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Rydberg molecules are an essential ingredient of cold molecular sciences. Due to the richness of
interactions between Rydberg atoms and neutral atoms, new kinds of Rydberg molecules and binding
mechanisms are still to be discovered. In this work, we predict the existence of long-range van der
Waals trimers in dilute atom-gas mixtures. These are bound states of a Rydberg atom and a diatomic
polar molecule mediated by the long-range van der Waals interaction. This binding mechanism gives
rise to trimers with sizes between 5 and 500 nm and binding energies between 0.2 kHz and 2 MHz
depending on the atomic principal quantum number n and orbital angular momentum L. We show that
these trimers can be produced via two-photon photoassociation, with rates on the order of (10" -
10"") cm3s " for temperatures in the range of (0.5 uK - 10 uK), and discuss the feasibility of observing

trimer resonances.

Rydberg atoms play a pivotal role in several areas of atomic, molecular, and
optical physics (AMO)', such as the implementation of novel quantum
information protocols’, quantum simulation of many-body Hamiltonians’,
the study of impurity physics, non-linear quantum optics, and ultracold
chemistry" . Many of these applications rely on controlling the exaggerated
properties of Rydberg states in order to tailor the resulting interatomic
forces. For example, at high densities, Rydberg excitations present a unique
lineshape as a consequence of the Rydberg electron-perturber atom
interaction”®, leading to, under appropriate conditions, the formation of
ultralong-range Rydberg molecules™'*'*"*, and possible polaron effects
considering the Rydberg atom as an impurity in a dense atomic
reservoir.” ' Another key ingredient in AMO physics is cold molecules, an
essential platform for exploring fundamental quantum phenomena, such as
the control of interactions in quantum chemistry®”, novel quantum
phases™ ™, and quantum information processing’. Long-range interactions
and state preparation make molecules ideal platforms for simulating com-
plex quantum systems and advancing quantum technology applications.
Rydberg atoms interacting with cold molecules offer a unique oppor-
tunity for studying exotic Rydberg molecules. For instance, a Rydberg
excitation in a dense gas of polar molecules, such that molecules can be
found within the orbit of the Rydberg electron, can lead to the formation of
long-range Rydberg trimer bound states primarily via the charged-dipole
interaction between the Rydberg or core and the molecule plus elastic
electron-molecule collisions” ™. In this scenario, the Rydberg electron
scattering off the diatomic molecule establishes the binding mechanism.
Similarly, when the Rydberg excitation is induced in a molecular gas, it gives
rise to the formation of Rydberg bimolecules, an ultralong-range Rydberg
molecule in which a molecular ionic core is bound to a molecule (inside the

Rydberg orbit). These exotic molecules show large binding energies in the
GHz regime and exhibit kilo-Debye permanent dipole moments™. A similar
scenario has been proposed as a technique for sympathetic cooling of
molecules™.

In this work, we predict the existence of a long-range Rydberg trimer
molecule when a Rydberg atom binds to a diatomic polar molecule via the
van der Waals interaction. The Van der Waals interaction, responsible for
the bonding in these trimers, dominates when the Rydberg-molecule dis-
tance is larger than the Le-Roy Radius, i.e., the distance beyond which
electronic overlap is negligible. The considered long-range van der Waals
potential is shown in Fig. 1, upper part of panel (b), while the gray shaded
region represents the short-range potential, which is not considered here.
These trimers will appear in a regime where the molecular density is much
lower than the density of Rydberg atoms, so that at most one molecule
resides within the Rydberg blockade radius 75, but outside the Rydberg orbit
r, as displayed in panel (a) of Fig. 1. This regime is complementary to
previously reported ultralong-range Rydberg molecules, where the oscilla-
tory Born-Oppenheimer potentials due to the Rydberg electron-perturber
scattering appear below the Le-Roy radius”*. The observation of a long-
range van der Waals Rydberg trimer requires a two-photon photoassocia-
tion scheme starting from the ground electronic state of the atom and the
molecule. This methodology is usually employed on the study of exotic
Rydberg molecules involving Rydberg atoms in the S and D states. In
analogy to the lineshape of Rydberg excitations in atomic gases', the two-
photon photoassociation lineshape spectra will show traces of the existence
of long-range van der Waals Rydberg trimers. Furthermore, studying these
trimers will help better understand Rydberg-molecule interactions for
molecular cooling™ and polar molecule manipulation techniques™ ™.
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Fig. 1 | Formation of ultralong-range Rydberg trimers. Panel a shows a scheme of
the atomic and molecular diluted gases, where not more than a single molecule can
be found within the Rydberg blockade radius rg, but outside the Rydberg electron
orbit radius r,,. The Rydberg atoms are represented in orange, the neutral atoms in
blue and the diatomic molecules in red and green. The zoom-in panels (b, ¢) show an
example of interacting channels and potentials involved in the phtoassociation
process for a given atom-molecule pair (Rb + LiRb). The relevant scattering and
bound-state wavefunctions are shown in panel (b), where the inset shows a zoom-in
of the initial continuum wavefunction, while the gray shaded area indicates the
short-range part, not considered in this work. The process efficiency depends on the

