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Precise control and study of molecules is challenging due to the variety of internal degrees of freedom and local
coordinates that are typically not controlled in an experiment. Employing quantum gas microscopy to position
and resolve the atoms in Rydberg macrodimer states solves most of these challenges and enables unique access
to the molecular frame. Here, we demonstrate this approach and present photoassociation studies in which the
molecular orientation relative to an applied magnetic field, the polarization of the excitation light, and the initial
atomic state are fully controlled. The observed dependencies allow for an electronic structure tomography of
the molecular state. We additionally observe an orientation-dependent Zeeman shift, and we reveal a significant
influence on it caused by the hyperfine interaction of the macrodimer state. Finally, we demonstrate control
over the electrostatic binding potential by engineering a gap between two crossing pair potentials. Our results
establish macrodimers as the most sensitive tool to benchmark Rydberg interaction potentials, and they open
new perspectives for improving Rydberg dressing schemes.
DOI: 10.1103/PhysRevResearch.3.013252
I. INTRODUCTION

Quantum simulations based on highly excited Rydberg
atoms provide an avenue to understand novel quantum phenomena in and out of equilibrium [1–3]. Precise quantum
simulations in tightly packed systems [4] with Rydberg atoms
require full knowledge of their electrostatic interaction potentials [5,6]. Rydberg macrodimers—bound states hosted
by the interaction potentials [7–9]—provide their most stringent experimental tests and enable a study of molecules
at unprecedented control [10]. So far, experiments at ultracold temperatures [11–13] have fostered our understanding of
molecular physics in a series of experiments, ranging from
the coherent preparation of rovibrational states [14,15] and
the controlled photodissociation into continuum states [16]
up to the study of ultracold chemical reactions [17–19]. In
these experiments, the quantum uncertainty of the rotational
state forbids a fixed orientation of the molecular axis in the
laboratory frame [20]. Such an alignment can be achieved
with strong fields [21–24] and enables access to the molecular
frame of reference. It is a prerequisite for probing the electronic wave function of the molecule since the molecular axis
acts as its quantization axis. The large size and small rotational
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splittings of macrodimers [25–28] provide an alternative route
to the molecular frame by photoassociation (PA) of atom pairs
optically trapped in the laboratory frame and held at a distance
matching the bond length by individual optical traps [10].
Furthermore, the small binding energies allow us to engineer
and shape the molecular potentials already by weak external
fields [29].
Macrodimers are bound states in local minima of Rydberg
interaction potentials [5]. They are described by electronic


quantum numbers ||±
g/u , with  = mJ1 + mJ2 the total electronic angular momentum projection of both bound atoms
along the interatomic axis, and the superscript (subscript) denoting the reflection (inversion) symmetry [5,30]. Due to the
large polarizability of Rydberg atoms, these molecules feature
bond lengths up to the micrometer scale, typically exceeding
the extension of the Rydberg wave function by an order of
magnitude [31]. The absence of overlapping orbitals classifies
them as pure long-range molecules [11,32,33] and significantly simplifies the calculation of binding
 potentials and
molecular wave functions |mol ; ±

=
i, j ci j |ri r j  from
g/u
ab initio principles. Knowledge of the decomposition into
asymptotic Rydberg pair states |ri r j  enables precise calculations of PA rates [25] and a response to external fields. Due to
the symmetry of generic diatomic molecules [5], both depend
on the orientation of the molecule. The PA from aligned pairs
of unbound atoms to these large aligned molecules allows
one to measure these dependencies, which are characteristic for different molecular states. Resolving them realizes
an electronic structure tomography of the molecule because
they expose the underlying molecular quantum numbers, as
summarized in Fig. 1(a).
Published by the American Physical Society
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FIG. 1. Overview of the experiment. (a) The photoassociation (PA) rate to molecular potentials ||±
g/u depends characteristically on the
angle β between molecular axis and magnetic field, the initial state |F = 2, mF , and the circular polarization angle ϕ of the polarization ε
of the PA laser. For || = 0, the vibrational resonances experience a Zeeman splitting proportional to the magnetic field projection on the
molecular axis. (b) Blue-detuned from the atomic 36P1/2 transition, we find 0u− , 0g+ , and 1u molecular potentials. (c) Starting with a near-unity
filled two-dimensional atom array, we excite pairs of ground-state atoms at a lattice-diagonal distance into molecular macrodimer states that
leave the system afterward. The polarization ε and the magnetic field are tunable. The bond lengths studied here roughly match the diagonal
distance of the array. The reconstructed images contain a correlation signal at separation vectors R = (1, ±1)alat perpendicular (parallel) to
the k-vector of the PA laser, each corresponding to a certain orientation relative to B and ε.

