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ABSTRACT: Controlling molecular binding at the level of single atoms is one of the holy grails of quantum chemistry. Rydberg
macrodimers—bound states between highly excited Rydberg atoms—provide a novel perspective in this direction. Resulting from
binding potentials formed by the strong, long-range interactions of Rydberg states, Rydberg macrodimers feature bond lengths in the
micrometer regime, exceeding those of conventional molecules by orders of magnitude. Using single-atom control in quantum gas
microscopes, the unique properties of these exotic states can be studied with unprecedented control, including the response to
magnetic fields or the polarization of light in their photoassociation. The high accuracy achieved in spectroscopic studies of
macrodimers makes them an ideal testbed to benchmark Rydberg interactions, with direct relevance to quantum computing and
information protocols where these are employed. This review provides a historic overview and summarizes the recent findings in the
field of Rydberg macrodimers. Furthermore, it presents new data on interactions between macrodimers, leading to a phenomenon
analogous to Rydberg blockade at the level of molecules, opening the path toward studying many-body systems of ultralong-range
Rydberg molecules.

1. INTRODUCTION experimental ground for the observation of Rydberg macro-
Strong interactions between Rydberg atoms enabled numerous dimers.”” The large bond lengths and the small binding
groundbreaking experiments in quantum sciences and energies of macrodimers enable microscopic access to the
technologies. Rydberg macrodimers'™* provide the most atoms forming the molecule and studying and shaping their
precise platform to study these interactions and enable electronic structure.'” Because mainly two highly excited
observations of basic properties of molecules at an exceptional electrons,”® separated well from the remaining atomic

level of control. Experimental studies of molecules are
challenging due to their small size and typically random
orientation within experimental samples.’™® Furthermore, ab
initio calculations are difficult and require sophisticated
computational methods, even for diatomic molecules’ "* and
in particular, if they consist of many-electron atoms. Experi-
ments at ultracold temperatures enabled studies of molecules
at a new level of precision."*™"® The high level of control and
the low energy scales in cold atom systems also provided the

constituents, are involved in the binding, their theoretical
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Figure 1. Overview over Rydberg macrodimers. (a) Macrodimers are electrostatically bound highly excited Rydberg atom pairs. The binding is
mediated by the exceptionally large dipole moments of Rydberg atoms and occurs at interatomic distances R = IRl where the orbitals of both
Rydberg electrons (blue), located at distances # and #, from both ionic cores (red dots), do not overlap. Their micrometer-large bond length makes
them the largest existing electrically neutral diatomic molecules. (b) Binding potentials typically form because of avoided crossings between

Rydberg pair potentials. In the shown example for ’Rb pairs excited to Rydberg P-states, the two crossing potentials I@) and ) are coupled by the

dipole—dipole interaction Hamiltonian I—AIim(R). The blue (red) color indicates the R-dependent admixture of the pair state I@) (13)) of the
potential. In the asymptotic limit of large distances, the interactions are typically of van der Waals type. Due to the symmetry of the interaction

Hamiltonian, the pair potentials decouple into different branches |Q|§/

which are labeled by their angular momentum projection £ on the

interatomic axis as well as their reflection (superindex) and inversion symmetry (subindex). Adapted with permission from ref 4. Copyright 2019

AAAS.

description inherits the simplicity of Rydberg atoms and their
vibrational and electronic structure can be calculated at high
precision. In reverse, resolving their vibrational structure with
high resolution reveals new details about Rydberg atoms and
their interactions, such as the presence of hyperfine
interactions in Rydberg pair potentials'’ or nonadiabatic
motional transitions between different Born—Oppenheimer
potentials.*

1.1. Structure of the Review. The Review first introduces
Rydberg macrodimers and compares their properties with
other molecules. Afterward, their theoretical description is
discussed in more technical detail. The third section provides
an overview over their first experimental observations. In the
fourth section, nonadiabatic couplings between different
Born—Oppenheimer potentials are discussed. The fifth section
summarizes studies of the electronic structure of macrodimers
using quantum gas microscopy. This includes the dependence
of photoassociation rates and the response to external fields on
the molecular orientation as well as the presence of hyperfine
interactions. The last section focuses on applications of
macrodimers for quantum science and provides new
experimental data on Rydberg blockade between pairs of
macrodimers.

1.2. Classification. Rydberg macrodimers belong to the
class of purely long-range molecules (PLRM) which have been
first predicted in the 1970s.”" These are molecules where the
overlap of electronic orbitals vanishes over the full extension of
the binding potential.”* This differs from conventional deeply
bound molecules where electrons occupy hybridized orbitals
delocalized over the whole system.”’ Even for other long-ran%e
molecules such as weakly bound complexes of noble gases™* ™
where chemical bonds do not form, Feshbach molecules®’
close to the dissociation limit, or shelf states,”® orbital overlap
becomes relevant for the repulsive potential barrier at short
distances.”””” PLRM typically form at avoided crossings

between different asymptotic pair states in the large-distance
limit.”! They have been first observed at lower principal
quantum numbers in the 1990s.”>7*° As for macrodimers,
binding potentials can be calculated with high accuracy.” This
enabled precision tests between theory and experiment and led
to the observation of retardation on the binding potentials.*®

Macrodimers can be further classified as ultralong-range
Rydberg molecules (ULRM) 27 The class summarizes molecules
where the presence of Rydberg atoms leads to bond lengths
orders of magnitude larger than usually. In addition to
macrodimers, the class contains bound states between ground
state atoms and a single Rydberg atom, which were predicted
in 2000%® and observed later.”’ Here, scattering between
ground state atoms and the Rydberg electron leads to binding
at the length scale of the Rydberg wave function.*”*' The field
of ULRM has recently been extended by bound states between
a Rydberg atom and an ion.**~

1.3. Properties of Macrodimers. The micrometer-sized
bond lengths of macrodimers, as large as small bacteria or the
wavelength of visible light, are the largest among all types of
electrically neutral diatomic molecules. Compared to most
other molecules, the absence of overlapping electron orbitals
significantly simplifies calculations of the pair potentials ab
initio from atomic properties.”'” Besides the absence of explicit
electron correlations, macrodimers have key signatures of
molecules, such as vibrational and rotational degrees of
freedom or conserved quantities of the electronic state related
to the symmetries of their point group.”