overlap between the initial scattering state [LiRb(0,0) + Rb(5°S,,,)] and the final
near-threshold vibrational state of the electronically excited trimer

[LiRb(0,0) 4+ Rb ' (15’D3,,)] (|Q| = 3/2), which exhibits three vibrational levels. The
substantial difference of van der Waals lengths between the initial and final states is
highlighted. Furthermore, the two-photon scheme for exciting alkali-metal atoms
into a target Rydberg state is displayed in panel (c), where atomic states | g>, le), |r)
are connected through the lasers w; and w,, giving the two-photon detuning §,, =
w; + w, — (w, — E,)) from the trimer bound level E,. Large intermediate detunings
A, from the excited atomic level prevent gas heating via light scattering.

Results
Let us consider a mixed thermal gas consisting of atoms X, and molecules
AB, in their ground vibrational state. A two-photon excitation, resonant
with a Rydberg state of the atom X', induces the following light-assisted
chemical reaction known as two-photon photoassociation (PA)”:
X+ AB+2y > X* — AB, (1)
where X' — AB represents an excited trimer resonant with an excited
electronic state that correlates with the atomic Rydberg state of the atom.
These excited states are the long-range van der Waals trimers, and their
existence is contingent to the nature of the long-range van der Waals
X" + AB interaction and the reaction rate of Eq. (1).

We consider our atom as *Rb(5°S;,) and our molecule is either LiRb
or KRb in the ground rovibrational state (*=*,v=0,] = 0) since both of these
molecules are available in the cold and ultracold regimes™™’, although
further efforts are still required to achieve a pure ground-state gas of LiRb.
The Rydberg state of the atom is denoted as #’L;, where L is the atomic
orbital angular momentum and j is the total electronic angular momentum.
The initial state of the PA process is a scattering atom-+molecule state
denoted |¥/(Ey,)), with collision energy Ey, and partial wave I, in the
ground atom-molecule channel |52S, /) |X'=+). Here, we assume an s-wave
collision between the Rydberg atom and the molecule, i.e., I =0. The final
state of the process |‘I’V> corresponds to the vth bound state of the trimer
potential that correlates with the InzLj) |X*2T) asymptote. In addition, we
consider the total angular momentum projection along the quantization
axis |Q=m+ M|=3/2, where m is the atomic angular momentum

projection M = 0 since we consider the molecule in the ground rotational
state’’. Here, we follow the usual labeling for vibrational states
v=—1,—-2, =3,..., where v= —1 denotes the shallowest bound state.

For distances beyond the Le Roy radius of the Rydberg atom R; ",
the Rydberg-molecule interaction is given by the van der Waals term
V(r) = —Cq/7°, where r is the Rydberg-molecule distance. In many cases,
this interaction has been shown to be attractive®, so it can support bound
states depending on the magnitude Cg. Figure 2a shows the dissociation
energy of the Rydberg-molecule interaction potential as a function of the
atomic principal quantum number # for all the species being considered.
Therefore, bound state energies will span between 0.2 kHz and 20 MHz.
We computed the number of bound states for each species using the
Wentzel-Kramers-Brillouin (WKB) approximation, and the results
agree with exact numerical calculations as shown in panels (b) and (c) of
Fig. 2. Highly excited n-states have a larger Le Roy radius, which reduces
the effective range of the attractive van der Waals force. As a result, the
potential well becomes shallower, limiting the number of bound states.
The Cg coefficient, which depends on the molecular structure, is an order
of magnitude larger for LiRb than for KRb, explaining the observed
difference in the number of bound states. For example, for Rb'(15D; 5),
the van der Waals coefficients are Cq(LiRb) = —2.778 x 10°® a.u, and
Cs(KRb) = —1.351 x 10 a.u. The Le Roy radius is the same in both cases,
approximately 712 a,.