Here, we combined such spatially resolved PA studies with
precision spectroscopy, and we reveal the characteristic fingerprints of molecular quantum states. The observed PA rates
depend on the angle β between the initial quantization axis of
the atoms, given by the magnetic field B, and the reference
frame of the associated molecule, defined by the interatomic
axis R. Additionally, we observed a first-order Zeeman interaction of the interaction potentials with a magnetic field
aligned with R, which is absent for a purely transverse field.
Finally, using the transverse field, we shaped the binding
potentials by breaking the symmetry of the molecule and
coupling two crossing pair potentials with a tunable coupling
strength, which modifies the binding potential and leads to
controlled predissociation [34].

macrodimer state. The UV polarization, the magnetic field
amplitude, and its direction relative to the lattice remain tuning parameters; see Fig. 1(c). Because the Rydberg atoms
are efficiently ejected from the optical lattice [3,10], molecular√excitation leads to correlated atom loss at a distance
of 2alat , which can be revealed microscopically by imaging the remaining atoms with our high-resolution objective
[35,37]. We quantified the photoassociation rate by evaluating ensemble-averaged hole-hole correlations g(2) (δx, δy) =
(ĥk+δx,l+δy ĥk,l  − ĥk+δx,l+δy ĥk,l )k,l . Here, ĥk,l = 1 − n̂k,l
is the hole operator at site (k, l ), n̂k,l is the atom number
operator, which is 1 (0) for an occupied (empty) site, and ( )k,l
denotes averaging over all sites.
III. COMPETING REFERENCE FRAMES

II. EXPERIMENTAL SETUP

Our experiments started with a two-dimensional atomic
Mott insulator of 87 Rb atoms loaded into a square optical
lattice, with lattice constant alat = 532 nm and near-unity
filling of 94(1)% [35]. The molecular potentials studied here
are shifted by the interaction energy U relative to the asymptotic state |36P1/2 36P1/2 ; see Fig. 1(b). The two-photon PA
of pairs of ground-state atoms |gg (with |g the specific
ground state of the sample) to molecular states |mol ; ±
g/u 
leads to resonances at laser detunings /2π = U/2h relative to the 36P1/2 transition. The excitation was driven by
an ultraviolet (UV) laser at λ = 298 nm sent along the diagonal of the lattice [10]. The molecular bond length close
to the diagonal distance of the lattice and the strong confinement provide
significant Franck-Condon overlap at a
√
distance of 2alat . The spatial ordering of the ground-state
atoms on the lattice ensures the alignment of the associated
molecules along the two possible diagonal directions. A subsequent dephasing of the contributing rotational modes can
be neglected due to the rotational constant Brot ≈ 200 Hz
[36], which is smaller than the radiative decay rate of the

In a first experiment, we characterized the 0u− potential
shifted by 1.84 GHz relative to the reference asymptote; see
Fig. 1(b). The spectroscopic signal in the total atom number is
similar for all ground states within the F = 2 hyperfine manifold, as explicitly shown for mF = −2 and 0 in Fig. 2(a). As
expected from Franck-Condon factors, we generally observe
that PA rates are maximal for the lowest vibrational quantum
number ν, and they are higher for even compared to odd ν
[10]. Our microscopic resolution, however, is expected to reveal differences in the alignment of the associated molecules,
also dependent on the magnetic field orientation. To show
this, we first prepared ground-state atoms in |mF = −2 =
|mJ = −1/2 ⊗ |mI = −3/2, with mJ and mI the electronic
and nuclear spin projection on the magnetic field. Then, we
illuminated the atoms with UV light, linearly polarized in the
atomic plane and on resonance with the lowest vibrational
macrodimer state, until about three molecules were excited.
By adding a finite magnetic field of B = 1 G aligned along
either of the lattice diagonals, we observe that photoassociation only occurs perpendicular to the magnetic field, as shown
in Fig. 2(b). This is a direct consequence of the interplay
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FIG. 2. Microscopic excitation signatures for 0u− molecules. (a) The spectroscopic photoassociation signal can be observed starting from
|mF = −2 (red) and |mF = 0 (blue), and it matches the calculated energies for even (odd) vibrational quantum numbers ν, indicated by
solid (dashed) gray lines. (b) Comparing the hole-hole correlations g(2) (δx, δy) starting from |mF = −2 for two orthogonal magnetic field
orientations, we observe that excitation only occurs for atom pairs oriented perpendicular to the magnetic field. For both cases, we show two
exemplary images from the quantum gas microscope from which the correlation strengths are derived. (c) Rotating the orientation of the
magnetic field, we find excitation curves characteristic for 0u− , which depend on the initial state and the polarization ε. As shown in (b), ε was
parallel (perpendicular) to R for g(2) (1, ±1). Solid lines are theoretically expected angular dependencies, where the overall amplitude was left
as a fitting parameter. All error bars on the data points denote one standard error of the mean, and gray circles indicate an expected background
correlation signal.