Their large size originates from the large dipole moment of
Rydberg atoms, which can easily reach the kilodebye regime, as
well as the small energy separation between neighboring
Rydberg states.” Furthermore, the large polarizability of
Rydberg states provides large tunability using external fields.
The depth of the binding potentials is typically a few hundred
megahertz, while the vibrational splittings are on the order of a
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few megahertz.*” Close to the potential minimum, the binding
potentials can be usually well approximated by a harmonic
oscillator potential. The total number of vibrational modes is
similar to conventional deeply bound molecules close to the
electronic ground state. The lifetime of macrodimers is
fundamentally limited by the radiative decay of the constituent
Rydberg atoms. Because the time scale of a molecular rotation
typically exceeds the lifetime, macrodimers keep their spatial
orientation until they decay.

The symmetries of macrodimers are the same as for any
diatomic molecule.* For homonuclear macrodimer states in
the absence of external fields, the relevant point group is D,
Macrodimers are best described by Hund’s case (c), where the
molecular states are labeled by | ;/u|'20,49—51 The total
electronic angular momentum projection = A + X on the
interatomic axis R is conserved because of the symmetry of the
two-atom system. The superscript (subscript) specifies the
reflection (inversion) symmetry of the molecular state. In
contrast to many deeply bound molecules, falling in other
Hund’s cases where the binding depends critically on the
orbital angular momentum projection A, the total spin
projection X and also A are not conserved. Furthermore, the
rotational energies of macrodimers are negligibly small, and the
rotational angular momentum remains uncoupled from the
other contributing angular momenta.

2. THEORETICAL DESCRIPTION

Macrodimers were theoretically predicted in 2002." Their
binding potentials are calculated at interatomic distances R >>
R larger than the so-called Le Roy radius Ry of the atom
pair where the spatial overlap of both electron orbitals
vanishes.””> The binding occurs at distances about ten times
larger than the extension of the Rydberg orbits. The absence of
electron exchange greatly simplifies the calculations. When two
Rydberg atoms approach each other, the Hamiltonian
consisting of the two individual atoms gets perturbed by
their interaction. The interaction Hamiltonian between the
two Rydberg atoms

2
A 1 1 1
A (R) = = YR ——
4reg\ IR+ # —# IRl IR —#l
1
IR + #| (1)

contains four Coulomb interaction terms;*’ see Figure 1.
These represent the attraction between the first (second)
Rydberg electron and the positively charged second (first)
ionic core and the repulsion between both Rydberg electrons
and both ionic cores. At large distances where orbitals do not

overlap, H, (R) can be efficiently expressed in a multipole

. 20,53—56
eXpansmn
© bai
A K, Ky
Hy(R) = Y —— iy
int KtK+1
k=1 HER ()

The different multipole terms I—AIKIK2 o 77> depend on the

radial coordinate ; /, as well as spherical harmonics accounting
for the angular coordinates of the two individual Rydberg
atoms. Because Rydberg wave functions Ir;) can be calculated
with high accuracy using quantum defect theory, also the
matrix elements of the multipole expansion terms can be

evaluated with high precision. Truncating the sum in eq 2 after
accounting for sufficiently many terms and diagonalizing the
Hamiltonian for varying distances R provides the relevant
Born—Oppenheimer potentials V(R). For alkali atoms, precise
calculations can be performed using available open-source
software.”””"!

At large distances, the potentials are typically described by
van der Waals potentials V(R) = C¢/R%> In this regime,
interactions arise from the lowest-order multipole term
I:Iifi)(R) o R of eq 2 in second-order perturbation theory.
Because van der Waals coeflicients of Rydberg atoms are
extraordinarily large and the energy spacing between
neighboring Rydberg states is small, different van der Waals
potentials eventually cross at shorter distances. In the presence
of a finite coupling between the crossing potentials, the upper
part of the avoided crossing realizes a binding potential if the
gap is dominating over the vibrational energy scale. The
electronic structure of macrodimers can be expressed by
decomposing the electronic wave function corresponding the
b'inging potential into noninteracting Rydberg pair states Ir;r;)

via

¥y (R)) = 3 (R)lrr;)
j 3)
The vibrational energies are obtained by calculating the

motional eigenenergies within the binding potential. Macro-
dimer states can be expressed as

P = B (R)(R)) 4)

with ®@,(R) the vibrational states.” As discussed later, the
vibrational energies as well as the electronic structure can be
experimentally probed.

In the presence of electric or magnetic fields, the coupling
terms to the field are added to eq 2 before diagonalization. For
field components perpendicular to R, where the rotational
symmetry is broken and € not conserved, the number of
required basis states is significantly larger.

Previous studies and also this review covers homonuclear
macrodimers of alkali atoms. Recently, there is increasing
interest in Rydberg states of atoms with more than one
electron in the outer orbital, such as Sr,”"*® Yb,*”°° or Er.!
Here, Rydberg transitions depend on the coupled spin state
between the Rydberg-excited electron and the electrons in
lower orbitals. One finds different Rydberg series for the
different multiplets, whose finite coupling can be described by
multichannel quantum defect theory. This leads to a higher
density of pair potentials with richer substructure, in particular
in the presence of hyperfine interactions such as for ¥Sr® or
external fields where this coupling becomes larger.”* For these
cases, vibrationally resolved studies of macrodimers will be
helpful to test recently developed theoretical frameworks.®>%*

2.1. Scaling Laws. Many properties of Rydberg atoms can
be calculated using their characteristic dependence on the
effective principal quantum number n* = n — 8(n, L, J).*
Here, n is the principal quantum number of the Rydberg state,
L (J) the orbital (total electronic) angular momentum.
Furthermore, §(n, L, J) are the mainly L-dependent quantum
defects which are obtained from Rydberg spectroscopy. !