We compute PA rates for 15 < n < 50 Rydberg levels in the *S,,, and
’Ds/, atomic channels, but the formalism can be equally applied to other
atomic and molecular states, provided the Cs coefficients in the initial and
final states are known. From resonance scattering theory’*, the PA rate

Communications Physics| (2025)8:232


www.nature.com/commsphys

https://doi.org/10.1038/s42005-025-02162-6

Article

a b c
1.0 om o
100 o KRb-Rb(nSyp) 30— — WKB WKB
LiRb - Rb(nSy/)
e KRb- Rb(nD;;z) 25 o o DVR 0.8 ° DVR
0
= 10 LiRb - Rb(nDsp) i “ 2 KRb-Rb(nS1/2)
0 $2. . o o : e
s s LiRb-Rb(nDs2) \ g06
s (0 o \ -
o 215 \ c
((eun} = g
< 3 | S04
O 102 210 o ° ° ° 1 Lo | 2
KRb-Rb(nDsp) \ 02
0.5 |
1073 |
0.0 o 0.0
15 20 25 30 35 40 45 50 15 20 25 30 35 40 45 50 15 20

n

Fig. 2 | Characterization of the long-range Rydberg-molecule energy landscape.
Panel a shows the dissociation energy of the trimer, it means, the Van der Waals
potential evaluated at the minimum distance R g, as a function of the principal
quantum number n.The different colors represent the various molecule-atom pairs.
The curve follows a scaling law proportional to n ™ or n~° depending on the Rydberg

n

state see Ref. 41. Panels b, ¢ show the number of bound states for each Rydberg-
molecule potential, corresponding to the D and § states, respectively. The bound
states were computed using the Wentzel-Kramers-Brillouin (WKB) approximation
and the discrete variable representation (DVR) method. Both panels show the results
as a function of the principal quantum number and the species considered.

constant can be written as

T o0
Kpa(Bian) = Vi 13 D21+ VIS, (B, DF, @
=0

where v, = /8kgT /iy is the relative velocity of the particles in the
entrance channel, y is the reduced mass of the Rydberg atom-molecule

system, and k = \/2ukpT/h* is the channel wavevector. kg is the
Boltzmann’s constant and T is the temperature. The rate constant is

determined by the element of the S-matrix that connects the scattering state
and the bound state, given by”’

ISI/(Ekjn7 l)|2 = y FV(E§m7 l) -
[En/h+ 8,1 +[T1/2]

3)

where 8, = w; + w, — (E, — E,) is the two-photon detuning from the final
state |‘I’,,>, where E, is the energy of the Rb*(VlzLj) + Diatom
(X'=%, v=0, J=0) asymptote, and E, is the binding energy of the v-th
near-threshold bound state. We can neglect the possible light shifts of these
resonance frequencies for weak laser dressing fields. The two-photon
excitation scheme is further specified in Fig. 1 (Panel ¢) in terms of the
individual Rabi frequencies Q; and Q, of the driving lasers at w; and w,,
respectively. The derivation of the effective two-level approximation used in
Eq. (3) is given in the “Methods” section.

The width of the scattering resonance in Eq.(3) depends on the overall
decay rate of the atom-molecule trimer state, given by I't = y= + I',(Exin, ),
where y is the natural linewidth of the Rydberg state and the stimulated
absorption rate is given by:

FV(Ekin7 l) = ZHIVV(Ekin7 Z)|27 (4)

where

Q
Vi Eygy, D) = =5 (¥, ¥ (Bgy). )

Here, (¥, |¥/(E\;,)) represent the overlap between the initial scattering
wavefunction and the final bound state wavefunction. For loosely bound
vibrational states, it is a good approximation to neglect the radial depen-
dence of the electric transition dipole moment, leading to an effective two-
photon Rabi frequency of Q= ;€,/2A; (more details in Ref. 44 and in
the “Methods” section).