between the different quantization axes of the ground-state
atoms and the molecule. Due to the small hyperfine interaction of Rydberg atoms, only the summed fine-structure state
|MJ  in the ground state |mF = −2 ⊗ |mF = −2 = |MJ =
−1 ⊗ |MI = −3 takes part in the coupling, while the nuclear
part |MI  does not contribute. Characterizing the excitation in
the molecular frame, the UV light is π -polarized for ε R
[i.e., g(2) (1, 1)] and a superposition of σ ± -components for
ε ⊥ R [i.e., g(2) (1, −1)]. In both cases, dipole selection rules
do not allow a transition from MJ = −1 to  = 0 by the
absorption of two photons. However, for a finite angle β
between R and B, the initial state has to be rotated into the
molecular frame, which changes its electronic decomposition
and enables molecular excitation.
In a more detailed study, we varied the relative angle β between the atom pairs and the magnetic field in five steps from
0◦ to 90◦ . We then quantified the PA signal by the observed
hole-hole correlations along both diagonals for different initial
states, as shown in Fig. 2(c). In agreement with our findings
of the previous paragraph and Fig. 1(a), PA rates starting from
|mF = −2 vanish for β = 0 and are maximal for β = 90◦ .
Starting from |mF = −1, we find a strikingly different βdependence, again consistent with the calculation. For |mF =
0, the photoassociation does not depend on β any longer. The
observed angular distributions are characteristic for 0u− potentials and can be attributed to the angular-dependent electronic
decomposition of the ground state in the molecular frame;
see Appendix A. They provide additional information not
available in the simple spectroscopic data, and they allow us to
identify the symmetry of the underlying molecular potential.
Furthermore, we found that the PA rates in Fig. 2(c) for ε R
reach only 83% of the value for ε ⊥ R. This is close to the
theoretical value of 87% for this specific 0u− potential; see
Table I. A similar measurement for a previously studied 0g+
potential [10] reveals that the excitation in this case is not

possible from |mF = −2, independent of the angle β (see
Appendix A).

IV. ZEEMAN AND HYPERFINE INTERACTION

In addition to the strong orientation-dependent coupling
rates, molecular states with || = 0 are expected to also energetically split in the presence of a magnetic field. At zero field,
the calculated resonance positions for the 1u potential located
735 MHz above the reference asymptote [see Fig. 1(b)] agree
with the measured results; see Fig. 3(a). In this configuration,
both possible molecular orientations |mol ; ±1u  are degenerate. Measurements at a finite magnetic field B = 2.0 G
applied along the lattice diagonal perpendicular to the UV
propagation direction, with initial states mF = −2, −1, 0 and
an excitation light field oscillating perpendicular and parallel to the atomic plane, are shown in Figs. 3(b) and 3(c).
In contrast to Fig. 1(a), the two possible orientations of the
molecules lead to a splitting of the vibrational resonances
into three instead of two lines. While the two outer lines
|mol ; ±1u  correspond to β = 0, molecules |mol ; ±1u ⊥
created at the central unshifted resonance are aligned perpendicular to B with β = 90◦ . This is supported by calculations
including the interaction of the molecular state with the magnetic field, which predicts a first-order Zeeman shift only
for the molecules aligned with the magnetic field. The observed PA rates for different polarizations and initial states can
again be predicted by the molecular state decomposition and
the contributing Clebsch-Gordan coefficients. As expected,
we find that both states |mol ; ±1u  are generally coupled
more strongly for σ ± -polarization compared to π -polarization
[compare Figs. 3(b) and 3(c)]. In agreement with Fig. 1(a), the
state |mol ; +1u  in Fig. 3(c) with  = +1 cannot be coupled
with π -polarized light from |mF = −2 atoms because the
dipole matrix elements starting from |MJ = −1 vanish.
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FIG. 3. Excitation signatures for 1u molecules. (a) At zero
magnetic field, we find a series of narrow vibrational resonances
matching the theoretical energies (gray). (b,c) Measurements for
a finite magnetic field and a light field oscillating perpendicular
and parallel to the atomic plane reveal a splitting of the lines. The
outer resonances correspond to a molecular alignment R B, and
the central one corresponds to R ⊥ B, as shown in the recorded
correlation signals. The difference between the data and a calculation
only based on the electronic state decomposition (gray solid line) can
be explained by the hyperfine interaction (colored bars). The height
of the bars indicates the calculated relative excitation rates, which
are also in agreement with the observations. All error bars on the
data points denote one standard error of the mean.

Interestingly, the calculated splitting shows a small but
significant deviation from the measurements, which depends
on the initial state and the UV polarization. For |mF = 0 as
a starting state, we observe an asymmetric splitting, while the
splitting for |mF = −2 is symmetric but overestimated by the
theory. Both signatures are even more pronounced for a 1u potential at lower principal quantum numbers; see Appendix B.
Extending the theory to include the hyperfine interaction of
the contributing asymptotic Rydberg pair states |ri r j , we are
able to also account for the remaining deviation. This is an
observation of hyperfine interactions in Rydberg interaction
potentials enabled by our high spectroscopic resolution and
the narrow vibrational resonances of Rydberg macrodimers.
The additional observation that the central |mol ; ±1u ⊥ resonance is broader than the Zeeman split resonances is a
consequence of the two competing reference frames. Rotating
the initial states by β = 90◦ into the molecular frame, we
find a large contribution of different nuclear spin orientations,
which are all split by the hyperfine interaction.

FIG. 4. Potential engineering and controlled predissociation.
(a) At zero field, the calculated eigenmodes (gray lines) within the
0u− potential match the observations. (b) A magnetic field perpendicular to the molecular axis couples the 0u− potential (dark gray) to a
crossing 1u potential (light gray), forming a new combined binding
potential (here shown for B = 25 G in orange). (c) At 4.5 G, the
vibrational resonances at certain frequencies above the crossing are
significantly broadened. At 12 G, we again find a clean spectrum that
coincides with the newly engineered potential. Gray (orange) lines
represent the calculated eigenmodes in the isolated 0u− (combined)
potential. Due to an overall energy shift, both sets of eigenmodes
were manually overlapped with the lowest line of the spectrum. All
error bars on the data points denote one standard error of the mean.