Similar approximate scaling laws exist for macrodimers.*”%°
Precise calculations of macrodimers again require detailed
knowledge of 6(n, L, J) because they determine the properties
of the contributing Rydberg levels. The binding energies of
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macrodimers and their vibrational frequencies typically scale as
U, (n*)3. For increasing n, the bond length R, (n*)8/3
increases faster than the separation of the Rydberg electron
from the ionic core which scales as o(n™). Assuming a rigid
rotor, the rotational energy is given by E, = hB,/(I + 1), with/
the rotational quantum number. Because of the large bond
lengths, the rotational constant B, = i/(47uR;) is typically
below a kilohertz,'” lower than the expected decay rate.
Because macrodimers are bound at a distance where electrons
do not overlap, autoionization rates are small. In many cases,
their lifetime is limited by the lifetime of the contributing
Rydberg states,”° typically a few tens of microseconds. In

addition to a radiative decay y, = o (n™)™ to the ground state,

Rydberg atoms can also be transferred to other nearby
Rydberg states by absorbing thermal photons. These black-

body transition rates decrease as y;, « (n™y%

In the presence of nonadiabatic motional couplings between
different Born—Oppenheimer potentials, the macrodimer
lifetime can be shorter, see also section 4.2. In particular for
couplings to attractive potentials, the Rydberg pairs might
eventually reach distances below the Le Roy radius where
autoionization occurs.”’ "

3. FIRST OBSERVATIONS

Because of their small binding energies and short lifetimes,
macrodimers can only be studied in isolated environments
such as in cold atomic samples prepared in vacuum chambers
and manipulated using laser beams. A first step toward the
observation of macrodimers is to measure the presence of
interactions between Rydberg atoms. Rydberg interactions
were first observed in the late 1980s as a broadening
mechanism in Rydberg spectroscopy.”' ~’® A second step is
to probe the interactions in the nonperturbative regime at
shorter distances, larger interaction shifts, and interaction-
induced mixing of the electronic structure. In 2003, researchers
observed spectroscopic signatures several gigahertz detuned
from the single-photon UV transition from the ground state Ig)
=15S,/,) to Rydberg states InP;,) for **Rb atoms trapped in a
magneto-optical trap (MOT).””**”” The frequency agreed
with the energy of asymptotic pair states I(n — 1)D, nS) which
were inaccessible by the UV laser due to dipolar selection rules.
However, dipole—dipole interactions admixed accessible
Rydberg pair states at the avoided crossing point with a
second van der Waals potential asymptotically connected to |
1Py, nP3/2).78 This observation agrees with more recent
studies’ where excitation rates into pair potentials at avoided
crossings are generally enhanced. Here, because the pair
potentials reach a local extremum, the motional-state overlap
between the initial state and the excited Rydberg pairs is larger.
Similar studies at higher spectral resolution in '**Cs also
observed avoided crossin§s originating from weaker dipole—
quadrupole interactions.”” While these experiments demon-
strated the presence of Rydberg interactions, they did not
prove the presence of molecular-bound states.

3.1. Kinetic Energy of lonized Rydberg Atoms. The
first observation of macrodimers was reported in 2009” for
'3Cs by studying two-photon resonances between excited
pairs 16P;,,, 6P;,,) and Rydberg pair states
I(n — l)D], (n + l)D])) in a MOT;* see Figure 2. The
atoms were excited into the short-lived states I6P;,,) by the
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Figure 2. Observation via time-dependent distance distribution. (a)
Ground state atom pairs were laser-excited into Rydberg pair states |
(n — 1)D;, (n + 1)D;) and detected as ions after ionization. (b) For
pair states where calculations indicated the presence of macrodimer
potentials, the kinetic energy of the ions was independent of the
waiting time between Rydberg excitation and ionization (red)—as
expected for bound objects. In the absence of a binding potential, the
energy of the ions decreases because the interactions of the Rydberg
pairs before ionization increases the distance of the created ions
(black). Figure adapted with permission from ref 2. Copyright 2009
Springer Nature.

MOT light. The Rydberg pair states were energetically isolated
and well separated from other single-atom Rydberg states. Pair
potential calculations close to the asymptotic pair-state
energies showed the presence of stable binding potentials.
The applied electric field strength*”***° and the principal
quantum number n & 65 were chosen such that the potentials
were accessible from the initial distance distribution. After
excitation, the Rydberg atoms were ionized using pulsed-field
ionization (PFI). The kinetic energy EX of the detected ions
carries information about their distance before ionization due
to their electrostatic repulsion. At the pair-state resonance, EF
was independent of the waiting time ¢,, between the excitation
and ionization, showing the absence of forces that affect the
interatomic distance. The data instead indicated the presence
of a force that stabilizes the interatomic distance—such as for a
binding potential. In contrast, tuning the laser to a dissociating
pair state, Ef decreased with t,.”®" The temporal spread of
the ion signal from where Ef was extracted also showed first
indications of an alignment of the excited Rydberg pairs.

3.2. Identification of Binding Potentials. The second
observation was reported in 2016, also for 133Cs.® This time,
pair states energetically close to the asymptotic state InP;,, (n
+1)S,,,) with n & 45 were excited in a sequential process; see
Figure 3. A first “seed” pulse excited atoms in an optical dipole
trap from the ground state 16S, ;) into I(n + 1)S;,,) on a two-
photon transition. A second pulse drove the single-photon UV
transition 16S,,,) — InP;.,) at a detuning A/(27) = U that

https://doi.org/10.1021/acs.jpca.2c08454
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Figure 3. Spectroscopic identification of individual binding potentials.
(a, b) Calculations predict binding potentials close to the pair-state
energy of the asymptotic state 144S,,, 43P;,). (c) At the
corresponding laser detunings, the excited macrodimers were detected
by their spontaneous ionization rate. Macrodimers were identified by
the unambiguous assignment of the spectroscopic signals to
theoretically predicted binding potentials. The same group also
found binding potentials at different principal quantum numbers
n.5%%% Figure adapted with permission from ref 3. Copyright 2016
American Physical Society.

compensates for the energy shift U between the asymptotic
state and the binding potential. The presence of a seed atom at
the right distance then “facilitated” the excitation of the
macrodimer state. The presence of Rydberg atoms was again
verified by detecting the ions after ionization.