The bound state trimer wavefunctions were computed using the
mapped Fourier Grid Hamiltonian method, incorporating a repulsive

barrier as a numerical technique to explore long-range interactions of the
system, without involving short-range effects (“Methods”). The initial
scattering wavefunction was obtained using the Numerov method. With
this information at hand, we compute the stimulated absorption coefficients
for LiRb-Rb (15 Dj,) and LiRb-Rb (20 Dj),). The results are shown in Fig. 3
assuming the following Rydberg dressing parameters: A; = 80 MHz, Q; = 10
MHz and Q, = 8 MHz associated to laser intensities I; = 10™* W/cm? and
L=15W/cm’ at frequencies w, and w,, respectively. The stimulated
absorption rates are rather smooth except for certain dips due to the energy-
dependent oscillatory nature of the continuum wavefunction, which affects
its overlap with a given bound wavefunction, as Fig. 4 illustrates. Notably,
the peak amplitude of the bound state v= —3 aligns with a node of the
Ej = 21 pK scattering wavefunction, resulting in minimal overlap and pro-
ducing the dip observed in panel (a) of Fig. 3. In contrast, the other two
kinetic energies correspond to nonzero amplitudes at the v=—3 peak
position, leading to a larger stimulated absorption rate (see panel (a)
of Fig. 3).

Panel (c) of Fig. 3 displays the average stimulated absorption rate for
LiRb 4 Rb'(#Dj.,), including the contributions from all available bound
states. The results are shown as a function of the collision energy, displaying
a smooth behavior. For a given collision energy, the estimated absorption
rate can be very distinct depending on the bound state under consideration,
as highlighted in Fig. 4. Supplementary Tables 1 and 2, show a detailed study
of the stimulated absorption rate for different molecular species and atomic
quantum numbers.

We compute the two-photon PA lineshape profile for the LiRb-Rb(15
D3/,), and the results are shown in Fig. 5. This figure displays the PA rateasa
function of the two-photon detuning with respect to the least bound state
associated with the LiRb-Rb(15 Dj,,) asymptote. The spectral overlap clo-
sely resembles the Lorentzian profile from Eq. (3) due to the low energy
values of the bound states relative to the kinetic energy. This causes all peaks
to appear tightly centered around &,=0. A closer examination of the
spectrum, as shown in panel (b), reveals a more intricate structure where
each bound state contributes uniquely. It is important to note that the peak
intensity of each contribution varies with the collision energy. The width of
the PA spectra shows the expected inverse proportionality of the spectrum
broadening with the temperature, as in panel (a) of Fig. 5. An exhaustive list
of the values of Kp for the rest of bound states at the present temperatures is
reported in Supplementary Tables 3 and 4.

Finally, we report the PA rate peak for four different Rydberg-molecule
combinations as a function of the principal quantum number, and the
results are shown in Fig. 6. Independently of the species under considera-
tion, the PA peak rate constant varies from 107" to 107" cm®s™". Clearly,
systems involving Rydberg atoms in the D state outperform those with a
Rydberg in the S state since the former shows larger C¢ coefficients. It seems
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Fig. 3 | Stimulated Absorption rates as a function of the kinetic energy of the
(LiRb + Rb") collision pair. Panel a presents the stimulated absorption rates for
Rb'(15D3,,) state. The different bound states contributions from v = —3, —2 and —1
are shown in teal solid, dashed and dotted lines, respectively. Similarly, Panel

b shows same stimulated absorption rates for the Rb"(20Ds,,) state, where the bound
states contributions are shown in red with the same line style code as before. Panel
c is the average absorption rate, over available bound states as a function of the
principal quantum number # for LiRb + Rb'(1nDs,,). Collision energies of 0.5, 1, and
10 pK are presented in green dotted, blue dashed and teal solid lines, respectively.
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Fig. 4 | Overlap of the wavefunctions for computing the photoassociation rates.
The upper region (gray background) shows the bound-state (BS) wavefunctions for
the LiRb 4+ Rb"(15D3),) system. Three bound states exist in the potential, labeled by
v=—3 (red), —2 (blue), and —1 (orange). The lower region (yellow background)
displays the continuum wavefunctions (CW) corresponding to different collision
energies, as indicated in the legend. The horizontal black dashed line marks the zero
amplitude of the collisional wavefunctions, while the vertical black solid line high-
lights the vertical transitions—and thus the overlap—between the continuum states
and the bound states.
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that low principal quantum number states favor the PA rate toward the
formation of long-range Van der Waals Rydberg trimers, which arises from
the dependence of the S-matrix elements on the bound state energies and the
Franck-Condon factors [Eq. (3)]. The absence of bound states for suffi-
ciently large n values (Fig. 2) is consistent with previous observations in the
Rb"+ KRb system, in the context of inner-orbital long-range Rydberg
trimers™.

