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Atoms confined in optical tweezer arrays constitute a platform for the implementation of quantum
computers and simulators. State-dependent operations are realized by exploiting electrostatic dipolar
interactions that emerge, when two atoms are simultaneously excited to high-lying electronic states, so-
called Rydberg states. These interactions also lead to state-dependent mechanical forces, which couple the
electronic dynamics of the atoms to their vibrational motion. We explore these vibronic couplings within an
artificial molecular system in which Rydberg states are excited under so-called facilitation conditions. This
system, which is not necessarily self-bound, undergoes a structural transition between an equilateral
triangle and an equal-weighted superposition of distorted triangular states (Jahn-Teller regime) exhibiting
spin-phonon entanglement on a micrometer distance. This highlights the potential of Rydberg tweezer
arrays for the study of molecular phenomena at exaggerated length scales.
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Introduction.—Recent progress in controlling ultracold
atomic gases allows the preparation of atomic arrays
with virtually arbitrary geometry [1,2]. This techno-
logical advance is at the heart of recent breakthroughs in
the domains of quantum simulation and quantum compu-
tation [3—16]. Key for the latter applications is the utiliza-
tion of atomic Rydberg states in which atoms interact via
electrostatic dipolar interactions [17-20]. This mechanism
underlies the experimental implementation of many-body
spin Hamiltonians with variable interaction range and
geometry [21-29]. By building on this capability, a number
of recent works have studied the dynamics of quantum
correlations in many-body systems [30,31], critical behav-
ior near phase transitions [32,33] and novel manifestations
of ergodicity breaking [34].

Concomitant with the strong dipolar interactions among
Rydberg atoms are mechanical forces, which owed to their
state-dependent nature couple the internal atomic degrees
of freedom with the external motional ones [35,36]. On the
one hand, in quantum simulators and processors this
mechanism causes decoherence of the electronic dynamics
[37-40]; and in the extreme case they may even lead to a
rapid “explosion” of ensembles of Rydberg atoms [41]. On
the other hand, this vibronic coupling can be exploited to
implement coherent many-body interactions [42] and cool-
ing protocols [43], and may also enable the exploration of
polaronic physics in Rydberg lattice gases dressed by
phonons [44-46]. Beyond that, it enables the realization
of dynamical processes that bear close resemblance to those
found in molecules, but on exaggerated micrometer length
scales [47]. The viability of this idea has been recently
investigated in a theoretical work on conical intersections in

0031-9007/23/131(9)/093002(7)

093002-1

an artificial molecule realized with two trapped Rydberg
ions [48]. Other examples of exotic types of molecules
involving Rydberg states include ultralong-range Rydberg
molecules reported in Refs. [49,50] and Rydberg macro-
dimers investigated in Refs. [51-55].

In this Letter we introduce and theoretically investigate
an artificial molecular system which is realized in a small
two-dimensional tweezer array in which atoms can be
flexibly arranged. We focus on a simple setting where
three trapped atoms, forming an equilateral triangle, are
excited to Rydberg states under facilitation conditions. Our
research, which is closely related to the physics of Rydberg
aggregates [56-58], establishes how the molecular spec-
trum is affected by vibronic couplings. It moreover reveals
the emergence of a Jahn-Teller regime where the artificial
molecule exhibits spin-phonon entanglement on microm-
eter distances. This highlights the vast possibilities offered
by Rydberg arrays for studying complex dynamical proc-
esses involving coherent molecular dynamics near inter-
secting potential energy surfaces. Our findings also connect
to recent research concerning the creation and exploitation
of macroscopic quantum superposition of states in mecha-
nical systems [59,60].

Model.—The system we consider here is shown in
Fig. 1(a). The atoms form an equilateral triangle where
the distance between neighboring atoms is d. The trapping
potential within each tweezer shall be approximated by a
two-dimensional (we consider the third dimension to be
frozen out) isotropic harmonic trap with frequency
o, = w, = w. Moreover, the trapping potential is assumed
to be the same no matter whether an atom is in its ground
state or Rydberg state. Such state-independent trapping can,
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FIG. 1. Artificial molecular system. (a) The system under
consideration is formed by atoms confined in harmonic optical
tweezer traps (trap frequency @) forming an equilateral triangle
with side length d. The center of the respective traps is located at
position rﬁ-o). We consider motion in the xy plane around the trap
centers. The corresponding degrees of freedom are dx; (9y;),
which can be represented in terms of phonon creation operators
a; (b;). (b) Atoms are modeled as two-level systems, where || ) is
the ground state and |1) the Rydberg state. Both states are
coupled by a laser with Rabi frequency Q and detuning A with
respect to the single-atom transition frequency. When one atom is
excited into a Rydberg state, the simultaneous excitation of the
neighboring one requires an additional energy. This energy shift
is given by the interaction potential V, which depends on their
distance d. The atoms are confined in a harmonic potential with
trap frequency w, which we assume to be state independent.
(c) When two atoms are simultaneously in the Rydberg state they
interact with the potential V(7). The gradient of the potential
V'(r) at the interatomic distance d gives rise to a force that leads
to a coupling between the electronic degrees of freedom of the
atoms and the vibrational dynamics within the tweezers.

for example, be achieved by operating the trapping laser at a
so-called magic frequency [61-65]. Each atom is modeled as
a two-level system [see Fig. 1(b)], where ||) denotes the
atomic ground state and |1) denotes the Rydberg excited
state. These two states are coupled through a laser with Rabi
frequency €2 and detuning A. Two atoms (at positions r, ry)
in the Rydberg state interact via a distance-dependent
potential, typically of dipolar or van der Waals type
V(rj.ry) = V(lr; —ry|), as depicted in Fig. 1(c). The
Hamiltonian of the system is therefore given by (2 = 1)

3
=1
3
+sz(rj’rk>ﬁjﬁk’ (1)
=1 k<)
where&x [1);(41; 4 [{);(11; is the spin flip operator and