Macrodimers were distinguished from single-atom Rydberg
excitations because they were found to spontaneously ionize,
without applying PFIL. The underlying process might have been
autoionization,”’* possibly triggered by nonadiabatic tran-
sitions from the macrodimer state to attractive pair
potentials,””% or by the presence of other nearby Rydberg
atoms.**™*° The detunings A at which spontaneous ionization
was observed agreed with the calculated energies U of the
minima and maxima of the pair potentials.”> Further studies
discussed different PA schemes and compared signatures
between interacting Rydberg pair states and Rydberg—ground-
state molecules which were observed under similar con-
ditions.** %%’

3.3. Vibrationally Resolved Spectroscopy. A detailed
spectroscopic study of the quantized vibrational states in 2019
for ¥Rb provided compelling evidence of vibrationally bound
macrodimer modes.* Similar to some of the first studies,”””**
macrodimers were excited in a two-photon transition
lgg) — IW34,) in the pair-state basis using UV light; see
Figure 4. The macrodimer states excited by a single-frequency
narrow-linewidth UV laser become two-photon resonant at
detunings A,/(27) = U,/2, half as large as the interaction
energy U, of the macrodimer states relative to the asymptotic
state. The initially prepared ground state atoms were arranged
in a two-dimensional optical square array where each site was
typically occupied by one atom. The diagonal distance in the

doubly excited macrodimer states. (b) The atoms (black) are
arranged in a two-dimensional square array with lattice constant ay,,
= 532 nm. This enhances the PA rates of macrodimers whose bond
length is close to the lattice diagonal direction (orange). The atoms
are prepared in the motional ground state ®¥(R;) of the traps of the
array. (c) The initial relative wave function ®%,(R) is typically
significantly broader than the narrow vibrational mode of the
macrodimers ®,(R). Figure adapted with permission from ref 4.
Copyright 2019 AAAS.

array approximately coincided with the minimum of the
binding potential. The enhanced motional-state overlap f,
increased the macrodimer signal while reducing signatures
related to Rydberg interactions at other distances. Such a study
was possible because the large macrodimer bond length R, was
comparable to the wavelength of the laser light used to create
the array. Contrary to the ion signal used in previous
experiments, excited Rydberg states were detected in a
quantum  gas microsco;ne with single-atom sensitivity and
microscopic resolution.”**” Excited macrodimers were ob-
served as atom loss because they are repelled by the light field
creating the array and because of the kinetic energy released in
their decay.”

The vibrational spectra were observed in the spectroscopic
region between the two single-photon resonances from the
ground state Ig) = IF = 2, my = 0) into the two fine-structure
states 135P,,) and 135P;3,). One of the observed spectra is
shown in Figure S. The excitation rates were strongest for the
lowest vibrational mode v = 0 and decreased for higher even v.
Coupling rates into odd vibrational states were typically weaker
and slightly increase with v. This is expected from the Franck—
Condon factor f,. For ground state atoms occupying motional
ground states D3(R;) of sites i of the array, it can be estimated
via

~ 9 g
fy ~ A q)b(R)q)rel(R) dR (5)
with @%,(R) the relative wave function of two atoms after
separating the center of mass motion. The large bond length R,
and the small width of the vibrational mode justifies a one-
dimensional treatment.

3.4. Precision Test of Rydberg Interactions. Vibrational
spectroscopy of macrodimer modes is the so far most precise
experimental test of Rydberg interactions because it provides
sharp spectroscopic signatures and probes the nonperturbative
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Figure S. Vibrationally resolved macrodimer spectroscopy in an atomic array. (a) At negative detunings, the single-photon 3SP,,, Rydberg
resonance is interaction broadened due to the presence of attractive van der Waals potentials. At positive detunings A/(2z) > 180 MHz, one
observes a series of narrow 0; macrodimer resonances excited in a two-photon process from ground-state atom pairs. For A/(27) > 370 MHz,
another binding potential becomes two-photon resonant. (b) The observed individual lines correspond to spectroscopically resolved vibrational
modes v. The observations agree with the calculated line positions for even (solid) and odd (dashed) modes v. (c) The observed resonance profile
of the lowest vibrational mode has a full width at half-maximum of 139 + 5 kHz. Figure reprinted with permission from ref 4. Copyright 2019

AAAS.

regime at short distances. In the presented studies, the
spectroscopic resolution was limited to a few hundred
kilohertz”® For alkali atoms, where quantum defects are
well-known and calculations less challenging, the vibrational
energies can be calculated at a similarly high precision;””>" see
also section 2. This requires expanding eq 2 in several
thousands of basis states while also exploiting the symmetry of
the molecular state. Furthermore, higher orders in the
multipole expansion must be included. Approaching the
experimental precision in the calculations required to consider
at least terms up to octupole—octupole interactions and other
I:Iifj)(R) o R™%. The high spectroscopic
precision will be further illustrated in the next section where
small perturbations in the potentials are discussed.

terms scaling as

4. NONADIABATIC MOTIONAL COUPLINGS

The Born—Oppenheimer approximation is one of the
cornerstones of molecular physics. However, nonadiabatic
transitions between different Born—Oppenheimer potentials,
where the approximation breaks down, also play an important
role in nature. Such nonradiative decay channels between
different potential surfaces were observed in photochemis-
try’"”> and possibly contribute to photobiological processes
such as photosynthesis.”””* They also occur in macrodimers,”
where they can be studied with a high level of control.