Discussion

We predict that long-range van der Waals Rydberg trimers exist in nature.
The extension of these exotic trimers spans from 5 to 500 nm, depending on
the atomic principal quantum number n and orbital quantum number L.
The size is comparable to other exotic Rydberg molecules such as trilobite
and butterfly molecules™'*'*'**, Using the width of the PA absorption
spectrum, We estimate the lifetime of the trimer states to range from 10~ to
10~*s, indicating that they could be synthesized in the lab via two-photon
PA. However, the lifetime can be reduced due to collisional effects between
the molecules and the Rydberg atoms.

To discuss the feasibility of observing these new exotic Rydberg
molecules, first, we consider the stimulated absorption rate, which in our
case is ~10"s™". The same magnitude for bi-alkali molecules via PA is of
1.5 x 10°s™* for RbCs**and 3.5 x 10 s for LiRb™, using PA laser intensities
on the order of 10°~10° W/cm’ and a temperature of ~100 uK. These
examples also involve species that interact via van der Waals forces, but with
values of Cs that are several orders of magnitude smaller than our case. In
addition, the PA process in these bi-alkali systems occurs at relatively short
distances”, which makes the process more sensitive to the details of the
initial scattering wavefunction. Therefore, the predicted stimulated
absorption rate is indicative that the photoassociation between a Rydberg
atom and a diatomic polar molecule into a long-range van der Waals
Rydberg molecule is somewhat efficient.

To observe long-range van der Waals Rydberg trimers, we propose to
work in a regime where the molecular density is much smaller than the
density of Rydberg atoms, such that there is at most one molecule residing
within the Rydberg blockade radius r5. The Rydberg radius depends on the
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Fig. 5 | Photoassociation (PA) lineshape for LiRb+Rb (15 D3,) for different
collision energies. Panel a shows the PA lineshape for three collision energies:
Ej=0.5uK (green), Ex = 1 uK (blue), E; = 10 uK (teal). Panels b, ¢ are the Kpy
constants for Ej = 10 uK and 500 nK, respectively, including the contributions from
each vibrational state. The vibrational states v=— 3, v=—2 and v = —1 contribu-
tions are represented by solid, dashed and dotted curves, respectively. The inset on
panel b is a zoom-in of the PA peak. The color coding for panels b and c is the same:
vibrational states are given in panel (c), and the total spectrum is in cyan.
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Fig. 6 | Peak photoassociation rates constant for LiRb-Rb" and KRb-Rb". Panels
a, b display the peak PA rate constants assuming a collision energy of 500 nK and
10 pK, respectively.

van der Waals interaction between the atoms in identical Rydberg levels’.
Given a laser-dependent Rydberg excitation fraction f<1, the critical
ground atom density pp below which we can ignore blockade effects can be
estimated from f X p, X (4/3)nr3, = 1'. Assuming weak dressing f ~107
and rg ~1 um?, the relevant atom densities for this work pp ~10" cm ™ are
thus compatible with magneto-optical trapping**. Our molecule of choice
is LiRb due to its strong long-range interaction and relatively large reduced
mass. However, an ultracold degenerate gas of this molecule has yet to be
achieved, although efficient short-range photoassociation pathways have
been demonstrated for the triplet state®. Therefore, our work could be an
incentive for efforts towards an ultracold gas of LiRb molecules.

In comparison with traditional cold-molecule formation experiments
that target high-density molecular ensembles™, our Rydberg trimer pre-
dictions could be tested in a low-density regime. Then, independent
molecules are diluted in a background gas of alkali-metal atoms for atomic
densities below the critical value beyond which Rydberg blockade effects
become important™, and thus aggregation effects between Rydberg atoms
are suppressed”. On the other hand, ultralong-range van der Waals Rydberg
trimers could be synthesized using optical tweezers. In this scenario, the
molecule and atom are in adjacent tweezers, so the two-photon photo-
association profile is considered a function of the distance between the two
tweezer traps. Thus, our work sets the foundations for a deeper under-
standing of the exotic properties of ultracold molecules in atomic Rydberg
Ieservoirs.

