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We present a new approach to investigating Rydberg molecules by demonstrating the formation and
characterization of individual Rb�Cs Rydberg molecules using optical tweezers. By employing single-atom
detection of Rb and Cs, we observe molecule formation via correlated loss of both species and study the
formation dynamics with single-particle resolution. We control the interatomic distances by manipulating
the relative wave function of atom pairs using the tweezer intensity, optimizing the coupling to molecular
states and exploring the effect of the tweezer on these states. Additionally, we demonstrate molecule
association with atoms trapped in separate tweezers, paving the way for state-selective assembly of
polyatomic molecules. The observed binding energies, molecular alignment, and bond lengths are in good
agreement with theory. Our approach is broadly applicable to Rydberg tweezer platforms, expanding the
range of available molecular systems and enabling the integration of Rydberg molecules into existing
quantum science platforms.
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Understanding and controlling molecules at the quantum
level is a fundamental goal in both atomic physics and
quantum chemistry, with broad implications for quantum
technologies such as quantum simulation, precision meas-
urement, and quantum computation [1,2]. Ultracold mole-
cules provide an excellent platform for investigating
molecular phenomena, as their ultralow temperatures enable
precise control and delicate probing of quantum states [3].
Rydberg molecules, in particular, exhibit several unique
features originating from their exaggerated bond lengths that
extend to micrometer scales. This makes them ideal for
exploring molecular behavior on macroscopic scales.
Several different types of Rydberg molecules have been

experimentally explored, including ultralong-range Rydberg
molecules (ULRMs) [4–6], where a Rydberg electron binds
to a ground-state atom, and Rydberg macrodimers [7–9],
which are bound states of two Rydberg atoms. While
Rydberg molecules have been successfully created in optical
lattices [9–11], the overwhelming majority of experimental
work, including recent studies of heteronuclear species
[12,13], has been conducted in bulk gases using ion detection
methods. These methods limit the precise control and

detection of individual molecules [14]. Such capabilities
are highly desirable—and often essential—for realizing
theoretical proposals that leverage interactions between
Rydberg and ground-state atoms to produce heavy
Rydberg states [15,16], for quantum information processing
[17], and to study electron dynamics, including localization
and topological behavior, in highly structured microscopic
environments [18–20].
Optical tweezer arrays have emerged as a versatile tool

for trapping, controlling, and detecting individual atoms
with exceptional precision [21]. The interparticle distances
in tweezer arrays closely match the bond lengths of
Rydberg molecules, offering the possibility of studying
these states with single-particle sensitivity. The recent
development of two-species tweezer arrays [22–24] intro-
duces independent control over each species, enabling
applications such as the assembly of ground-state diatomic
molecules [25,26] and the realization of promising new
platforms for quantum computing [27,28]. These advance-
ments lay the groundwork for realizing ULRMs in tweezers
using a two-species approach.
In this Letter, we demonstrate the creation of individual

Rb�Cs ULRMs using an optical tweezer platform. By
employing single-atom detection of Rb and Cs, we observe
ULRM formation by correlated loss of both species and
leverage the single-particle resolution to study the forma-
tion dynamics. We characterize the influence of the
tweezers on molecule formation, optimizing coupling to
the molecular state by manipulating the relative wave
function of the atom pair. Additionally, we demonstrate
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the association of molecules with each atom trapped in
separate tweezers, allowing precise control over the inter-
atomic distance.
We investigate ULRMs formed from a ground-state

133Cs atom and a Rydberg 87Rb atom. The excited valence
electron of the Rb atom interacts strongly with the Cs atom
when the internuclear separation R is smaller than the
Rydberg orbit. This interaction is characterized by the low-
energy S- and P-wave electron-Cs scattering phase shifts
[29,30]. Exemplary Born-Oppenheimer potential energy
curves (PECs) are shown in Fig. 1(a). At large R, where the
interatomic interactions are negligible compared to the
Zeeman splitting, these curves are labeled by the Rydberg
electron’s magnetic quantum number mj and the quantum
number mf of the ground-state Cs atom; the lower purple
(upper black) curve hasmj ¼ −1=2 andmf ¼ 3 (mj ¼ 1=2
and mf ¼ 2). Only the lower curve is experimentally
accessible for our choice of initial atomic states; the upper