4.1. Higher-Order Multipole Terms. This is illustrated
by performing additional precision scans of the lower
vibrational modes of the potential discussed in Figure S; see
Figure 6. Instead of the initially expected regular harmonic
oscillator spectrum, one finds a set of broadened resonances at
irregular spacings and further unresolved substructure.” A
closer look into the calculated pair potential reveals an
additional 0; binding potential asymptotically connected to the
noninteracting pair state 132D;/,, 37P3,,) which crosses the
pair potential in the relevant frequency region. The crossing
induces an additional gap that is energetically comparable to
the vibrational energy splitting in the binding potential.

As a consequence, the interatomic motion cannot be
restricted to a single Born—Oppenheimer potential. However,
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Figure 6. Breakdown of the Born—Oppenheimer approximation. (a)
Further spectroscopy scans at different magnetic fields of the
vibrational series presented in Figure S at low vibrational quantum
numbers reveals a deviation from the coarse structure as well as an
additional unresolved substructure. For a negligible field amplitude B
0.43G, most of the observed lines are theoretically predicted
(orange lines). For B 28.6G where calculations were too
challenging, the calculated eigenenergies without accounting for the
additional gap are shown. (b) These observations originate from the
coupling between two sets of vibrational modes hosted by two
crossing pair potentials. Figure adapted with permission from ref 4.
Copyright 2019 AAAS.

the vibronic eigenstates can still be expanded in a Born—
Oppenheimer expansion%’97

o) = Z q_)j(R)lql]el(R)>'
j (6)
They are now a superposition of different electronic wave

functions [P/,(R)) with spatially dependent amplitudes @ (R).
In the limit of a single potential where the Born—Oppenheimer
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approximation holds, q)](R) are the motional states hosted by

this potential.

Because of the large density of Rydberg pair states, such
crossings between pair potentials occur frequently. The
coupling between crossing pair potentials depends on the
involved multipole term in eq 2 and can generally also depend
on external fields and their orientation relative to the

interatomic axis. Dipole—dipole interactions I:Iifi)(R) typically
induce large gaps where the motion follows the avoided
crossings at the gap adiabatically. In the case discussed here,
the coupling is induced by the dipole—quadrupole interaction

term I:Ih(:)(R). For smaller gaps induced by even high-order
multipole terms, the vibrating molecule typically does not
recognize the gap and follows the crossing diabatically.

For small magnetic fields, the observed line structure can be
calculated by accounting for the nonadiabatic motional
couplings. To first-order, both 0; potentials and the gap are
insensitive to B. At higher fields, the vibrational energies
experience a small second-order shift. This affects the vibronic
structure in the combined potential because it depends on the
exact location of the crossing relative to the potential
minimum.

4.2. Magnetic Field Induced Predissociation. Exper-
imental signatures related to a breakdown of the Born—
Oppenheimer approximation depend on the binding or
nonbinding character of the potentials involved. So-called
predissociation emerges when bound vibrational modes are
coupled to a continuum of unbound states that reduce their
lifetime below the radiative lifetime of both contributing
Rydberg states.”

This paragraph discusses macrodimer predissociation
controlled by magnetic fields."” A vibrational spectrum of 0}
macrodimers in the vicinity of a crossing repulsive 1, potential
is shown in Figure 7. In the absence of external field
components perpendicular to the interatomic axis R, both
potentials are uncoupled because the angular momentum
projection Q is conserved. However, if a field breaks the
cylindrical symmetry of the molecule, a coupling becomes
possible. In contrast to the discussion of Figure 6, the gap now
strongly depends on the field amplitude. The coupling to the
motional continuum and the reduced lifetime of the macro-
dimer states leads to a broadening of some of the vibrational
levels. Similar effects have been observed for more deeply
bound molecules.”””'"" At very high magnetic fields, the
broadening disappears. Now, the vibrational motion follows
the avoided crossing adiabatically.

5. ELECTRONIC STRUCTURE TOMOGRAPHY

The vibrational spectra not only contain information about the
binding energies but also about the electronic quantum
numbers [Ql,,*. Dependent on the angular momentum
projection of the hyperfine ground state, some molecular
potentials can be coupled while others remain uncoupled.”"’
An even more detailed study of the electronic structure
becomes possible using the spatial arrangement introduced in
Figure 4. The relative orientation of all atom pairs is well-
defined. The wave function of the relative orientation can be
expanded into spherical harmonics ly; ) = Y, ¢, \fm), with
coeflicients ¢;,, that depend on the individual traps in the array.
As discussed in section 2.1, the rotational states are effectively
degenerate. Because the couplings to rotational states from the
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Figure 7. Potential engineering and controlled predissociation. (a) At
zero field, the observed spectrum agrees with the calculated
vibrational energies in the 0, potential (gray lines). (b) A finite
magnetic field B pointing out of the atomic plane is perpendicular to
the interatomic axis of all atom pairs. This orthogonal configuration
induces a coupling between the bound vibrational modes in the 0
potential (dark gray) and the continuum modes hosted by a crossing
repulsive 1, potential (light gray) that is proportional to B. The
combined potential can be calculated using degenerate perturbation
theory (orange). (c) For B = 4.5 G, the coupling to the 1, potential
broadens some of the vibrational lines. For even stronger B = 12 G,
the broadening vanishes. Now, the observed larger vibrational spacing
(orange) indicates an adiabatic motion in the combined potential
where both pair potentials 0, and 1, are mixed. Figure reprinted with
permission from ref 19. Copyright 2021 American Physical Society.

ground state are proportional to the amplitudes c;,,, the excited
macrodimers will be in a superposition of rotational states that
preserves the orientation. The interatomic axis which serves as
a quantization axis for the electronic structure is therefore
aligned in the laboratory frame.

Furthermore, because of their large distance, the photo-
associated atoms can be microscopically resolved.”'? This has
been realized using the site-resolved fluorescence imaging of
the quantum gas microscope mentioned in section 3.3. An
exemplary image and the reconstructed atom occupations are
shown in Figure 8a. The microscopically resolved excitation
rates can be quantified by evaluating correlations

G(glz{) = (<;A1R'+5RQR'> - <;AIR'+5R><}A1R'>)R'
(((f’R'+5R - <2R'+5R>)(f’1{' - <f’R'>)>)R' (7)

between empty sites at distance OR in the reconstructed
images. Here, () denotes averaging over all sites R’ of the
array and (e) averaging over experimental realizations. The

projector hip provides 1 (0) for an empty (occupied) site at
position R’.