= | T) (11, is the projector onto the Rydberg state of atom

]. The operators a;

; and b ; are the annihilation operators
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FIG. 2. Tight-binding model of near-resonant states. Under
facilitation conditions, the Hilbert space of the internal dynamics
of the Rydberg triangle separates into two manifolds. We are
interested here in the manifold that is composed by atomic
configurations of energy A. Its basis states are coupled with Rabi
frequency Q. The emerging structure corresponds to a tight-
binding Hamiltonian with six sites, |k) with k =1,...,6, and
periodic boundary conditions. The order of the spins appearing in
the kets is indicated in the bottom left.

energy

along the x and y directions of the two-dimensional trap
holding atom j. The displacement of the position of atom j
from the center of the trap rj-()) is given by or; =r; — rﬁ-o) =
(6x;,6y;). Assuming that the position fluctuations are small
compared to the interatomic distance, |6rj] < d, we can
expand the interaction potential around the equilibrium
positions as
V(rry) =~

V(d) + VV(rj,rkN(r(.O)J]((o)) . (5rj,5rk). (2)

In the following we consider the situation in which Rydberg
atoms are excited under facilitation conditions [66—70] as
depicted in Fig. 1(b). Here the energy shift induced by the
interaction among adjacent Rydberg atoms is canceled by
the laser detuning: A 4 V(d) = 0. Under these conditions,
the Hilbert space splits into disconnected sectors that contain
states with the same energy, as shown in Fig. 2. The most
interesting sector is the one including the states with one or
two Rydberg excitations, which have energy A. These six
near-resonant states |k) belonging to this Hilbert sub-
space form the fictitious lattice sites of a tight-binding
Hamiltonian with periodic boundary conditions, as depicted
in Fig. 2. They are labeled as [1) = [111), |2) = |[{11),
3) = L1, [4) = [141). 15) = [14), [6) = [144). To

formulate the vibronic Hamiltonian on this subspace, we
introduce the phonon operators 6x; = X, (a; + &}) /v/2and
8y; = xho(l;j + l;j)/\/i, with x,, = 1/y/mew being the
harmonic oscillator length. This yields
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The first term in the first line represents the free evolution
of the vibrations of the atoms in the x and y directions. The
second term, proportional to Q, governs the tight-binding
dynamics in the electronic Hilbert space (see Fig. 2). The
second line represents the coupling Hamiltonian between
the vibrational and electronic dynamics. This coupling is
parametrized by the constant

Xpo OV (1)
K= — ,
\/§ or r=d

(4)

which is proportional to the gradient of the interaction po-
tential at the equilibrium distance d. This mechanical force,
which arises from the Rydberg interaction, displaces the
atoms from the centers of the traps. The displacement is state
dependent, which is manifest through the operators 217/ b,
which depend on the projectors P,,=|m)(m|: df = P+
1ps, A‘ZZ:—(P1+%P3), ds =1(P3— Ps) as well as db=
~(v/3/2)Ps, d5=—(+/3/2)P; and d5=(~/3/2)(P3+Ps).

Energy spectrum.—In the following we consider the case
k| < @,Q, which can be studied within a perturbative
analysis. The unperturbed eigenstates are products of the
Fock states |n{, n3, n%; ny, n, n3), with occupation numbers
n{ (corresponding to the number of quanta in each vibrational
degree of freedom), and the eigenstates of the electronic tight-
binding Hamiltonian. Specifically, the unperturbed ground
state is |GS)(©) = |GSgec)|0,0.,0;0,0,0), with

18
|GSeec) = 76”;(—1)’"%% (5)

and with eigenenergy Eg)g = —2Q. Using perturbation

theory up to second order in «, the correction to the ground
state energy is given by

2
o (11 | 1
2 - (L (6
Gs <a)+w+§2+w+39+a)+49 (6)

which well captures the level repulsion between the non-
degenerate ground state and the excited states, as shown by
the red dashed lines in Fig. 3. Fixing the coupling constant «,
the full energy spectrum displays two distinct regimes: for
Q < w, the spectrum is split into groups of energy levels,
which are separated by gaps of energy w. For Q > w, the
spectrum is decomposed into groups in which each state
possesses approximately the same eigenenergy with respect
to the tight-binding Hamiltonian.

A second regime to consider is the one where Q < , |«|.
Here the electronic tight-binding Hamiltonian can be treated
as a perturbation. In this case, we diagonalize the unper-
turbed Hamiltonian by applying a unitary displacement
operator

to Hamiltonian (3), thereby obtaining

DTHresD = HO + V’ (8)

3 2
ata Apn K
HO:wZ(a;aj—f—b;bj)—Zg(Pl+P3+P5) (9)

3 : 3 X X pX. Y Y Y
is diagonal in the product states |k)|n}, n3, n};ny, ny, n3),
while

V= QDTi(|k+ 1)(k| + H.c.)D (10)
k=1

is a displaced hopping operator, whose explicit expression is
derived in the Supplemental Material [71]. The unperturbed
Hamiltonian H, is characterized by the presence of three
degenerate ground states, each with eigenvalue —2x?/w,
given by the phonon vacuum and the electronic states with
two Rydberg excitations. This degeneracy is a manifestation
of the invariance of the Hamiltonian under a 120° rotation
around the center of mass of the equilateral triangle. By
applying degenerate perturbation theory, one finds that the
ground state degeneracy is partially lifted at second order in
Q, allowing to select the right ground state from the three-
dimensional ground state manifold. This is given as