curves are accessible only via state mixing through the
electron-Cs interaction. Molecular states, with binding
energy Ev and vibrational wave functions ψv, are supported
by potential wells in the oscillatory structure of these curves.
These oscillations are directly linked to the fluctuating
electronic density spatially probed by the Cs atom [29],
while the nearly vertical steps at ∼82 and 92 nm stem from
the low-energy 3PJ-wave shape resonances of Cs− [31–33].
The calculation includes both fine and hyperfine structure
and the Zeeman interaction with the external magnetic field
[34–36]. The calculation is benchmarked at zero magnetic
field using an alternative method based on the Coulomb
Green’s function [37]. Additionally, we use scattering phase
shifts incorporating minor adjustments determined by pre-
vious measurements of Cs− photodetachment cross sections
[33] and Cs�Cs photoassociation spectroscopy [38,39].
To prepare ULRMs in tweezers we follow the protocol in

Fig. 1(b). Each experiment begins with single Rb and Cs
atoms in the motional ground state of species-specific
tweezers [39]. To prepare the Rbþ Cs atom pair at the
required separation, we merge an 817 nm tweezer con-
taining a Rb atom into a 1066 nm tweezer containing a
Cs atom. Depending on the experiment, we either maintain
the tweezers at a fixed separation or prepare both atoms in
the 1066 nm tweezer by adiabatically reducing the 817 nm
tweezer intensity. Using the two-photon excitation scheme
shown in Fig. 1(a), we excite the Rbþ Cs atom pair to a
Rb�Cs ULRM. After excitation, we separate any remaining
atoms into their respective tweezers. We take atomic
fluorescence images at the start and end of each sequence
to determine each tweezer’s occupancy.
Figure 2 shows spectroscopy of a Rb*Cs ULRM in

tweezers. We first investigate molecular states below the
atomic state j36S1=2; mj ¼ −1=2iRb (PEC shown in Fig. 1),
with the Rbþ Cs atom pair prepared in the same 1066 nm
tweezer. We scan the Rydberg laser frequency below the
atomic state and measure the probability of losing a Rb or
Cs atom. Nondestructive imaging of Rb and Cs atoms in
separate tweezers before excitation allows postselection for
cases with only an Rb atom [Fig. 2(a)] or an Rbþ Cs pair
[Fig. 2(b)] initially present.
For the Rb-only case, we observe a single loss peak

corresponding to the atomic line. This loss occurs because
Rydberg atoms are antitrapped at our tweezer wavelength.
The contrast of this peak is limited by the likelihood that a
Rydberg atom decays before escaping the tweezer; most
decay events populate another hyperfine state of the ground
manifold, which does not couple to our Rydberg lasers. The
150 μs excitation pulse saturates the atomic transition,
leading to significant broadening.
In Fig. 2(b) the blue markers show events wherewe detect

only the loss of the Rb atom and keep theCs atom, showing a
similar peak around the atomic line. Additionally, the purple
markers reveal extra peaks corresponding to the loss of
both atoms from the tweezers, indicating Rb*Cs ULRM

(a)

(b)

