical three-body prob-
lem [35,36]. Symmetric top polyatomic molecules possess
nearly degenerate doublet states with opposite parity. The
dipole moment of an asymmetric top molecule may have
projections along more than one principal axis. Moreover,
asymmetric top molecules consisting of four atoms can
have chirality. These new features make polyatomic mole-
cules potentially useful in quantum simulations of novel
spin Hamiltonians and precision measurements in funda-
mental physics [37-39].

Extending the photoassociation from a diatomic system
to a polyatomic system has been proposed since about two
decades ago [2,3]. However, the complexity of polyatomic
molecules makes such extensions extremely challenging.
Recently, the prospects of ultracold photoassociation in
atom-molecule collisions [40-44] or molecule-molecule
collisions [45] have been theoretically studied. Because the
short-range interactions are very complicated, only the
long-range polyatomic states near the dissociation limit can
be studied. However, the density of states of these high-
lying polyatomic molecular states is very high due to the
heavy mass of atoms and their strongly anisotropic inter-
actions [46,47]. Consequently, it is unclear whether photo-
association will result in well-resolved resonant features or
a broad quasicontinuous profile containing numerous
unresolvable resonances [41,43]. Another major obstacle
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to the observation of photoassociation resonances is that the
trapping laser can excite the polyatomic collision complex
with a high excitation rate [48-51]. This process contrib-
utes to a background loss and, thus, may hinder the
possibility of photoassociation into well-defined quantum
states of polyatomic molecules.

In this Letter, we report on the observation of photo-
association resonances in ultracold collisions between
2Na*K molecules and *°K atoms in a long-wavelength
optical dipole trap. To overcome the difficulty caused by
the high density of states, we use Feshbach-enhanced
photoassociation [52,53] to form deeply bound triatomic
molecules in electronically excited states. We identify the
photoassociation of 2*Na*’K molecules and “’K atoms into
well-defined quantum states of excited triatomic molecules
by observing resonantly enhanced loss features. The loss
features depend on the polarization of the photoassociation
lasers, allowing us to assign the rotational quantum number
of the triatomic molecular states.

Our experiment starts with the preparation of an ultra-
cold mixture of 2*Na*’K molecules and “°K atoms in a
long-wavelength optical dipole trap. The experimental
procedures are given in Supplemental Material [54]. In
brief, we first create a deeply degenerate atomic mixture of
23Na and “’K atoms with a large number imbalance in a large-
volume optical dipole trap at a wavelength of 1064 nm [31].
We then load the atoms into a long-wavelength crossed-
beam optical dipole trap formed by two laser beams. The
wavelengths of the two trapping beams are 1558 and
1583 nm, respectively. The horizontal trapping beam prop-
agates along the direction of the magnetic field, and the
vertical trapping beam propagates perpendicular to the
direction of the magnetic field. After loading the atomic
mixture into the long-wavelength optical dipole trap, we
create 2’Na*’K Feshbach molecules at 77.6 G by magneto-
association and then transfer them into the rovibrational
ground state by stimulated Raman adiabatic passage. After
removing the *Na atoms by a resonant light pulse, we obtain
an ultracold mixture of *Na*’K molecules and *°K atoms.
The >*Na*’K molecules are prepared in the hyperfine level
v, 1, Mg, mg) = |0,0,—3/2,—4), where v and n represent
the vibrational and rotational quantum numbers, respec-
tively, and my, and my represent the projections of the
nuclear spins. The *°K atoms are in the lowest hyperfine state
f.mys)x =19/2,-9/2). The number of */K atoms is about
one order of magnitude larger than the number of 2Na*'K
molecules.