1 K K
IO = — (1)|==,=.0;0,0,0
me =l >\ KK )
K K \/§K \/§K
+|3>'07E’_%307%7_g>

3 3
15 -X 0, K SVELINELS (11)
2w 20 2w )

and it has eigenenergy Eg(T)) = —2i? /w. It consists in a spin-

phonon entangled state, where each of the three degenerate
electronic states is coupled to a different set of motional
coherent states. This state represents a neat manifestation of
the Jahn-Teller effect [72,73], as each motional coherent
state represents a possible distortion of the triangular
configuration. This state is fundamentally different from
the product state |GS)(?), in which the atoms remain placed
at the corners of an equilateral triangle. The energy shift of
the ground state due to the Rabi coupling, computed
by second order perturbation theory (see Supplemental
Material [71]), is given by
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Energy spectrum. Low-lying molecular energy levels as a function of the laser Rabi frequency Q for different values of the

electron-phonon coupling strength k. The red dashed lines show the ground state energy obtained by second order perturbation theory:

Egs = Eg)s) + Egs) Note that this perturbative result is valid only in the limit Q > |«|. The blue dotted line shows the ground state

(2)

energy obtained by second order perturbation theory in Q: Ejp = E}g) + Ejy . The energy levels are obtained by exact diagonalization of
Hamiltonian (3), where we have truncated the maximum occupation number of each of the six oscillator modes at 3.

I'(7,0,-1)
=5 I

Q* [I(n,0, -
£ = % [F0n.0.2n)

@ [ (=ne)’

(12)

where ['(a,0,x) = [§ 1“"'e~"dt is the incomplete Gamma
function and n = 2x?/w?. It quantifies the curvature of the
ground state energy for small Q shown as the blue dotted line
in Fig. 3(c).

Born-Oppenheimer treatment.—An instructive perspec-
tive on the structural properties of the artificial triangular
molecular system is obtained by analyzing its lowest
energy states within the Born-Oppenheimer approximation.
To this end we neglect the kinetic energy of the atoms and

K =w/(2v2)

Jahn-Teller
regime

FIG. 4. Born-Oppenheimer energy surfaces and structural
transition. (a) Sketch of the normal modes. The red lines indicate
the distortion of the triangle associated with the ¢g,,. (b) Minimum
energy of the lowest Born-Oppenheimer surface Ey(q) and
position |q;,| of the minimum. In the Jahn-Teller regime the
minimum is threefold degenerate as can be seen in the isoenergy
surfaces. Lengths are given in units of the harmonic oscillator
length x,, = 1/y/ma. The axes labels are the same for all the
panels in the bottom.

write the Hamiltonian in terms of the normal modes ¢, (see
Supplemental Material [71]), which are shown in Fig. 4(a):

Hgo = = zqm‘f’\/—K(Pl‘f'Ps‘f'Ps) 91

=1 h() th
3 q3
2P, — Py — Ps)— — /| =k(P3 — Ps) —
\/—( 1 3 5)th \/;K( 3 s)xho
6
+Q) " (Jk+ 1)(k| + He.). (13)
k=1

Calculation of the lowest eigenenergy of this Hamiltonian
yields the ground state Born-Oppenheimer surface as a
function of the normal coordinates Ey(q). For sufficiently
small values of Q this surface has three degenerate minima,
as can be seen in Fig. 4(b). This is the Jahn-Teller
regime [74-76], where the ground state of the full (quantum)
problem is a superposition of three triangular configurations
that have only one distorted side. When Q increases the
minima move towards each other until they collapse. From
here onward the electronic and vibrational dynamics
approximately factorize: the electronic state can by approxi-
mated by |GSg.) and the external degrees of freedom
arrange in a way that leads to the minimization of the projec-
ted Hamiltonian (GS.jec|Hpo|GSelec) = 2D 01 42/ Xt +

(k/v/2)q,/xno — 2Q. Here only the mode ¢, gets displaced,
while the other two modes remain at the origin, as shown in
the rightmost panel of Fig. 4(b). Since only g; # 0, the
displaced atoms remain at the vertices of an equilateral
triangle.

Experimental considerations.—FEigenstates of the artifi-
cial molecular system can be prepared from the initial state
|} 1) using an adiabatic ramp, which has been already
demonstrated for substantially larger Rydberg atom arrays
than discussed here [77-79]. In the Jahn-Teller regime the
ground state (11) is a superposition of three states that
minimize the energy. A measurement of the Rydberg density
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selects one of these states, corresponding to a configuration
in which the atoms form a distorted triangle. This distortion
is given by |6r| = |V/(d)|/m®?, which is equal to the
classical displacement of two interacting particles confined
in a harmonic potential. To estimate the distortion, we consi-
der 3°K atoms held in optical tweezers with trap frequency
o = 27 x 70 kHz at interatomic distance d = 5 pm. With
the van der Waals interaction between 60S Rydberg states
one obtains V'(d)=6C4/d’~6.76x 1073 GHzpm™" [80],
which yields a Jahn-Teller distortion of |6r| =~ 350 nm.
The position of Rydberg atoms and the transition into the
Jahn-Teller regime with decreasing € can thus be detected
by field ionization as the created ions can then be detected
with high spatial resolution (~200 nm) as shown recently in
Ref. [81], where the vibrational dynamics of Rydberg-ion
molecules was probed. An alternative way to probe the Jahn-
Teller distortion is through a reconstruction of the Wigner
function, as recently demonstrated in the context of trapped
neutral atoms in Ref. [82] with a direct approach and in
Ref. [83] with time-of-flight imaging techniques. Note, that
throughout we have assumed that we operate at zero
temperature, which is currently still a challenge.
Summary and outlook.—We studied the creation of
molecular states formed in small Rydberg tweezer arrays.
Their structure is dictated by the interplay between
mechanical forces and coherent laser excitation, which
gives rise to a crossover into a Jahn-Teller regime. Note,
that throughout the Letter, we have assumed that the atoms
are trapped with a trap frequency that does not depend on
their internal electronic state. We leave the analysis of this
interesting scenario to future work. In the future it will also
be interesting to investigate even more complex scenarios,
such as conical intersections [84,85]. This would enable the
experimental probing of dynamical effects, such as the
impact of geometric phases or nonadiabatic couplings
among Born-Oppenheimer surfaces, in a molecular system
on a micrometer length scale [48]. Moreover, as in the Jahn-
Teller regime, small external fields give rise to a measurable
configuration change, artificial molecular states could
potentially be utilized for sensing applications.