DetectionLoading Prepare in same or
separate tweezers

Cs
Rb

or

Excitation to
molecule

FIG. 1. (a) Relevant energy levels for excitation of ULRMs.
Right: two-photon Rydberg excitation scheme for Rb atoms. The
ground state jgiRb is coupled to the Rydberg state jriRb via an off-
resonant intermediate state jeiRb, with detuning Δ from
jgiRb → jeiRb. Left: experimentally relevant PECs of the
Rb�Cs system as a function of internuclear separation R. The
curves are colored according to their asymptotic quantum
numbers: j36S;mj ¼−1=2;mf ¼ 3i (purple) and j36S; mj ¼ 1=2;
mf ¼ 2i (black). The gray PEC does not support bound states in
the relevant energy region. Molecular states are supported by
these PECs, with vibrational wave functions ψv (purple) shown
for j36S; mj ¼ −1=2; mf ¼ 3i. The two-photon detuning δ is
defined with respect to the atomic transition. (b) Experimental
scheme for production and detection of Rb�Cs ULRMs in
tweezers. (i) Rb and Cs atoms are loaded into separate tweezers
and Rb atoms are moved toward the Cs tweezers. (ii) Rb and Cs
atoms are prepared either in the same tweezer or in separate
tweezers. (iii) The atom pair is illuminated with Rydberg light to
photoassociate a ULRM. (iv) Rb and Cs are separated into their
respective tweezers and detected. Molecule formation results in
loss of the atom pair.
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formation.We assign states tomolecular peaks by comparing
their positions to theoretical calculations [39]. The stick
spectrum locations indicate theoretical line positions, with
heights showing expected line strengths. These strengths
incorporate electronic transition strengths and vibrational
Franck-Condon factors (FCFs).We assign the strongest peak
around δ ¼ −31 MHz as the v ¼ 0 state. The black lines
correspond to the three vibrational levels in Fig. 1(a), whose
energies are insensitive to the 3P0 shape resonance position.
In contrast, the lighter shading indicates states whose
energies vary significantly within the uncertainty range of
the measured resonance position in Ref. [33].
Exact counting of the remaining particles after Rydberg

excitation reveals the loss dynamics. In Fig. 2(c) we tune
the laser to the v ¼ 0 peak and measure particle loss over
time. We observe significant pair loss but no apparent
single-particle loss, suggesting that molecule loss involves
a process ejecting both Rb and Cs from the tweezer, likely
due to radiative decay. This decay converts molecular
binding energy into kinetic energy that exceeds the tweezer
depth, causing pair loss. Additionally, we observe that the
line shape of the v ¼ 0 feature in Fig. 2(b) is asymmetric
and significantly broader than expected [39]. The cause
remains unclear but persists for all molecular resonances
observed at 4.78 G in the same tweezer.
In Fig. 2(d) we show the measured binding energies of

v ¼ 0 states for all nS ULRMs explored in this Letter. The
empty triangles show theoretical predictions [39] that are in
excellent agreement with the measured binding energies.
This agreement spans more than one order of magnitude in
energy and is achieved without fitting any parameters to our
experimental data.
Next, we investigate the influence of the tweezers on the

formation of ULRMs. Figure 3 shows how the tweezer
intensity affects molecules in the ground vibrational state

v ¼ 0 of the PEC,which approaches j36S1=2; mj ¼ −1=2iRb
asymptotically. In Fig. 3(a) we observe that higher tweezer
intensity increases the transition frequency. This transition
shift results from the differential ac Stark shift ∝ ðαRbþCs−
αvÞI, where αRbþCs and αv are the polarizability of the atom
pair in jgiRbjgiCs and theULRM in state v, respectively. This
measured shift is identical to that measured for the atomic
transition jgiRb → jriRb [39], indicating that tweezer inten-
sity does not affect the ULRM’s binding energy. Therefore,
the molecular polarizability is the sum of the polarizabilities
of the constituent particles, αv ¼ αCs þ αr. At our tweezer
wavelength, this implies a polarizability of αv ¼ 613×
4πε0a30, indicating the ULRMs are trapped.
The tweezer intensity also alters the probability of

exciting the atoms to the molecular state, as seen by the
changing peak heights in Fig. 3(a) for a fixed Rydberg
pulse duration. Figure 3(b) shows pair loss as a function of
pulse duration for three different intensities, with the laser
tuned to the shifted molecular transition for each intensity.
We fit the data to an exponential model, extracting the loss
rate ΓPA [39]. The changing loss rate as a function of
tweezer intensity can be understood by considering the
FCF fv that dictates the coupling to the molecular state.
The FCF is determined by the wave function overlap
between the molecule and atom pair. In Fig. 3(c), we plot
the radial probability density of the rovibrational ground
state v ¼ 0, which is strongly peaked around 100 nm. The
green and orange curves depict the isotropic component of
the wave function for an atom pair trapped in an anisotropic
tweezer potential [39]. Increasing I from 2.2 kW=cm2

(green) to 586 kW=cm2 (orange) shifts the peak density
to smaller Rwhile narrowing its spread. In Fig. 3(d) we plot
f2v for our experimental parameters. The predicted FCF
peaks at 6% around an intensity of 200 kW=cm2. For larger
intensities, we can reach the regime where the atom pair’s

(a) (c) (d)