V. POTENTIAL SHAPING AND PREDISSOCIATION

In a final experiment, we show how the small binding energies of macrodimers enable control over molecular binding
potentials and the internuclear wave function. For this purpose, we focus on a 0u− potential in the vicinity of a crossing
repulsive 1u potential, shown in the upper part of Fig. 1(b).
A spectroscopy of the vibrational modes in the 0u− potential at zero field is presented in Fig. 4(a). A magnetic field
B R shifts both states within the 1u potential, but the system
still obeys the rotational symmetry of the molecule, leaving
both potentials uncoupled. This changes for a finite transverse
magnetic field B ⊥ R where the symmetry is broken and 
is not conserved anymore. Now, a tunable Zeeman coupling
between both potentials emerges, which is proportional to the
magnetic field amplitude and expected to affect the vibrational
motion; see Fig. 4(b). To study this effect, we initialize our
atoms in mF = 0 and measure the vibrational series again for
a finite magnetic field orthogonal to the atomic plane. For
B = 4.5 G, we now observe that some of the macrodimer lines
“blur out” in a certain frequency range above the crossover;
see Fig. 4(c). We attribute this to the nonadiabatic coupling of
the bound 0u− vibrational modes to the continuum modes of
the repulsive 1u potential, which significantly decreases their
lifetime and broadens their spectral lines. This phenomenon
is called predissociation [20,34], and its tunability by external magnetic fields has been studied [38,39]. Compared to
previous studies, our much lower vibrational energies and the
well-defined angle β in our system allow us to study this at

013252-4

MICROSCOPIC ELECTRONIC STRUCTURE TOMOGRAPHY …

lower field amplitude and with unprecedented dynamic range
and controllability. At B = 12 G, we recover a clean vibrational spectrum with well-defined resonances, however with a
significant increase of the experimentally observed vibrational
spacing from νexp = 2.45(1) MHz to 2.66(1) MHz; see
Fig. 4(c). This is in quantitative agreement with the calculated
values ν0u− = 2.45(1) MHz and νcomb = 2.66(2) MHz
in the isolated 0u− potential and the new combined potential, indicating that the interatomic motion now follows the
avoided crossing adiabatically. Additionally, we observe an
overall energy offset, which also quantifies the influence of
the magnetic field on the binding potential. Further data in the
regime between B = 3.5 and 6.5 G, where a breakdown of the
Born-Oppenheimer approximation leads to predissociation,
are shown in Appendix C.
VI. CONCLUSION

Our observations show how the study of Rydberg
macrodimers in quantum gas microscopes enables characterization and identification of molecular symmetries by their
microscopic couplings at a level of control not present in
conventional molecule platforms. Within the spectrum of
Zeeman-split 1u molecular transitions, we observe a hyperfine interaction between the macrodimer state and both
nuclei. Furthermore, we show how the binding potentials can
be modified with external magnetic fields. In future studies, potential shaping might also be extended by coupling
neighboring Rydberg states with microwave fields [40,41].
For quantum simulation purposes, this extensive and statedependent benchmark of Rydberg interactions will enable the
engineering of interatomic interactions that are tunable by
the molecular bond length and the anisotropy of the coupling strength, especially in the context of Rydberg dressing
[42–46]. In particular, the tunability with the light polarization
enables very fast switching of admixed interactions. Finally,
by choosing magnetic field and light polarization such that
coupling rates reach a maximum, one might observe novel
four-body interactions [47] arising between all four Rydberg
atoms contributing to pairs of macrodimers.
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APPENDIX A: PHOTOASSOCIATION
1. Rotation into the molecular frame

Rabi frequencies between two internal atomic states are
usually calculated in the reference frame of the atom, here
given by the magnetic field B. For molecules, the interatomic
axis R enters as an additional parameter. We account for this
by transforming the 87 Rb [48] ground state |gB = |F, mF 
into the frame of the molecule by a rotation operator Û (β ),
|gB → Û (β )|gB =



cmF F |F, mF  ≡ |gR .

(A1)

mF

Here, β is the angle between B and R. Accordingly, the light polarization is expressed in the molecular
frame. Alternatively, the molecular state |mol ; ±
g/u R →
±
±
Û (−β )|mol ; g/u R ≡ |mol ; g/u B [10,25,26] can be rotated into the atomic frame. Because the molecular state
consists of a large number of atomic pair states that have to be
rotated individually, we rotate the initial state using Eq. (A1).
2. Decomposition of the initial state

Due to the small hyperfine interaction strength of Rydberg states, the electronic state of Rydberg macrodimers is
expressed in the fine-structure basis. Decomposing the rotated
initial pair state |ggR in this basis yields


F 3/2
|ggR =
|mJ1 , mJ2 
Cm1/2
J mF mI
mJ1 , mJ2
∈ {↑, ↓}
F
Cm1/2
J mF
2

2

1

mI1 , mI2 ∈
[−3/2, 3/2]