We are grateful for financing from the Baden-Wiirttemberg
Stiftung through Project No. BWST_ISF2019-23. We also
acknowledge funding from the Deutsche Forschungsge-
meinschaft (DFG, German Research Foundation) under
Projects No. 428276754 and No. 435696605 as well as
through the Research Unit FOR 5413/1, Grant
No. 465199066. This project has also received funding from
the European Union’s Horizon Europe research and innova-
tion program under Grant Agreement No. 101046968
(BRISQ). We thank C. Grof for discussions.

[1] M. Endres, H. Bernien, A. Keesling, H. Levine, E.R.
Anschuetz, A. Krajenbrink, C. Senko, V. Vuletic, M.
Greiner, and M. D. Lukin, Atom-by-atom assembly of

defect-free one-dimensional cold atom arrays, Science
354, 1024 (2016).

[2] D. Barredo, S. de Léséleuc, V. Lienhard, T. Lahaye, and A.
Browaeys, An atom-by-atom assembler of defect-free arbi-
trary two-dimensional atomic arrays, Science 354, 1021
(2016).

[3] D. Jaksch, J.1I. Cirac, P. Zoller, S.L. Rolston, R. Coté,
and M. D. Lukin, Fast Quantum Gates for Neutral Atoms,
Phys. Rev. Lett. 85, 2208 (2000).

[4] L. Bloch, J. Dalibard, and S. Nascimbéne, Quantum simu-
lations with ultracold quantum gases, Nat. Phys. 8, 267
(2012).

[5] Y. Wang, A. Kumar, T.-Y. Wu, and D. S. Weiss, Single-qubit
gates based on targeted phase shifts in a 3D neutral atom
array, Science 352, 1562 (2016).

[6] R. Han, H.K. Ng, and B.-G. Englert, Implementing a
neutral-atom controlled-phase gate with a single Rydberg
pulse, Europhys. Lett. 113, 40001 (2016).

[7] S.-L. Su, E. Liang, S. Zhang, J.-J. Wen, L.-L. Sun, Z. Jin,
and A.-D. Zhu, One-step implementation of the Rydberg-
Rydberg-interaction gate, Phys. Rev. A 93, 012306 (2016).

[8] C. Gross and I. Bloch, Quantum simulations with ultracold
atoms in optical lattices, Science 357, 995 (2017).

[9] D. Petrosyan, F. Motzoi, M. Saffman, and K. Mglmer, High-
fidelity Rydberg quantum gate via a two-atom dark state,
Phys. Rev. A 96, 042306 (2017).

[10] X.-F. Shi and T. A.B. Kennedy, Annulled van der Waals
interaction and fast Rydberg quantum gates, Phys. Rev. A
95, 043429 (2017).

[11] A. Kumar, T.-Y. Wu, F. Giraldo, and D. S. Weiss, Sorting
ultracold atoms in a three-dimensional optical lattice in a
realization of Maxwell’s demon, Nature (London) 561, 83
(2018).

[12] A.M. Kaufman and K.-K. Ni, Quantum science with optical
tweezer arrays of ultracold atoms and molecules, Nat. Phys.
17, 1324 (2021).

[13] S.R. Cohen and J. D. Thompson, Quantum computing with
circular Rydberg atoms, PRX Quantum 2, 030322 (2021).

[14] S. Jandura and G. Pupillo, Time-optimal two- and three-
qubit gates for Rydberg atoms, Quantum 6, 712 (2022).

[15] T.M. Graham et al., Multi-qubit entanglement and
algorithms on a neutral-atom quantum computer, Nature
(London) 604, 457 (2022).

[16] A. Pagano, S. Weber, D. Jaschke, T. Pfau, F. Meinert, S.
Montangero, and H.P. Biichler, Error budgeting for a
controlled-phase gate with strontium-88 Rydberg atoms,
Phys. Rev. Res. 4, 033019 (2022).

[17] M. Saffman, T.G. Walker, and K. Molmer, Quantum
information with Rydberg atoms, Rev. Mod. Phys. 82,
2313 (2010).

[18] C.S. Adams, J.D. Pritchard, and J.P. Shaffer, Rydberg
atom quantum technologies, J. Phys. B 53, 012002 (2019).

[19] L. 1. Beterov, D. B. Tretyakov, V. M. Entin, E. A. Yakshina,
L. I. Ryabtsev, M. Saffman, and S. Bergamini, Application of
adiabatic passage in Rydberg atomic ensembles for quantum
information processing, J. Phys. B 53, 182001 (2020).

[20] X. Wu, X. Liang, Y. Tian, F. Yang, C. Chen, Y.-C. Liu,
M. K. Tey, and L. You, A concise review of Rydberg atom
based quantum computation and quantum simulation,
Chin. Phys. B 30, 020305 (2021).