(b)

FIG. 2. (a),(b) Spectroscopy of (a) individual Rb atoms and (b) Rb+Cs pairs in a magnetic field of 4.78 G and tweezer intensity of
I ¼ 93 kW=cm2 as a function of the detuning δ from the atomic state j36S1=2; mj ¼ −1=2iRb. We show the probability of losing an
individual Rb atom (gray squares) with a Gaussian fit (gray dashed line) to extract the atomic line position. For atom pairs, the loss
probabilities of both atoms (purple), Cs atom (red), or Rb atom (blue) are shown with theoretical predictions for molecular line positions
and strengths (black squares). Star-shaped markers with lighter shading indicate bound states that are highly sensitive to the P-wave
phase shift. (c) Loss probabilities as a function of the duration of the Rydberg pulse with detuning δ ¼ −31.4 MHz [vertical dotted line
in (a) and (b)]. (d) Binding energy of v ¼ 0 states for nS Rb�Cs ULRMs as a function of principle quantum number n. The filled circles
(empty triangles) show the measured (predicted) binding energies and the line shows a power-law fit to the data.

PHYSICAL REVIEW LETTERS 134, 133401 (2025)

133401-3



most likely separation shifts to distances smaller than the
molecular bond length, as shown by the orange curve in
Fig. 3(c). In Fig. 3(e) we plot the loss rate extracted from
the measurements in Fig. 3(b). As the coupling to the
molecular state is Ωv ∝ fv, we expect the measured atom
pair loss rate is ΓPA ∝ f2v [39]. The experimental data
matches the predicted behavior well and we observe an
order of magnitude increase in the loss rate for intensities
between 200 and 600 kW=cm2.
Controlling the FCF between the atom pair and ULRMs

using the trap intensity provides a valuable experimental
tool, previously limited to optical lattice experiments
[9,67]. However, by trapping the atoms in the same tweezer
we cannot decouple the most likely separation of the atom
pair from the wave function spread. A key feature of the
tweezer platform is the ability to reconfigure the array
geometry, which we now exploit to position the atom pair at
the separation required to maximize the FCF.

We demonstrate the preparation of an ULRM across two
separate tweezers in Fig. 4. Here, we retain Rb in the
817 nm tweezer. The relative separation of the two tweezers
is tuneable in all three dimensions, with a positional
resolution of approximately 50 nm in the x − y plane
[Fig. 4(b)] and 100 nm in the x − z plane, limited by shot-
to-shot fluctuations in the relative position of the tweezers
[68]. To increase the bond length Rv relative to this
positional fluctuation, we explore ULRMs at higher n.
Figure 4(b) shows the electron probability density for the
atomic state j56D5=2; mj ¼ 5=2iRb. We utilize the aniso-
tropic wave function of this D state to demonstrate the
control over the constituent particles afforded by our
approach. The PEC’s depth reduces to zero when the
atoms are oriented along the quantization axis [39], mean-
ing there are no molecular bound states. Figure 4(a) shows
theoretical predictions for line strengths and positions for
tweezers separated by the bond length Rv ¼ 300 nm along
the x axis (blue circles) and y axis (red triangles). We
predict the ratio of the FCFs between the parallel and
perpendicular alignment is nonzero and approximately 0.3
[39], caused by the residual atom pair’s wave function
spread in the x − z plane.
Figure 4(c) shows spectroscopy of ULRMs below the