1

1

3/2 F
F
mI2 cmF1 cmF2 |mI1 , mI2 ,

with ↑(↓) = +1/2 (−1/2) for mJ1 and mJ2 , reordered electron
and nuclear angular momenta, and Clebsch-Gordan coeffiF 3/2
cients Cm1/2
= 1/2, mJ , 3/2, mI |F, mF . Furthermore, we
J mF mI
set mF1(2) = mJ1(2) + mI1(2) and omit the sum because the
Clebsch-Gordan coefficients vanish otherwise. After introducing coefficients
 
2
F 3/2 1/2 F 3/2 F
cm2J ,mJ =
Cm1/2
CmJ mF mI cmF cmF F
J mF mI
1

2

1

1

1

2

2

2

1

2

mI1 mI2
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and normalizing nuclear spin states | mJ1 ,mJ2 I , this can be
simplified to
|ggR = c↓↓ |↓↓J | ↓↓ I + c↑↑ |↑↑J | ↑↑ I
+ c↓↑ (|↓↑J | ↓↑ I + |↑↓J | ↑↓ I ),
with c↑↓ = c↓↑ for both atoms populating the same ground
state. Since dipole-allowed single-photon transitions enforce
an inversion symmetry flip, our two-photon photoassociation (PA) conserves the inversion symmetry of the initial
state [see the discussion of Eq. (A5)]. It is therefore convenient to further decompose |ggR into gerade (g) and
ungerade (u) inversion eigenstates |MJ g/u , with MJ = mJ1 +
mJ2 the summed angular momentum projection on R. For
ground state 87 Rb with orbital √
angular momentum L = 0,
this leads to pair√states |0g = 1/ 2(|↑↓ − |↓↑), | − 1u  =
|↓↓, |0u  = 1/ 2(|↑↓ + |↓↑), and | + 1u  = |↑↑, which
are formally equivalent to the singlet and triplet basis states of
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FIG. 5. Initial state decomposition in inversion eigenstates. (a) For |g = |2, −2 and β = 0◦ (180◦ ), only | − 1u J (| + 1u J ) contributes.
For β = 90◦ , the initial pair state is a superposition of all three ungerade states. There is no contribution from |0gJ . (b) For |g = |2, −1, the
tendency is similar but the dependence turns out to be weaker. Additionally, cg0 is finite but independent of β. (c) For |g = |2, 0, all states
contribute with the same amplitude for all angles.

two coupled spin-1/2 systems. Introducing new normalized
nuclear spin states yields

 

|ggR = cu−1 | − 1u J ⊗ u−1 I + cu0 |0u J ⊗ u0 I

 

+ cu+1 | + 1u J ⊗ u+1 I + cg0 |0gJ ⊗ g0 I . (A2)
The β-dependent coefficients for the three studied ground
states are shown in Fig. 5. If only one of the four states couples
to a molecular potential, the measured angular dependencies
of the excitation rates reproduce these curves. This is the case
for the 0u− molecules studied in Fig. 2, where the chosen light
polarization only allows excitation from |0u J . A comparable
study for 0g+ is shown in Fig. 6, which can only be excited
by the rotationally invariant state |0gJ . Since this component
vanishes for mF = −2, PA is only possible from mF = −1
and 0. In contrast to Fig. 2, we now observe larger PA rates
for π -polarization compared to σ ± -polarization. This is in
agreement with a calculation based on the electronic decomposition of the state |mol ; 0g+  (see also Table I) as well as
with previous studies on the corresponding 0g+ potential for
n = 35 with very similar coupling characteristics [10]. If more
than one of the four states couple, the PA rates were added.
Note also that photoassociation projects the nuclear spin state,
which can entangle both nuclei.
3. Light polarization

The polarization ε of the excitation light field E = E0 ε
with amplitude E0 is expanded into the spherical basis
ε = q∈{0,±1} cq êq in the molecular frame. We define π polarized light ê0 = êz for ε R and σ ± -polarized light ê±1 =
∓ √12 (êx ± iêy ) for a light field oscillating in the plane perpendicular to R. The PA laser propagates along one lattice
diagonal, and the molecular bond size studied here is close
to the lattice diagonal distance. This leads to PA either parallel or perpendicular to the k-vector. For R ⊥ k and a UV
polarization parallel (perpendicular) to the atomic plane, the
polarization vector is êz (êx ). For R k, the π -component
is always zero and all linear polarizations are equivalent.
Now, the phase delay ϕ between êx and êy parametrizes a
general polarization vector ε(ϕ) = √12 (êx + eiϕ êy ). As shown
in Figs. 1(a) and 7(a), this allows us to further characterize the
discussed molecular symmetries by the angular momentum
conservation in their association. To reveal this, we tuned

the UV laser on resonance with the lowest vibrational lines
of each potential, and we compared the correlation strength
g(2) (1, −1), which is parallel to the k-vector for various ϕ. For
both potentials with  = 0, we find that the PA rates reach
a maximum for linear polarization because a combination of
σ + and σ − is needed. Coupling the 1u state with  = +1
starting from |mF = −2, the largest coupling can be observed
for purely σ + -polarized light.
4. Calculation of Rabi frequencies