093002-5


https://doi.org/10.1126/science.aah3752
https://doi.org/10.1126/science.aah3752
https://doi.org/10.1126/science.aah3778
https://doi.org/10.1126/science.aah3778
https://doi.org/10.1103/PhysRevLett.85.2208
https://doi.org/10.1038/nphys2259
https://doi.org/10.1038/nphys2259
https://doi.org/10.1126/science.aaf2581
https://doi.org/10.1209/0295-5075/113/40001
https://doi.org/10.1103/PhysRevA.93.012306
https://doi.org/10.1126/science.aal3837
https://doi.org/10.1103/PhysRevA.96.042306
https://doi.org/10.1103/PhysRevA.95.043429
https://doi.org/10.1103/PhysRevA.95.043429
https://doi.org/10.1038/s41586-018-0458-7
https://doi.org/10.1038/s41586-018-0458-7
https://doi.org/10.1038/s41567-021-01357-2
https://doi.org/10.1038/s41567-021-01357-2
https://doi.org/10.1103/PRXQuantum.2.030322
https://doi.org/10.22331/q-2022-05-13-712
https://doi.org/10.1038/s41586-022-04603-6
https://doi.org/10.1038/s41586-022-04603-6
https://doi.org/10.1103/PhysRevResearch.4.033019
https://doi.org/10.1103/RevModPhys.82.2313
https://doi.org/10.1103/RevModPhys.82.2313
https://doi.org/10.1088/1361-6455/ab52ef
https://doi.org/10.1088/1361-6455/ab8719
https://doi.org/10.1088/1674-1056/abd76f

PHYSICAL REVIEW LETTERS 131, 093002 (2023)

[21] K. Singer, J. Stanojevic, M. Weidemiiller, and R. Coté,
Long-range interactions between alkali Rydberg atom pairs
correlated to the ns—ns, np-np and nd-nd asymptotes,
J. Phys. B 38, S295 (2005).

[22] T. Pohl, H. Sadeghpour, and P. Schmelcher, Cold and
ultracold Rydberg atoms in strong magnetic fields, Phys.
Rep. 484, 181 (2009).

[23] Y.-Y.Jau, A. M. Hankin, T. Keating, I. H. Deutsch, and G. W.
Biedermann, Entangling atomic spins with a Rydberg-
dressed spin-flip blockade, Nat. Phys. 12, 71 (2016).

[24] H. Labuhn, D. Barredo, S. Ravets, S. de Léséleuc, T. Macri,
T. Lahaye, and A. Browaeys, Tunable two-dimensional
arrays of single Rydberg atoms for realizing quantum Ising
models, Nature (London) 534, 667 (2016).

[25] F. Letscher, O. Thomas, T. Niederpriim, M. Fleischhauer,
and H. Ott, Bistability Versus Metastability in Driven
Dissipative Rydberg Gases, Phys. Rev. X 7, 021020 (2017).

[26] O. Thomas, C. Lippe, T. Eichert, and H. Ott, Experimental
realization of a Rydberg optical Feshbach resonance in a
quantum many-body system, Nat. Commun. 9, 2238 (2018).

[27] D. Ohl de Mello, D. Schiftner, J. Werkmann, T. Preuschoff,
L. Kohfahl, M. Schlosser, and G. Birkl, Defect-Free
Assembly of 2D Clusters of More Than 100 Single-Atom
Quantum Systems, Phys. Rev. Lett. 122, 203601 (2019).

[28] H. Kim, M. Kim, W. Lee, and J. Ahn, Gerchberg-Saxton
algorithm for fast and efficient atom rearrangement in
optical tweezer traps, Opt. Express 27, 2184 (2019).

[29] L.-M. Steinert, P. Osterholz, R. Eberhard, L. Festa, N.
Lorenz, Z. Chen, A. Trautmann, and C. Gross, Spatially
Tunable Spin Interactions in Neutral Atom Arrays, Phys.
Rev. Lett. 130, 243001 (2023).

[30] V. Lienhard, S. de Léséleuc, D. Barredo, T. Lahaye, A.
Browaeys, M. Schuler, L.-P. Henry, and A.M. L&uchli,
Observing the Space- and Time-Dependent Growth of
Correlations in Dynamically Tuned Synthetic Ising Models
with Antiferromagnetic Interactions, Phys. Rev. X 8§,
021070 (2018).

[31] D. Bluvstein, H. Levine, G. Semeghini, T. T. Wang, S.
Ebadi, M. Kalinowski, A. Keesling, N. Maskara, H. Pichler,
M. Greiner, V. Vuleti¢, and M.D. Lukin, A quantum
processor based on coherent transport of entangled atom
arrays, Nature (London) 604, 451 (2022).

[32] A. Keesling, A. Omran, H. Levine, H. Bernien, H. Pichler,
S. Choi, R. Samajdar, S. Schwartz, P. Silvi, S. Sachdev, P.
Zoller, M. Endres, M. Greiner, V. Vuleti¢, and M. D. Lukin,
Quantum Kibble-Zurek mechanism and critical dynamics
on a programmable Rydberg simulator, Nature (London)
568, 207 (2019).

[33] R. Samajdar, W. W. Ho, H. Pichler, M. D. Lukin, and S.
Sachdev, Quantum phases of Rydberg atoms on a kagome
lattice, Proc. Natl. Acad. Sci. U.S.A. 118 (2021).

[34] D. Bluvstein, A. Omran, H. Levine, A. Keesling, G.
Semeghini, S. Ebadi, T.T. Wang, A.A. Michailidis, N.
Maskara, W. W. Ho, S. Choi, M. Serbyn, M. Greiner, V.
Vuleti¢, and M. D. Lukin, Controlling quantum many-body
dynamics in driven Rydberg atom arrays, Science 371, 1355
(2021).

[35] C. Ates, A. Eisfeld, and J. M. Rost, Motion of Rydberg
atoms induced by resonant dipole-dipole interactions,
New J. Phys. 10, 045030 (2008).

[36] S. Wiister, C. Ates, A. Eisfeld, and J. M. Rost, Newton’s
Cradle and Entanglement Transport in a Flexible Rydberg
Chain, Phys. Rev. Lett. 105, 053004 (2010).

[37] M. Roghani, H. Helm, and H.-P. Breuer, Entanglement
Dynamics of a Strongly Driven Trapped Atom, Phys. Rev.
Lett. 106, 040502 (2011).

[38] T. Keating, R.L. Cook, A.M. Hankin, Y.-Y. Jau, G. W.
Biedermann, and I. H. Deutsch, Robust quantum logic in
neutral atoms via adiabatic Rydberg dressing, Phys. Rev. A
91, 012337 (2015).