atomic state j56D5=2; mj ¼ 5=2iRb. The blue (red) markers
show data obtained with the tweezers separated by
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FIG. 4. Assembly of ULRMs in separate tweezers. (a) Blue
circles (red triangles) show theoretical predictions for line strengths
and positions for tweezers separated by the bond length Rv ¼
300 nm along the x axis (y axis). (b) The electron probability
density of the state j56D5=2; mj ¼ 5=2iRb. A 4.78 Gmagnetic field
B is applied along the y axis. The dashed lines show the calculated
bond length Rv ¼ 300 nm of the state v ¼ 0. (c) Pair loss
probability as a function of detuning δ from the atomic state
j56D5=2; mj ¼ 5=2iRb. TheRb andCs atoms are trapped in distinct
tweezers (wavelengths 817 and 1066 nm, respectively), separated
by 300 nm along x (blue) or y (red). (d) Pair loss probability as a
function of the separation xt of the 817 and 1066 nm tweezers along
the x axis. The two-photon detuning is resonant with the loss
feature indicated by the black dashed line in (c) and the solid blue
line shows a double Gaussian fit to the experimental data.
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FIG. 3. (a) Probability of losing a Rbþ Cs atom pair as a
function of the two-photon detuning from the molecular state
v ¼ 0 at zero tweezer intensity δv¼0. The different colors
represent spectra obtained at different tweezer intensities
2.2 kW=cm2 (green), 45 kW=cm2 (blue), 297 kW=cm2 (red),
and 586 kW=cm2 (orange), respectively. (b) Atom-pair loss as a
function of Rydberg pulse duration on resonance with the
molecular state. The colors correspond to the same tweezer
intensities as in (a) and the solid lines are fits to the experimental
data [39]. (c) Probability density for the v ¼ 0 molecular state
jψ0j2 (purple) and the ground-state atom pair (green and orange).
The atom-pair wave functions show the projection of the
cylindrical wave function onto the l̃ ¼ 0; ml̃ ¼ 0 spherical
harmonic [39], with colors corresponding to the same tweezer
intensities as above. (d) The black line shows f2v, the Franck-
Condon factor squared, as a function of the tweezer intensity I.
(e) Measured atom-pair loss rates ΓPA as a function of the tweezer
intensity. Colored markers correspond to the same tweezer
intensities as in (a); gray markers show additional intensities
omitted in (a) for clarity.

PHYSICAL REVIEW LETTERS 134, 133401 (2025)

133401-4



approximately the bond length and oriented perpendicular
(parallel) to the applied magnetic field. The measured
spectrum exhibits a clear contrast between the two ori-
entations and is in good agreement with our theoretical
predictions.
In Fig. 4(d) we investigate how the coupling to the

molecular state depends on the tweezer separation. We fix
the detuning on resonance with the molecular line [dashed
line in Fig. 4(c)] and orient the atom pair along the x axis,
perpendicular to both the quantization axis and the tweezer
propagation direction. We observe a striking dependence of
atom loss on tweezer position, with a peak in the loss
occurring when the Cs atom is positioned on either side of
the Rb atom. Fitting the data with a double Gaussian, we
extract an average displacement from the center of
210(10) nm. To compare with the expected bond length,
we must account for the difference between the tweezer
separation and the atomic separation, arising from the
distinct atomic polarizabilities. For instance, the Cs atom is
repelled by the 817 nm tweezer, increasing the atomic
separation relative to the tweezer separation [69].
Numerical simulations of the tweezer potential [39] indi-
cate that a tweezer separation of xt ¼ 210 nm corresponds
to an atomic separation of R ¼ 300 nm, consistent with the
expected bond length.
Our demonstrated manipulation of the initial atom-pair

state is promising for the realization of other forms of
ULRMs such as giant polyatomic Rydberg molecules [70],
which could be realized by combining diatomic molecules
with Rydberg atoms [71,72]. Trapping of the constituent
particles in separate tweezers bypasses problems with
preparing atoms and molecules in the same trap [73]
and can enhance the coupling to molecular states. This
approach enables the selective preparation of different
molecular symmetry groups and exotic molecular states
based on the initial atom geometry [18], and opens up the
possibility of manipulating ULRMs using tweezers.
Importantly, our method is readily extendable to homo-
nuclear systems [39], facilitating studies of both well-
established and novel molecular species.
In conclusion, we have presented a new approach to

studying ULRMs using optical tweezers, reporting the
formation and characterization of individual Rb�Cs
ULRMs. By leveraging the inherent single-particle manipu-
lation of our approach, we have demonstrated control over
the atom pair’s relative wave function, optimizing the
coupling to molecular states and achieving molecular asso-
ciation with atoms trapped in separate tweezers.
Our approach opens new pathways for exploring polya-

tomic ULRMs in programmable geometries and enables
trapping of ULRMs for coherent control. Moreover, extend-
ing this method to other Rydberg tweezer platforms will
expand the range ofmolecular species that can be studied and
create new opportunities for integrating ULRMs into quan-
tum simulation and computation platforms.
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