In a three-level system, the effective two-photon Rabi fre coupling an initial state to a final state via an
quency 
1 
2
1(2) are the Rabi
= 
. Here, 
intermediate state reads 
2
couplings from the final state to the intermediate state and
1 (2)
from the intermediate state to the initial state, and   
is the intermediate state detuning. The same formalism describes our PA, however with more than one intermediate
state and also several coupled asymptotic pair states within
the macrodimer state. The coupling Hamiltonian reads
ĤL (E) = −(d̂(1) ⊗ 1(2) + 1(1) ⊗ d̂(2) ) · E,
with d̂[1(2)] the dipole operators of both individual atoms
forming the molecule. The molecular states |mol ; ±
g/u  =

c
(R)|r
r

consist
of
many
asymptotic
Rydberg
pair
i j
i, j i j
states |ri r j  = |ni Li Ji mJi ; n j L j J j mJ j , mixed by the interatomic interaction. Since our UV laser can only excite
Rydberg P-states, only pair states where Li = L j = 1 contribute. The states |ri r j  are coupled from the ground state |gg
by two-photon transitions via the two intermediate states |ri g
and |gr j , yielding a summed contribution

i j = i  j

2

1
1
.
+
i
j

(A3)

Here, i/ j are detunings to either 36P1/2 or 36P3/2 , depeni/ j = 1 ri/ j |d̂ · E|g are single-particle Rabi
dent on Ji/ j , and 
h̄
frequencies. Summing over all contributing states, the total
mol to the molecular state is
coupling rate 


i j ≈ f ν
i j ,
mol =

fiνj 
ci j 
(A4)
ij

ij

∗
∗
where fiνj =
ν (R)ci j (R) g (R)dR is the Franck-Condon
integral accounting for the overlap of the relative nuclear
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FIG. 6. Experimental signatures for 0g+ molecules. (a) As expected, excitation is not possible starting from mF = −2. (b) Also
consistent with our calculations, the measured correlation strengths
are independent of β and are stronger for ε R. Again, the angular dependence was adopted from a theoretical calculation [see
Figs. 5(b) and 5(c)] and only the overall signal strength was left as
a fit parameter. All error bars on the data points denote one standard
error of the mean, and gray circles indicate an expected background
correlation signal.

wave function for each of the contributing pair states |ri r j .
Here, ν (R) is the vibrational wave function of the molecular
state, and g (R) is the relative wave function before PA, in
our case given by the Wannier state in the optical lattice. If
the electronic state decomposition of the molecule remains
roughly constant over the extension of the vibrational wave
function, only a single Franck-Condon integral f ν remains.
In this work, this is a good approximation since all hole-hole
correlations were measured at the lowest vibrational state. For
higher vibrational modes with larger spatial extension, the
changing character of the coefficients becomes important, as
discussed in [10].

PHYSICAL REVIEW RESEARCH 3, 013252 (2021)

FIG. 7. Further details on different molecular symmetries.
(a) For R k, the three discussed potentials for n = 36 have characteristic dependencies on the circular polarization angle ϕ of the
excitation light. The angular dependence was adopted by theory, and
the overall signal amplitude was a fit parameter. Gray areas denote
the estimated background correlation signal. (b) For a 1u potential for
n = 31, we again find a splitting of the molecular resonances (here
shown for ν = 0) in the presence of a magnetic field of B = 1.5 G.
Here, ε was directing out of the atomic plane. Gray lines indicate
the expected energies only accounting for the electronic structure
of the molecule. The position (height) of the colored bars indicates
the resonances (scattering rates) after also including the hyperfine
interaction.

much larger than the Rydberg orbit, their lifetime is expected
to be limited by the decay rates of the individual Rydberg
states admixed to the molecule [7,27]. Hence, the decay rate
can be calculated from

γmol =
|ci j |2 (γi + γ j ),
(A6)
i, j

5. Inversion symmetry conservation

Because the Rydberg interaction Hamiltonian commutes
with the inversion operator, our macrodimers have a welldefined parity, with p = ±1 for gerade (ungerade) states
[5,25,49]. Using the symmetry properties of orbital angular
momentum states, symmetrization of pair states |ri r j  with
respect to inversion yields
|ri r j ; g/u ∝ |ri r j  − p(−1)Li +L j |r j ri ,

where the single-atom decay rates γi/ j include transitions to
the ground state as well as room-temperature blackbody rates
to neighboring Rydberg states.
For the 1u , 0u− , and 0g+ potentials blue-detuned from the
36P1/2 resonance studied here, we expect lifetimes of 20.3,
19.7, and 20.3 μs. We drive the molecular excitation in the
incoherent regime, where the scattering rate for a single-atom
pair can be estimated using

(A5)

with p = ±1 for gerade
 (ungerade) states. For molecular
states |mol ; ±

=
i, j ci j |ri r j , this fixes the relation beg/u
tween ci j and c ji . Since dipole matrix elements vanish for
L = ±1, the ground-state atoms with L = 0 can only couple
states |ri r j  with Li/ j = 1, yielding ci j = ±c ji for coupled
ungerade (gerade) pair states. From Eq. (A2), one finds that
only for an initial state that has the same inversion symmetry
i j and
as the molecular state will both added coupling terms 
 ji in Eq. (A4) constructively interfere, while otherwise they

will cancel each other.
6. Excitation rates

Pairs of Rydberg atoms at small distances autoionize on
very fast timescales [50,51]. However, since macrodimers are