[39] E. Robicheaux, T. M. Graham, and M. Saffman, Photon-
recoil and laser-focusing limits to Rydberg gate fidelity,
Phys. Rev. A 103, 022424 (2021).

[40] Y. Chew, T. Tomita, T.P. Mahesh, S. Sugawa, S. de
Léséleuc, and K. Ohmori, Ultrafast energy exchange be-
tween two single Rydberg atoms on a nanosecond time-
scale, Nat. Photonics 16, 724 (2022).

[41] R. Faoro, C. Simonelli, M. Archimi, G. Masella, M. M.
Valado, E. Arimondo, R. Mannella, D. Ciampini, and O.
Morsch, van der Waals explosion of cold Rydberg clusters,
Phys. Rev. A 93, 030701(R) (2016).

[42] F. M. Gambetta, W. Li, F. Schmidt-Kaler, and I. Lesanovsky,
Engineering NonBinary Rydberg Interactions via Phonons
in an Optical Lattice, Phys. Rev. Lett. 124, 043402
(2020).

[43] R. Belyansky, J. T. Young, P. Bienias, Z. Eldredge, A. M.
Kaufman, P. Zoller, and A.V. Gorshkov, Nondestructive
Cooling of an Atomic Quantum Register via State-Insensitive
Rydberg Interactions, Phys. Rev. Lett. 123, 213603 (2019).

[44] M. Plodzien, T. Sowinski, and S. Kokkelmans, Simulating
polaron biophysics with Rydberg atoms, Sci. Rep. 8, 9247
(2018).

[45] P.P. Mazza, R. Schmidt, and I. Lesanovsky, Vibrational
Dressing in Kinetically Constrained Rydberg Spin Systems,
Phys. Rev. Lett. 125, 033602 (2020).

[46] M. Magoni, P.P. Mazza, and I. Lesanovsky, Phonon
dressing of a facilitated one-dimensional Rydberg lattice
gas, SciPost Phys. Core 5, 041 (2022).

[47] J.P. Shaffer, S.T. Rittenhouse, and H.R. Sadeghpour,
Ultracold Rydberg molecules, Nat. Commun. 9, 1965
(2018).

[48] F. M. Gambetta, C. Zhang, M. Hennrich, I. Lesanovsky, and
W. Li, Exploring the Many-Body Dynamics Near a Conical
Intersection with Trapped Rydberg Ions, Phys. Rev. Lett.
126, 233404 (2021).

[49] C.H. Greene, A.S. Dickinson, and H.R. Sadeghpour,
Creation of Polar and Nonpolar Ultra-Long-Range Rydberg
Molecules, Phys. Rev. Lett. 85, 2458 (2000).

[50] V. Bendkowsky, B. Butscher, J. Nipper, J. P. Shaffer, R.
Low, and T. Pfau, Observation of ultralong-range Rydberg
molecules, Nature (London) 458, 1005 (2009).

[51] C. Boisseau, I. Simbotin, and R. Coté, Macrodimers:
Ultralong Range Rydberg Molecules, Phys. Rev. Lett. 88,
133004 (2002).

[52] K. R. Overstreet, A. Schwettmann, J. Tallant, D. Booth, and
J.P. Shaffer, Observation of -electric-field-induced Cs
Rydberg atom macrodimers, Nat. Phys. 5, 581 (2009).

[53] M. Kiffner, H. Park, W. Li, and T.F. Gallagher, Dipole-
dipole-coupled double-Rydberg molecules, Phys. Rev. A
86, 031401(R) (2012).

093002-6


https://doi.org/10.1088/0953-4075/38/2/021
https://doi.org/10.1016/j.physrep.2009.10.001
https://doi.org/10.1016/j.physrep.2009.10.001
https://doi.org/10.1038/nphys3487
https://doi.org/10.1038/nature18274
https://doi.org/10.1103/PhysRevX.7.021020
https://doi.org/10.1038/s41467-018-04684-w
https://doi.org/10.1103/PhysRevLett.122.203601
https://doi.org/10.1364/OE.27.002184
https://doi.org/10.1103/PhysRevLett.130.243001
https://doi.org/10.1103/PhysRevLett.130.243001
https://doi.org/10.1103/PhysRevX.8.021070
https://doi.org/10.1103/PhysRevX.8.021070
https://doi.org/10.1038/s41586-022-04592-6
https://doi.org/10.1038/s41586-019-1070-1
https://doi.org/10.1038/s41586-019-1070-1
https://doi.org/10.1073/pnas.2015785118
https://doi.org/10.1126/science.abg2530
https://doi.org/10.1126/science.abg2530
https://doi.org/10.1088/1367-2630/10/4/045030
https://doi.org/10.1103/PhysRevLett.105.053004
https://doi.org/10.1103/PhysRevLett.106.040502
https://doi.org/10.1103/PhysRevLett.106.040502
https://doi.org/10.1103/PhysRevA.91.012337
https://doi.org/10.1103/PhysRevA.91.012337
https://doi.org/10.1103/PhysRevA.103.022424
https://doi.org/10.1038/s41566-022-01047-2
https://doi.org/10.1103/PhysRevA.93.030701
https://doi.org/10.1103/PhysRevLett.124.043402
https://doi.org/10.1103/PhysRevLett.124.043402
https://doi.org/10.1103/PhysRevLett.123.213603
https://doi.org/10.1038/s41598-018-27232-4
https://doi.org/10.1038/s41598-018-27232-4
https://doi.org/10.1103/PhysRevLett.125.033602
https://doi.org/10.21468/SciPostPhysCore.5.3.041
https://doi.org/10.1038/s41467-018-04135-6
https://doi.org/10.1038/s41467-018-04135-6
https://doi.org/10.1103/PhysRevLett.126.233404
https://doi.org/10.1103/PhysRevLett.126.233404
https://doi.org/10.1103/PhysRevLett.85.2458
https://doi.org/10.1038/nature07945
https://doi.org/10.1103/PhysRevLett.88.133004
https://doi.org/10.1103/PhysRevLett.88.133004
https://doi.org/10.1038/nphys1307
https://doi.org/10.1103/PhysRevA.86.031401
https://doi.org/10.1103/PhysRevA.86.031401

PHYSICAL REVIEW LETTERS 131, 093002 (2023)

[54] H. SaBmannshausen and J. Deiglmayr, Observation of
Rydberg-Atom Macrodimers: Micrometer-Sized Diatomic
Molecules, Phys. Rev. Lett. 117, 083401 (2016).