We use the horizontal trapping laser as the photoasso-
ciation laser. The experimental scheme is illustrated in
Fig. 1. The 1558 and 1583 nm photoassociation lasers may
form deeply bound excited molecules below the
NaK (b’T) + K(42S) dissociation limit with binding ener-
gies of about 5100 cm~'. The density of states of these
deeply bound states is much lower than that of high-lying
states near the dissociation limit, and, thus, there may exist
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FIG. 1. Tllustration of photoassociation in ultracold collisions

between *Na*’K molecules and “°K atoms. The ultracold >*Na*’K
molecule and K atom absorb a photon and form a triatomic
molecule in the electronically excited state if the laser frequency
is in resonance with a free-bound transition. To suppress the
photoexcitation of the collision complex by the trapping laser and
to avoid the high density of states near the dissociation limit, we
perform photoassociation to form deeply bound excited mole-
cules in a long-wavelength optical dipole trap. To enhance the
free-bound Franck-Condon overlap, photoassociation is per-
formed in the vicinity of the atom-molecule Feshbach resonance
by ramping the magnetic field to about 49 G, which is slightly
above the resonance located at about 48.2 G.

well-resolved triatomic molecules that can be addressed by
photoassociation. To enhance the Franck-Condon overlap,
we study photoassociation in the vicinity of an atom-
molecule Feshbach resonance located at about 48.2 G [60].
This is a resonance in s-wave scattering and has been
carefully studied in previous works [34,61]. After preparing
the atom-molecule mixture at a magnetic field of 77.6 G,
we ramp the magnetic field to about 49 G, which is slightly
higher than the resonance position. We hold the >Na*’K
molecules and 4°K atoms for a certain time and then remove
the “°K atoms using a resonant light pulse. After that, we
ramp the magnetic field back to 77.6 G and measure the
number of remaining >*Na*’K molecules by transferring
them into Feshbach states for detection.

During the hold time, the inelastic collisions between
Na*K molecules and “°K atoms lead to the loss of
Na*K molecules. We change the frequency of the
horizontal trapping laser and use the decay of the
2Na*K molecules as a probe of the photoassociation. If
the trapping laser frequency is in resonance with a free-
bound transition, a pair of a >>Na*’K molecule and a “°K
atom will absorb a photon and form an excited triatomic
molecule, which will decay due to spontaneous emission.
Consequently, the decay of *Na**K molecules will be
resonantly enhanced. Therefore, the photoassociation into a
well-defined quantum state of triatomic molecules will
manifest itself as a resonantly enhanced loss feature.

093403-2



PHYSICAL REVIEW LETTERS 132, 093403 (2024)

1.0
® 192.358 THz
g ’ e 192.356 THz
= 0.6
>
c
< 0.4
©
Z
0.2
0.0

0 5 10 15 20 25 30
Time (ms)

FIG.2. The decay of the 2*Na*’K molecule number in the atom-
molecule mixture for different photoassociation laser frequencies.
The time evolution of the *Na*’K molecule number is recorded
for different photoassociation laser frequency. The 1558 nm
trapping laser is used as the photoassociation laser, the polari-
zation of which is set to 6. The solid lines are exponential fits to
the data with 1/e lifetimes of 13.6(5) ms at 192.358 THz, 9.3
(6) ms at 192.357 THz, and 4.7(3) ms at 192.356 THz. Each point
represents the average of 3—5 measurements, and error bars
represent the standard error of the mean.

To observe the resonant loss feature, the enhanced loss
caused by the photoassociation resonances must be larger
than the background loss. In the vicinity of the atom-
molecule Feshbach resonance, the decay of the 2*Na*’K
molecules is greatly enhanced. At about 49 G, the typical
lifetime of the 2*Na*’K molecules in the atom-molecule
mixture in the long-wavelength optical dipole trap is about
10 ms. One major contribution of the background loss may
be caused by photoexcitation by the trapping laser [48,51].
In Ref. [34], we have observed that the triatomic Feshbach
molecules can be quickly depleted by the 1064 nm trapping
laser, which indicates the background loss near the
Feshbach resonance may also be caused by the trapping
laser. Although it is proposed that a long-wavelength
optical dipole trap may be helpful to suppress the back-
ground losses [48], it is unclear whether this suppression is
sufficient for observing resonant features. In our experi-
ment, we first carefully study the decay of *’Na*’K
molecules at different photoassociation laser frequencies.
We find that in some frequency regions the decay rate of the
2Na*K molecules can be enhanced by a factor of about 3
by varying the laser frequency. An example of such an
enhanced loss is shown in Fig. 2, where the 1558 nm laser
is used as the photoassociation laser. The decay rate of the
2Na*K molecules at 192.356 THz (near a photoassocia-
tion resonance) is approximately 3 times larger than the
decay rate at 192.358 THz (far away from a photoassoci-
ation resonance). We have checked that the decay rate near
the resonance scales linearly with the atomic density (see
Supplemental Material [54]). Therefore, we attribute such
an enhanced loss to the photoassociation of *Na*'K