γth ≈

2

mol
.
γmol

(A7)

While the discussion so far was limited to the functional
dependence of the microscopic scattering rates on β, ε, and
mF , the absolute numbers of the measured scattering rates can
also be compared with theory. All correlation measurements
were performed in the low excitation limit with a small mean
number of excited molecules Nmol where saturation effects are
small. In that regime, the observed PA rate can be estimated by
γexp ≈ g(2) (1, ±1)/tuv . The resulting measured and calculated
scattering rates based on Eqs. (A4), (A6), and (A7) are shown
in Table I. In agreement with the calculation, we find that the
0u− potential features the weakest PA rates, related to the large
intermediate state detuning close to the center between both
fine-structure levels 36P1/2 and 36P3/2 . The strongest PA rate
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TABLE I. Calculated and experimental photoassociation rates. For measurements with varying β and ε, the values where the hole-hole
correlations reach its maximum were included. For linear UV polarization with ε ⊥ R, we choose the polarization to be along the x-direction.
For the hyperfine split 1u potentials studied in Fig. 3(b), the rates of all transitions contributing to the same of the three resolved resonances
were added. This involves all hyperfine transitions as well as  = ±1 for the central resonance. If the coupling was independent of the angle β,
ref (see Appendix D),
the value is not included. Errors on γth were estimated by the fluctuations in the reference single-photon Rabi frequency 
which contribute to γMol to the fourth power. Uncertainties in γexp originate from errors in the correlation signal g(2) (δx, δy), obtained with a
Bootstrap algorithm (delete-1 Jackknife). Overall, γth (Hz) and γexp (Hz) are in good agreement. Only for the correlations presented in Fig. 3(b)
is the deviation significant. For this dataset, however, we have indications that the UV beam was slightly misaligned, which strongly decreases
the scattering rate.
Dataset

State

ref /2π (MHz)


β

ε

mF

γth (Hz)

tuv (ms)

γexp (Hz)

Fig. 2(c)
Fig. 2(c)
Fig. 3(b)
Fig. 3(b)
Fig. 3(b)
Fig. 6(b)
Fig. 6(b)
Fig. 7(a)
Fig. 7(a)
Fig. 7(a)

0u−
0u−

1.25 (15)
1.25 (15)
1.50 (15)
1.50 (15)
1.50 (15)
1.15 (15)
1.15 (15)
1.50 (15)
1.50 (15)
1.9 (1)

90
90
0
90
0
x
x
x
x
0

ê0
êx
êx
êx
êx
ê0
êx
êx
êx
ê+1

[−2, −1,0]
[−2, −1,0]
0
0
0
[−1,0]
[−1,0]
0
0
−2

[1.3(6), 0.80(39), 0.64(31)]
[1.5(6), 0.91(44), 0.73(36)]
23(9)
45(18)
23(9)
[40(21),54(28)]
[13(7),17(9)]
1.51(55)
49(20)
934(197)

[20,30,30]
[20,30,30]
20
8.0
20
[1.5,0.95]
[1.5,0.95]
40
1.0
0.044

[1.7(1), 0.63(1), 0.57(1)]
[1.9(1), 0.80(1), 0.67(1)]
2.6(1)
5.1(1)
2.2(1)
[26(1),43(1)]
[16(1),26(1)]
0.60(1)
32(1)
1045(13)

1u ,  = +1
1u ,  = ±1
1u ,  = −1
0g+
0g+
0u−
0g+
1u  = +1

was observed for the association of 1u molecules starting from
mF = −2, with σ + -polarized light. While the angular dependence presented in Figs. 2(c), 6(b) and 7(a) shows almost
perfect agreement with theory, absolute scattering rates have
a higher uncertainty. This is related with the strong scaling of
γth with the measured reference single-photon Rabi coupling
ref .

APPENDIX B: ZEEMAN AND HYPERFINE INTERACTION

The coupling of the molecular state with a magnetic field
and the nuclear angular momenta perturb the Hamiltonian Ĥ0
of the two isolated atoms and their electrostatic interaction by
Ĥ1 = ĤB(1) ⊗ 1(2) + 1(1) ⊗ ĤB(2)
(1)
(2)
+ Ĥhfs
⊗ 1(2) + 1(1) ⊗ Ĥhfs
,

within the subspace {|mol ; ±1u  ⊗ |mI1 , mI2 }, with mI1(2) the
nuclear spin orientation of both atoms. Because Ŝ and L̂
cannot change  by 2, none of the 32 relevant states can be
coupled by Eq. (B2). Writing Î · Ĵ = 21 (Iˆ− Jˆ+ + Iˆ+ Jˆ− ) + Iˆz Jˆz
with Jˆ± = Jˆx ± iJˆy and Iˆ± = Iˆx ± iIˆy , one finds the same
result for Eq. (B3). Consequently, all angular momentum operators can be replaced by their z-components, and magnetic
field components Bx and By can be neglected. The presented
energy shifts were obtained by


= geff μB Bz + Aeff mI1 + mI2
.
(B4)
2
Using gS Ŝz + gL L̂z = gL Jˆz + (gS − gL )Ŝz with gL = 1 and
gS ≈ 2, the effective molecular g-factor reads
EmI

1

geff = | ± 1 + mol ; ±1u |Ŝz(1) ⊗ 1(2) |mol ; ±1u 

(B1)

+ mol ; ±1u |1(1) ⊗ Ŝz(2) |mol ; ±1u |,

with single-particle operators
ĤB = μB (gS Ŝ + gL L̂) · B
and
Ĥhfs =



i
Arhfs
|ri ri |Î · Ĵ.