[55] S. Hollerith, J. Zeiher, J. Rui, A. Rubio-Abadal, V. Walther,
T. Pohl, D. M. Stamper-Kurn, I. Bloch, and C. Gross,
Quantum gas microscopy of Rydberg macrodimers, Science
364, 664 (2019).

[56] H. Schempp, G. Giinter, M. Robert-de Saint-Vincent, C. S.
Hofmann, D. Breyel, A. Komnik, D. W. Schonleber, M.
Girttner, J. Evers, S. Whitlock, and M. Weidemiiller, Full
Counting Statistics of Laser Excited Rydberg Aggregates in
a One-Dimensional Geometry, Phys. Rev. Lett. 112, 013002
(2014).

[57] M. M. Aliyu, A. Ulugol, G. Abumwis, and S. Wiister,
Transport on flexible Rydberg aggregates using circular
states, Phys. Rev. A 98, 043602 (2018).

[58] S. Wiister and J.-M. Rost, Rydberg aggregates, J. Phys. B
51, 032001 (2018).

[59] F. Frowis, P. Sekatski, W. Diir, N. Gisin, and N. Sangouard,
Macroscopic quantum states: Measures, fragility, and im-
plementations, Rev. Mod. Phys. 90, 025004 (2018).

[60] T. Weiss, M. Roda-Llordes, E. Torrontegui, M. Aspelmeyer,
and O. Romero-Isart, Large Quantum Delocalization of a
Levitated Nanoparticle Using Optimal Control: Applica-
tions for Force Sensing and Entangling via Weak Forces,
Phys. Rev. Lett. 127, 023601 (2021).

[61] S. Zhang, F. Robicheaux, and M. Saffman, Magic-
wavelength optical traps for Rydberg atoms, Phys. Rev.
A 84, 043408 (2011).

[62] J. Lampen, H. Nguyen, L. Li, P.R. Berman, and A.
Kuzmich, Long-lived coherence between ground and Ryd-
berg levels in a magic-wavelength lattice, Phys. Rev. A 98,
033411 (2018).

[63] D. Barredo, V. Lienhard, P. Scholl, S. de Léséleuc, T.
Boulier, A. Browaeys, and T. Lahaye, Three-Dimensional
Trapping of Individual Rydberg Atoms in Ponderomotive
Bottle Beam Traps, Phys. Rev. Lett. 124, 023201 (2020).

[64] 1. S. Madjarov, J. P. Covey, A. L. Shaw, J. Choi, A. Kale, A.
Cooper, H. Pichler, V. Schkolnik, J. R. Williams, and M.
Endres, High-fidelity entanglement and detection of alka-
line-earth Rydberg atoms, Nat. Phys. 16, 857 (2020).

[65] J. T. Wilson, S. Saskin, Y. Meng, S. Ma, R. Dilip, A.P.
Burgers, and J. D. Thompson, Trapping Alkaline Earth
Rydberg Atoms Optical Tweezer Arrays, Phys. Rev. Lett.
128, 033201 (2022).

[66] C. Ates, T. Pohl, T. Pattard, and J. M. Rost, Antiblockade in
Rydberg Excitation of an Ultracold Lattice Gas, Phys. Rev.
Lett. 98, 023002 (2007).

[67] T. Amthor, C. Giese, C. S. Hofmann, and M. Weidemiiller,
Evidence of Antiblockade in an Ultracold Rydberg Gas,
Phys. Rev. Lett. 104, 013001 (2010).

[68] S.-L. Su, Y. Gao, E. Liang, and S. Zhang, Fast Rydberg
antiblockade regime and its applications in quantum logic
gates, Phys. Rev. A 95, 022319 (2017).

[69] M. Marcuzzi, J. Minar, D. Barredo, S. de Léséleuc, H.
Labuhn, T. Lahaye, A. Browaeys, E. Levi, and L
Lesanovsky, Facilitation Dynamics and Localization
Phenomena in Rydberg Lattice Gases with Position Dis-
order, Phys. Rev. Lett. 118, 063606 (2017).

[70] M. Magoni, P.P. Mazza, and I. Lesanovsky, Emergent
Bloch Oscillations in a Kinetically Constrained Rydberg
Spin Lattice, Phys. Rev. Lett. 126, 103002 (2021).

[71] See  Supplemental Material at http:/link.aps.org/
supplemental/10.1103/PhysRevLett.131.093002 for details
on the derivation of Eq. (3), the perturbative calculations
in the Jahn-Teller regime and the Born-Oppenheimer
treatment.

[72] H. A. Jahn and E. Teller, Stability of polyatomic molecules
in degenerate electronic states. . Orbital degeneracy, Proc.
R. Soc. A 161, 220 (1937).

[73] H. A. Jahn, Stability of polyatomic molecules in degenerate
electronic states. II. Spin degeneracy, Proc. R. Soc. A 164,
117 (1938).

[74] V. Kokoouline and C. H. Greene, Unified theoretical treat-
ment of dissociative recombination of D3, triatomic ions:
Application to Hy and D, Phys. Rev. A 68, 012703 (2003).

[75] I. Honda and K. Terao, Exchange and Spin Jahn-Teller
distortions for triangular cluster of spin-1/2, J. Phys. Soc.
Jpn. 75, 044704 (2006).