molecules and “°K atoms into a well-defined quantum
state of triatomic molecules.

To search for more resonant loss features in a large
frequency range, we record the number of remaining
2Na*K molecules for a fixed hold time of 10 ms as a
function of the horizontal trapping beam frequency, nor-
malized to that for a zero hold time. The polarization of the
horizontal trapping beam is set to either 6+ or 6~. We first
use the 1558 nm laser as the photoassociation laser to
search in the frequency range between 192.35 and
192.42 THz. We then exchange the two trapping lasers
and use the 1583 nm laser as the photoassociation laser to
search in the range between 189.33 and 189.42 THz. In
total, ten resonantly enhanced loss features are observed.
We find that these loss features are dominantly excited by
either 6 or ¢~ polarizations of the photoassociation laser.
However, these loss features are not observed in a pure
molecular gas. For the measurements in a pure molecular
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FIG. 3. The remaining number of >*Na*’K molecules is plotted

as a function of the frequency of the photoassociation laser. Each
loss feature is dominantly excited by either 6 or 6~ polarization.
For comparison, the data points for both the polarizations and the
results for pure molecules (p.m.) are shown. The solid lines are
Gaussian fits to the loss features. The dashed lines are guides to
the eye. Each point represents the average of 3—5 measurements,
and error bars represent the standard error of the mean.
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TABLE I. The central frequencies and widths are obtained by
Gaussian fits to the resonant loss features. The polarization of the
photoassociation light is either 6" or ¢™.

Frequency (THz) Width (GHz) Polarization
1 192.3563 1.0 ot
2 192.3706 0.68 o
3 192.3824 2.8 o~
4 192.4098 2.5 ot
5 192.4117 0.71 o~
6 189.354 18 0.03 o
7 189.3661 0.19 ot
8 189.3966 1.6 o~
9 189.4100 0.20 o
10 189.4122 1.5 o

gas, the atoms are removed immediately after preparing the
molecules. The comparison of different polarizations and
the results for pure molecules are shown in Fig. 3. The
dependence on the polarization of the photoassociation
laser indicates that these resonant loss features represent
rotationally resolved molecules. The data are fit to
Gaussian functions. The center frequencies and the widths
obtained by Gaussian fits are given in Table I. The loss
feature located at 189.354 18 THz has a width of about
30 MHz, which is much narrower than other observed loss
features.