5.1. Identifying Molecular Symmetries. This combina-
tion of molecular alignment and microscopic access enables PA
studies, where the molecular orientation relative to external
fields, the light polarization, and the initial atomic state are
fully controlled. This paragraph discusses the dependence of
PA on the angle J between an applied field B and the
interatomic axis R. If the initially unbound atoms have a well-
defined angular momentum projection relative to B, the
Clebsch—Gordan coefficients contributing to the optical
coupling provide characteristic dependencies for different
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Figure 8. Photoassociation in the molecular frame of reference. (a) An exemplary image of the two-dimensional atomic array after a
photoassociation (PA) pulse. PA can be microscopically resolved by observing correlated atom loss at the lattice diagonal distance, close to the
macrodimer bond length. Figure reprinted with permission from ref 4. Copyright 2019 AAAS. (b) Two correlation signals GSY recorded after
exciting ground state atom pairs |F = 2, mp = —2) into the lowest vibrational mode of a binding potential observed blue detuned from the 36P, ,
resonance for two magnetic field orientations. As expected, G¥ peaks at the distances (1, il?alat. Furthermore, PA rates of molecules oriented
parallel to an applied magnetic field B vanish. (c) The dependence of Gg?ll with RLe and G, with R||e for initial states 2, —2) (red), 12, —1)
(orange), and 12, 0) (blue) on the angle  between B and R is characteristic for 0, potentials. The solid lines represent the theoretical expectation,
the overall signal strength was left as a fit parameter. Parts b and c reprinted with permission from ref 19. Copyright 2021 American Physical

Society.
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observed blue-detuned from the UV transition Ig) — [36P, ;)
in Rb."” The laser was resonant with the lowest vibrational
mode. After photoassociating a few molecules from the atoms
prepared in the hyperfine ground state |F = 2, my = —2), the
remaining atoms in the array were imaged. Two exemplary
correlations for two orthogonal orientations of the magnetic
field B are shown in Figure 8b. In both cases, the molecular
signal reveals an alignment perpendicular to B. A more
rigorous measurement of the PA rate for a varying angle
shows different functional dependencies for initial states |F,
mp). The characteristic curves follow the theoretical expect-
ations for 0 potentials—assuming the excitation of *’Rb pairs
using the scheme introduced in Figure 4a. For other potentials
Q;).» other characteristic curves are expected.

The observations presented in Figure 8 also indicate sligthly
stronger excitation rates for light polarizations € LR compared
to €||R. This is in agreement with the calculated two-photon
excitation rates accounting for the contributing pair states in eq
3 for this specific 0; potential.

5.2. Response to Magnetic Fields. Microscopic
detection via correlation measurements furthermore enables
studying macrodimers by their response to external fields. For
atoms, different angular momentum projections typically split
in the presence of an external field, which then acts as an
external quantization axis. For molecules, however, the
interatomic binding provides an internal quantization axis.
The response of the electronic wave function to external fields
now depends on its orientation relative to the field. This has
been studied for a 1, molecular potential which was again
located blue-detuned from the Ig) — 136P; /,) resonance."” In
contrast to molecular potentials with Q = 0, one finds two pair
potentials £ = +1 that are degenerate at zero field, see Figure
9 (a). Applying a magnetic field along one diagonal direction of
the array shows a splitting of the vibrational resonances into
three lines, see Figure 9b. The recorded correlation signals
reveal that molecules excited at the two outer resonances are
oriented parallel to B while molecules at the central unshifted
line are oriented perpendicular. This agrees with a calculation

molecular states QI This was studied at a 0; potential
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Figure 9. Macrodimer Zeeman and hyperfine interaction. (a) At zero
field, the vibrational spectrum of the 1, binding potential agrees with
the calculation (gray lines). (b) High-resolution spectroscopy of the
lowest vibrational line for a magnetic field B = 1.0 G along one of the
diagonal directions reveals a splitting into three lines. The recorded
correlation signals reveal an molecular alignment R||B at the outer
resonances and RLB at the central resonance. Scans for different
initial states |F = 2, m = 0) (blue), 12, —1) (orange) and 12, —2) (red)
and light polarizations €||B and 1B show a small but significant
deviation from the calculated splitting accounting only for the
electronic macrodimer structure (vertical gray lines). After including
also the hyperfine interactions of the pair potentials, the observations
can be explained (colored bars). The bar height indicates the
calculated relative strength of the lines. Figure reprinted with
permission from ref 19. Copyright 2021 American Physical Society.
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in first-order perturbation theory which predicts an energy shift
between € = +1 proportional to the field component parallel
to R

This observation again relies on the alignment of the ground
state atoms and the excited macrodimers, provided by the
lattice: For randomly oriented macrodimers, one would
observe a broadening instead of a line-splitting. Both cases
differ from the Zeeman splitting of conventional molecules
occupying a low and well-defined rotational state. Here, one
again observes a set of quantized Zeeman lines because of the
limited amount of projections of the contributing coupled
angular momenta on the magnetic field axis.'”*~'%°

Measuring the line splittings for R||B from the nonshifted
central reference line with RLB also enables a more
quantitative analysis. The calculated splitting obtained in
first-order perturbation theory using the electronic wave
function eq 3 provides reasonable agreement with the
experiments. The remaining deviation depends on the initial
hyperfine state IF = 2, my) as well as the light polarization,
which is a striking indication of hyperfine interactions in the
Rydberg manifold. Extending the calculation by the hyperfine
interaction of the Rydberg pair states contributing to the
macrodimer state explained the observations, showing once
more the relevance of macrodimer spectroscopy for bench-
marking Rydberg pair potentials. As expected, studies at lower
principal quantum numbers n revealed an even stronger
contribution of the hyperfine interaction.'””’