[76] D. Porras, P. A. Ivanov, and F. Schmidt-Kaler, Quantum
Simulation of the Cooperative Jahn-Teller Transition in 1D
Ton Crystals, Phys. Rev. Lett. 108, 235701 (2012).

[77] P. SchauB, J. Zeiher, T. Fukuhara, S. Hild, M. Cheneau, T.
Macri, T. Pohl, I. Bloch, and C. Gross, Crystallization in
Ising quantum magnets, Science 347, 1455 (2015).

[78] S.Ebadi, T. T. Wang, H. Levine, A. Keesling, G. Semeghini,
A. Omran, D. Bluvstein, R. Samajdar, H. Pichler, W. W. Ho,
S. Choi, S. Sachdev, M. Greiner, V. Vuleti¢, and M. D.
Lukin, Quantum phases of matter on a 256-atom program-
mable quantum simulator, Nature (London) 595, 227
(2021).

[79] P. Scholl, M. Schuler, H. J. Williams, A. A. Eberharter, D.
Barredo, K.-N. Schymik, V. Lienhard, L.-P. Henry, T. C.
Lang, T. Lahaye, A. M. Léuchli, and A. Browaeys, Quan-
tum simulation of 2D antiferromagnets with hundreds of
Rydberg atoms, Nature (London) 595, 233 (2021).

[80] N. Sibali¢, J. Pritchard, C. Adams, and K. Weatherill, ARC:
An open-source library for calculating properties of alkali
Rydberg atoms, Comput. Phys. Commun. 220, 319 (2017).

[81] Y.-Q. Zou, M. Berngruber, V.S. V. Anasuri, N. Zuber, F.
Meinert, R. Low, and T. Pfau, Observation of Vibrational
Dynamics of Orientated Rydberg-Atom-lon Molecules,
Phys. Rev. Lett. 130, 023002 (2023).

[82] F.-R. Winkelmann, C. A. Weidner, G. Ramola, W. Alt, D.
Meschede, and A. Alberti, Direct measurement of the
Wigner function of atoms in an optical trap, J. Phys. B
55, 194004 (2022).

[83] M. O. Brown, S.R. Muleady, W.J. Dworschack, R.J.
Lewis-Swan, A.M. Rey, O. Romero-Isart, and C.A.
Regal, Time-of-flight quantum tomography of an atom in
an optical tweezer, Nat. Phys. 19, 569 (2023).

[84] S. Wiister, A. Eisfeld, and J. M. Rost, Conical Intersections
in an Ultracold Gas, Phys. Rev. Lett. 106, 153002 (2011).

[85] F. Hummel, M. T. Eiles, and P. Schmelcher, Synthetic
Dimension-Induced Conical Intersections in Rydberg
Molecules, Phys. Rev. Lett. 127, 023003 (2021).

093002-7


https://doi.org/10.1103/PhysRevLett.117.083401
https://doi.org/10.1126/science.aaw4150
https://doi.org/10.1126/science.aaw4150
https://doi.org/10.1103/PhysRevLett.112.013002
https://doi.org/10.1103/PhysRevLett.112.013002
https://doi.org/10.1103/PhysRevA.98.043602
https://doi.org/10.1088/1361-6455/aa9967
https://doi.org/10.1088/1361-6455/aa9967
https://doi.org/10.1103/RevModPhys.90.025004
https://doi.org/10.1103/PhysRevLett.127.023601
https://doi.org/10.1103/PhysRevA.84.043408
https://doi.org/10.1103/PhysRevA.84.043408
https://doi.org/10.1103/PhysRevA.98.033411
https://doi.org/10.1103/PhysRevA.98.033411
https://doi.org/10.1103/PhysRevLett.124.023201
https://doi.org/10.1038/s41567-020-0903-z
https://doi.org/10.1103/PhysRevLett.128.033201
https://doi.org/10.1103/PhysRevLett.128.033201
https://doi.org/10.1103/PhysRevLett.98.023002
https://doi.org/10.1103/PhysRevLett.98.023002
https://doi.org/10.1103/PhysRevLett.104.013001
https://doi.org/10.1103/PhysRevA.95.022319
https://doi.org/10.1103/PhysRevLett.118.063606
https://doi.org/10.1103/PhysRevLett.126.103002
http://link.aps.org/supplemental/10.1103/PhysRevLett.131.093002
http://link.aps.org/supplemental/10.1103/PhysRevLett.131.093002
http://link.aps.org/supplemental/10.1103/PhysRevLett.131.093002
http://link.aps.org/supplemental/10.1103/PhysRevLett.131.093002
http://link.aps.org/supplemental/10.1103/PhysRevLett.131.093002
http://link.aps.org/supplemental/10.1103/PhysRevLett.131.093002
http://link.aps.org/supplemental/10.1103/PhysRevLett.131.093002
https://doi.org/10.1098/rspa.1937.0142
https://doi.org/10.1098/rspa.1937.0142
https://doi.org/10.1098/rspa.1938.0008
https://doi.org/10.1098/rspa.1938.0008
https://doi.org/10.1103/PhysRevA.68.012703
https://doi.org/10.1143/JPSJ.75.044704
https://doi.org/10.1143/JPSJ.75.044704
https://doi.org/10.1103/PhysRevLett.108.235701
https://doi.org/10.1126/science.1258351
https://doi.org/10.1038/s41586-021-03582-4
https://doi.org/10.1038/s41586-021-03582-4
https://doi.org/10.1038/s41586-021-03585-1
https://doi.org/10.1016/j.cpc.2017.06.015
https://doi.org/10.1103/PhysRevLett.130.023002
https://doi.org/10.1088/1361-6455/ac8bb8
https://doi.org/10.1088/1361-6455/ac8bb8
https://doi.org/10.1038/s41567-022-01890-8
https://doi.org/10.1103/PhysRevLett.106.153002
https://doi.org/10.1103/PhysRevLett.127.023003