Methods

Scattering and bound states wavefunctions

The initial scattering wavefunction was obtained by solving numerically the
Schrodinguer equation describing the interaction of ground state
LiRb(KRb) with ground state Rb. We solve the radial equation with the
Numerov method, assuming a Lennard-Jones potential between the atom
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and the molecule. This potential model accurately describes the long-range
dispersion forces acting on the system at large distances where PA takes
place. Note that for the assumed experimental conditions, rotational exci-
tation leading to anisotropies does not play any role. For LiRb interacting
with Rb, the Lennard-Jones parameters are Cs = 7159 a.u, D, = 2036 cm™!
and Cy, = C2/4D,, while for KRb interacting with Rb we have Cs = 8798 a.u,
D, = 1584 cm™", with the same definition for C,,. Both sets of parameters are
taken from Ref. 53.

Bound state wavefunctions | ¥, ) are calculated using a mapped Fourier
grid Hamiltonian method™ given a Rydberg-molecule effective trimer
potential. The Rydberg-molecule interaction potential is characterized by
V(R) = C4/R°® up to R=R, where we impose a repulsive barrier to avoid
further penetration. The discussed results were obtained using R, = 1.1R;,
where LeRoy radius is estimated from R, ; ~ +/101%a,. The convergence of
the results was tested by varying the position of the barrier between Rz and
1.2 Ryg. The relative deviation in the energy of threshold states, which are the
most affected by the barrier position, ranges from 9% to 16%, scaling with
the value of the Le Roy radius. Additionally, even without knowing the exact
barrier position, we can confirm that the energy of the threshold bound state
does not exceed the theoretical limit E_; =39.5 E, 4 in the s-wave regime as

outlined in Ref. 55. Here, E gy = /2% /2 Cé/ ?. Asa specific example, for
the highly excited LiRb + Rb'(50D;,,) state, the theoretical threshold-state
energy is approximately 1.694 x 10> MHz, while the reported value we used
is 1.062 x 10~> MHz. The remaining bound states are generally farther from
their respective theoretical limits. The obtained number of bound states
coincides with analytical estimates from the WKB approximation which

yields, for a given Cq coefficient, a total number of bound states N, =
IR/
10n* '\ 272

and the inner turning point is R = Ry .

+7%. Where the outer turning point is approximated to be at R = o

Effective two-level system
The Hamiltonian that describes a three-level system, like the one shown in
Fig. 1, is given by (A =1):

Q , ,
H =wle) (el + o, Ir)rl + =F [Ig)(ele"™ + le) (gle™]
(6)
+ % [le)(rle™" + |r)(ele™>'],

where w, (w,) is the energy of the |e) (|r)) state and the energy of | g> is set to
zero. Q, and w, are the Rabi frequency and energy of the laser g,
witha=1, 2.

Using a unitary rotation frame transformation U() = |g)
<g| + ei“it|e) (e| 4+ €@t |¢)(r|, the interaction Hamiltonian can be
written as™

Hy = — Ale){el 4 8|r)(r|

Q Q (7)
71 [lg) el + le)(gl] + {[Ie)(rl + r){ell,

+

where 0= w, — (w; + w,) and A, =w; — w,. The time evolution of the
system is determined by the Schrédinger equation i0,|¥) = H,|¥), where
|‘I’(t)> = cg(t) |g> + c,(t)e) + ¢, (t)|r) is the system state. In the rotating
frame, |e) has fast oscillations and instantaneously tends to a steady state
compared with the slow motion of the rest of the system. Therefore, we
assume that ¢, = 0. Thus, the equations of motion are given by:

B o2 Q,0,
= — 8
ic,(t) 18, &B+- A, (D), ®)
. 02 0,0,
= —_— . 9
ic,(t) = dc,(t) + 1A, (1) + 4, ¢ (1) )

Egs. (8) and (9) are the same differential equation obtained from a two-
level system with an effective Rabi frequency Q.4 = QZIA(? 2 and an effective
detuning.

S4=0+-—2——L (10)
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