The line strengths of the outer resonances with R||B can be
explained by the Clebsch—Gordan coefficients contributing to
the PA, which are larger for a light polarization perpendicular
to the interatomic axis £ LR compared to €||R. The coupling of
angular momentum states also correctly predicts the
asymmetry between both outer lines for ground states my # 0.

5.3. Spatially Varying Electronic Structure. As for any
molecule, the electronic structure of macrodimers depends on
the interatomic distance R because the admixtures cy(R) of
noninteracting pair states in eq 3 mediated by the interaction
Hamiltonian depend on R. Within the Born—Oppenheimer
framework, this means that the electronic wave function
depends parametrically on R.”® For the potential introduced in
Figure 1, the electronic wave function is periodically
transferred from |d@) to |f3) during the vibrational motion.

Because the previous discussion focused on the lowest and
spatially narrow vibrational levels v = 0 of different binding
potentials, this effect has been neglected so far. More generally,
the distance-dependent electronic state decomposition has
implications for the photoassication process. Comparing the
correlation signals G, 2 at different vibrational modes v of the
spectrum presented in Figure S provides an illustrative
example, see Figure 10. The polarization € of the excitation
light was pointing along one lattice diagonal direction of the
array. The signal shows that the alignment of the excited
molecules was predominantly R||e at even modes v, while it
was mainly Rle at odd v. Because the electronic
decomposition barely changes for different modes ®,(R),
this dependence on the vibrational state contradicts the picture
of a single Franck—Condon integral contributing as an overall
prefactor to the electronic coupling.

= Q&fg + Q/;f/i from the

ground state is a sum of two mixed contributions. The

Instead, the coupling rate Q

v

electronic coupling terms Q; and Q j mediated by the light

a

field are weighted by independent spatial integrals
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Figure 10. Molecular alignment via vibrational states. (a) The
correlation signal at the different vibratonal resonances discussed in
Figure S shows stronger PA rates for R|le (RLe) for even (odd) v.
This can be explained by accounting for the parametric R-dependence
of the electronic structure. The orientation of the excited molecules
can also be seen in the individual images. (b) Rotating the light
polarization & out of the atomic plane, the excitation rate becomes
symmetric along both directions. Figure reprinted with permission
from ref 4. Copyright 2019 AAAS.

rel

L= fR ®*(R)c,(R)®%,(R)dR and f/} At the sharp avoided
crossing, the coefficients ¢;(R) and ¢3(R) of the electronic
wave function ['¥;(R)) = ¢z (R)la) + c/;(R)lﬁ) rapidly change
from the left to the right side of the potential, as indicated by

the colorcode of the 0; potential in Figure 1. Here, for a broad
motional ground state ®%,(R), the relative sign of f, and f/?

equals the parity of the vibrational mode v. Achieving
constructive interference between both terms contributing to

the coupling furthermore depends on the relative sign of Q.
and Q 5 which turns out to be identical (opposite) for R|e

(RLe). Rotating the polarization out of the plane, the system
becomes symmetric in the plane. Now, both molecular
orientations were excited at identical rates. For the measure-
ments described in this paragraph, the magnetic field was
pointing out of the plane and was irrelevant for the experiment.
The additional avoided crossing in the same binding potential
discussed in Figure 6 and the related nonadiabatic motional
couplings also had no relevant effect.

6. A RESOURCE FOR QUANTUM SCIENCE

During the past decade, Rydberg interactions triggered a
variety of applications in quantum science. These include the
realization of long-range interacting many-body Hamilto-
nians,lo‘s_“O quantum gates for quantum com}l)utation,ul_115
as well as strong photon—photon interactions.''~"'? Because
macrodimers consist of Rydberg atoms, similar phenomena are
expected to be present for macrodimers.

One example is Rydberg dressing where long-range
interactions between ground state atoms are realized by off-
resonantly coupling to Rydberg states using laser light.'”*~"**
Similar schemes have recently been realized by off-resonantly
coupling to macrodimer binding potentials,'*>'*® see Figure
11. The admixed interactions inherit the orientation dependent
coupling rates discussed in section 5. Compared to the
excitation scheme presented in Figure 4, a new scheme using a
phase-modulated UV laser provided smaller and tunable
intermediate state detunings. In contrast to conventional
dressing schemes where interactions are present over a large
distance regime, the interactions are now only present within a
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Figure 11. Distance-selective interactions using macrodimers. (a)
Macrodimer excitation using one modulated sideband photon (light
blue) and one carrier photon (purple) provides tunable intermediate
state detunings Ato singly excited intermediate states Ige) and leg)
with Ig) = IF = 2, mF = —2) and le) = 136P, ,, m; = +'/,). For the
chosen initial state |g) and a 6" polarized excitation field, the coupling
rates into the 1, macrodimers presented in Figure 9 reach a maximum
for orientations Ry parallel to B, while R, is suppressed. Strong
dressed interactions are realized for small intermediate state detunings
Aand two-photon detunings §, to macrodimer states |¥},). (b)
Time-dependent correlations for SR = R; observed in a Ramsey
sequence (red data points). For increasing dressing time t,, the
interactions induce correlated spin flips between spin pairs at the
lattice diagonal distance which is close to the binding potential
minimum. The solid red line represents a fit from where the
experimental spin coupling was extracted, the red shaded area
indicates the theoretical expectation. The gray area shows the
background signal between spin pairs that are not coupled to
molecular states. Two exemplary images from the quantum gas
microscope are included. Figure reprinted with permission from ref
125. Copyright 2022 American Physical Society.

narrow distance window where the Franck—Condon overlaps
with the vibrational macrodimer modes are non-negligible.
This dependence on the motional state overlap also requires
controlling the motional state of the ground state. In future
studies in optical tweezer arrays''* where evaporative cooling

techniques cannot be applied, this can be achieved by using
Raman sideband cooling.'**