These well-resolved loss features represent the photo-
association of 2’Na*’K molecules and *°K atoms into
well-defined quantum states of >*Na*’K, molecules in
electronically excited states. To gain further understanding
of these molecular states, we calculate the energy of the
equilibrium geometries of the doublet electronic excited states
of 2Na*K, molecules using ab initio calculations [54].
These equilibrium geometries correspond to the local
minimum of the three-dimensional potential energy surface.
The energies of the lowest four equilibrium geometries above
the NaK(X'Z) + K(42S) dissociation limit are shown in
Fig. 4. The 3%A,, 2?B,, and 1°B, states have the C,,
symmetry, while the 3%A’ state has the C,; symmetry. The
molecular states observed in our experiment are lower in
energy than the 3?4, and 2°B, states, while they are higher
than the 1?B, and 3?4’ states by about 2800 and 1200 cm™!,
respectively. Therefore, these molecular states may be con-
sidered as the vibrationally excited states of the 1°B, and 3°A’
states. Assuming that the potential energy surface near the
minimum can be approximated by harmonic oscillators, the
vibrational frequencies of the three normal modes of the
1B, and 3?A’ states are calculated to be (vy,v,,v3) =
(120.0,104.4,68.8) and (92.0,78.5,47.3) cm™!, respec-
tively. The energy of a vibrationally excited state may be
given by E = nyv; + nyv, + n3v;, where ny, n,, and ny are
the quantum numbers of the three normal modes. The
cumulative number of vibrational levels against their energy
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FIG. 4. The energy of the equilibrium geometries of the doublet
states of »*Na*’K, molecules. (a) The four lowest equilibrium
geometries above the NaK(X'E*) + K(4%S) dissociation limit
obtained by ab initio calculations. The energy of the atom-
diatomic molecule dissociation limit is also shown. The red
dashed line represents the spectral region studied in the current
experiment. (b) The cumulative number of vibrational states as a
function of their energy for the 1B, and 3%A’ states. The density
of states is given by the gradient. The spectral regions in the
current experiment are marked by circles.

can be counted, and the result is plotted in Fig. 4. Below the
spectral region studied in our experiment, there are about
3600 and 600 vibrational levels for the 12B, and 3%A’ states,
respectively. The number of states will be larger if the
anharmonicity of the potential is considered. For such
high-lying states, the assignment of the vibrational quantum
numbers for individual molecular states is difficult. We may
still compare the density of states which is given by the
gradient of the curve. The density of states near the spectral
region studied in our experiment is about4 and 1 per cm™! for
the 12B, and 3°A’ states, respectively. The estimated density of
states is higher than that observed in the experiment, which
indicates that some molecular states are not observed,
probably because they are very narrow or the Franck-
Condon overlap is low.

Although the exact vibrational quantum numbers cannot
be assigned due to the high density of states, the depend-
ence on the polarization of the photoassociation laser may
allow us to assign the rotational quantum numbers. For
photoassociation of the atoms and diatomic molecules in
the maximally polarized states, the nuclear spins may be
neglected. The total angular momentum J =N + S of
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triatomic molecules may be approximately a good quantum
number, where N is the rotational quantum number and S is
the electron spin [60]. The initial scattering state has a total
angular momentum J = n + [+ S = 1/2 and the projec-
tion along the magnetic field is M; = —1/2, where n =0
represents the rotational quantum number of 2Na*’K
molecules, [ =0 is the angular momentum of relative
motion, and S = 1/2 is the electron spin of “’K atoms.
According to the selection rule of electronic dipole tran-
sitions AJ = 0, £1, the total angular momentum of the
excited molecules may be described by J' = 1/2 or 3/2.
Because the initial state has M; = —1/2, only " tran-
sitions are allowed to final states with J' = 1/2, while ¢~
transitions are forbidden. If J' = 3/2, then both transitions
are allowed. Therefore, the molecular states that are
dominatingly excited by o~ light may have a rotational
quantum number J' = 3/2, and the molecular states that are
dominatingly excited by ¢* light may have a rotational
quantum number J' = 1/2,3/2.

In conclusion, we have observed photoassociation res-
onances in ultracold collisions between >*Na*’K molecules
and “°K atoms. The photoassociation of atoms and mol-
ecules provides a new high-resolution spectroscopy tech-
nique for triatomic molecules. Moreover, our Letter opens
up an avenue toward the preparation of ultracold deeply
bound triatomic molecules in their electronic ground state.
To this end, two-photon photoassociation or coherent
transfer has to be developed to transfer triatomic mole-
cules to the ground state. The well-resolved molecular
states probed by one-photon photoassociation can serve as
intermediate states for two-photon photoassociation or
coherent transfer. Besides, the suppression of background
loss near the atom-molecule Feshbach resonance [62,63]
by using a long-wavelength optical trap will make the
Feshbach resonance a powerful tool to study strongly
interacting quantum gases.
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