Another example is Rydberg blockade, where multiple
Rydberg excitations within a volume where interaction shifts
are larger than the optical coupling rate from the ground state
are suppressed. This has been tested using similar experimental
conditions as in Figure 11 where coupling rates reach a
maximum for orientations Ry = (1, —=1) ay,.. Now, however, the
laser was two-photon resonant to the lowest vibrational mode
v = 0 where §, = 0. At the chosen parameters, macrodimers
were excited faster than the motional time scale on which they
leave their position or their expected lifetime 7, ~ 20 us.” We
therefore recorded 21 095 images after illuminating the initial
atomic array for t,, = 2 us. During this time we excited roughly
1.5 macrodimers in a region of interest of 11 X 11 sites. The
macrodimer—macrodimer blockade signal can be observed by
evaluating the connected four-hole correlation function

127,128

g(4) _ (ER' - <ER'2)(E1§+RH - <ﬁR'+RH>)
oR (hR'><hR'+RH>

(ER'+5R - <ER'+5R>)(}A’R'+RH+5R - <;A'R'+RH+5R>)

<hR'+5R><hR'+RH+5R> R

(8)
with conventions being identical as in eq 7. Besides the
normalization by the overall hole densities, gg‘}{) is the natural
extension of eq 7 from two to four holes. In order to probe the
correlations between macrodimer pairs, two of the three
distances between the four holes were fixed to Ry and only 6R
was varied. The observed ggz) signal presented in Figure 12
shows a suppression of simultaneously excited macrodimers at
distances below a blockade radius r, ~ 3.5a,. This is
comparable to the conventional Rydberg blockade at similar
principal quantum numbers. A quantitative prediction will
require to account for three- and four-atom Rydberg
interactions affecting both macrodimers. Furthermore, the
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Figure 12. Evidence of a macrodimer blockade. (a) Pairs of ground state atoms are resonantly excited to macrodimer states [¥5, ;) with v = 0. The
initial state, the magnetic field orientation, the light polarization, and the binding potential were identical with Figure 11. The intermediate state
detuning was set to A/(27) = 3.6(1)MHz using again a sideband modulated to the UV laser. Additional Rydberg interactions Ué;‘{)), with n the
number of participating Rydberg states, are expected to suppress the excitation of both pairs at close distances. (b) Two excited macrodimers create
two pairs of empty sites in the initially unity-filled array. Their relative distance distribution can be probed via the four-hole correlator gg‘,?, with R
the distance between both hole pairs. (c) As expected, the recorded gé‘,? signal shows a reduction of the excitation rate at close distances. The signal
was excluded at distances where both pairs share one or two array sites (gray). Surprisingly, the signal also shows correlated events of four empty
sites aligned to the lattice diagonal direction Ry where the macrodimers are excited. (d) Individual images also indicate the presence of such a loss
process. The underlying mechanism will be discussed in another publication, which is currently in preparation.
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intermediate state experiences interactions involving two and three'”*™"*" and four'"” atoms as well as Rydberg

three Rydberg states. At large distances where the additional
interactions only weakly shift the energy of both macrodimers,
the interaction might be calculated perturbatively. At short
distances, a full diagonalization of all Rydberg interactions will
be required.

Studying macrodimer blockade at higher macrodimer
density might allow for the observation of ordered structures
of several macrodimers, similar to those observed for Rydberg
atoms."*® This will be particularly interesting in a configuration
where macrodimers are excited at various orientations, also,
because their interaction will depend on their relative
orientation. The Rabi frequencies exciting macrodimers in
the blockaded regime are expected to be collectively
enhanced'” but the observation of Rabi oscillations might
be challenging because deexciting macrodimers can populate
other motional states than the one initially populated by the
electronic ground state. Solving these challenges, in principle,
also enables the realization of four-qubit gates using similar
schemes as realized for Rydberg atoms.'''**'*" This requires
replacing the couplings between two qubits and Rydberg states
with couplings between two pairs of qubits and macrodimers.

The blockade data set presented in Figure 12¢ shows also
enhanced losses of atoms aligned along the same lattice
diagonal direction where macrodimers are excited. We
attribute this loss to the delocalization of macrodimers which
are lost afterward. A detailed study supporting this hypothesis
goes beyond the scope of this manuscript and will be discussed
in a future publication.

Macrodimers might also enable other applications that are
qualitatively different from the capabilities of single-atom
Rydberg excitations. Macrodimer excitation creates atom pairs
whose motional relative wave function is more narrow than in
typical optical traps. It also realizes a distance-selective pair loss
which might be capable of engineering novel dissipative many-
body systems in optical lattices.”'**"** Furthermore, macro-
dimers can be used to entangle distant nuclear spins.”'” The
formalism describing macrodimer excitation'””® also enables
one to estimate the significance of steep potentials at close
distances for quantum simulations and computations.'**

7. CONCLUSION AND OUTLOOK

Macrodimers are weakly bound micrometer-sized diatomic
molecules consisting of highly excited atoms.'™> Their main
conceptual difference from conventional molecules is the
absence of overlapping electron orbitals as well as the small
rotational splittings, which remains unresolved over their
radiative lifetime. Their large size and their comparatively
simple theoretical description enable microscopically resolved
studies of molecules that can be fully described using the
language of atomic physics. Their vibrational spectra provide
the so far most stringent tests of Rydberg interactions and even
reveal small perturbations—such as nonadiabatic motional
couplings between different Born—Oppenheimer potentials or
the hyperfine interaction of the Rydberg pair potentials.”"”
Future studies for non-alkali atoms with more complicated
interactions might become valuable to verify theoretical
models. Also, shapinﬁg macrodimer binding potentials by
microwave fields'*"*® or by placing atom pairs close to
conducting surfaces might be possible."”” Furthermore,
Rydberg interaction potentials can also be extended to larger
atom numbers. In addition to the discussed interaction
between pairs of macrodimers, also Forster resonances of

aggregates' "' 7'*7 have already been observed. Finally, the
existence of macrotrimers'**'**—bound states of three
Rydberg atoms—is predicted.
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