,mI2

(B2)

(B3)

i

Here, L̂ and Ŝ are orbital angular momentum and electronic
spin operators, gS and gL are the corresponding Landé factors,
Ĵ = L̂ + Ŝ is the total angular momentum of the electron, and
Î is the nuclear spin operator. The Zeeman interaction of both
isolated nuclei were neglected because of the small g-factor
gI = 9.95 × 10−4 [52]. The contributing hyperfine constants
i
Arhfs
were determined based on measurements at lower principal quantum numbers and known quantum defects; see
36S
36P
Table II. We expect Ahfs 1/2 ≈ 487 kHz, Ahfs 1/2 ≈ 132 kHz, and
36P
Ahfs 3/2 ≈ 28 kHz.
For the energetically isolated 1u potential
 presented in
Fig. 3, only the two states |mol ; ±1u  = i, j ci±1
j |ri r j  with
 = ±1 are relevant. Hence, energy shifts can be calculated

(B5)

yielding geff ≈ 0.66 after expanding the contributing asymptotic states |ri , r j  into uncoupled spin and orbital angular
momenta.
The effective hyperfine interaction was calculated
rj
2 ri


as Aeff = i, j |ci±1
j | (Ahfs mJi + Ahfs mJ j ) ≈ 127 kHz. Because
the molecular bond lengths and the lattice spacing are larger
TABLE II. Quantum defects and hyperfine constants. The hyi
∝ (1/n∗ )3 are calculated using n∗ = n −
perfine constants Arhfs
δ0 2
δ(n, L, J ), δ(n, L, J ) ≈ δ0 + ( n−δ
) , and literature values Aref
hfs as
2
references. Contributions from nD-states were also included but influenced the value of Aeff by less than 1%, while states with L > 2
were neglected.
nLJ

nS1/2

nP1/2

nP3/2

δ0
3.131 [53]
2.6545 [54]
2.6415 [54]
0.179 [54]
0.290 [54]
0.295 [54]
δ2
Aref
hfs (MHz) 2.14 (28S1/2 ) [54] 59.9 (7P1/2 ) [55] 4.05 (9P3/2 ) [52]
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than the contributing Rydberg orbits (≈130 nm), we only
consider the coupling of the Rydberg states to the nucleus
to which they are bound. To further verify the presence of
the hyperfine coupling, we also measured the magnetic field
splitting for the corresponding 1u potential at the blue-detuned
side of 31P1/2 ; see Fig. 7(b). The reduced bond length close to
the lattice constant now leads to a correlation signal peaking
at a distance of alat . This requires a magnetic field applied
along the lattice direction in order to keep the conditions
identical to Fig. 3(b). While geff ≈ 0.63 remains almost the
same, the hyperfine interaction Aeff ≈ 216 kHz is larger. This
leads to an even more significant deviation from a calculation
neglecting the hyperfine interaction. Starting from mF = 0,
we also reproducibly observed that the  = −1 resonance
appears stronger than the  = +1 resonance, which might be
due to a slightly imperfect UV polarization.
APPENDIX C: BREAKING MOLECULAR SYMMETRIES

For the crossing potentials V1u (R) and V0u− (R)
discussed in Fig. 4, the relevant molecular states are
−
|√
mol ; ±1u  and |mol ; 0u . We define states |mol ; Su  =
1/√2(|mol ; +1u  + |mol ; −1u )
and
|mol ; Au  =
1/ 2(|mol ; +1u  − |mol ; −1u ). Neglecting the hyperfine
part, Eq. (B1) reduces to Ĥ1 = ĤB(1) ⊗ 1(2) + 1(1) ⊗ ĤB(2) . For
B ⊥ R, the single-particle Hamiltonians can be expressed as
ĤB = μB (gS Ŝx + gL L̂x )Bx .

(C1)

The magnetic field induces a coupling C (R) =
 mol ; 0u− |Ĥ1 |mol ; Su . Because mol ; +1u |Ĥ1 | mol ; 0u−  =
mol ; −1u |Ĥ1 | mol ; 0u− , the state |mol ; Au  remains
uncoupled, leaving one of the two crossing 1u potential
curves unchanged. Again, the molecular state decompositions
depend on R. At the crossing point Rc of both potentials, the
gap size is 2C (Rc ), as shown in Fig. 8(a). The new combined
potentials shown in Fig. 4(b) are obtained by diagonalizing
Ĥ =

V1u (R)
C (R)

C (R)
.
V0u− (R)

(C2)

The coupling of the bound states to the continuum depends not
only on the electronic coupling C (R) but also on the overlap
with the nuclear motion. In our case, where one potential is
a repulsive potential well, a Franck-Condon density (FCD)
quantifies the coupling strength between a vibrational state
ν (R) to nearby continuum modes. An estimation of the FCD
by the overlap integral of the vibrational bound states with the
continuum states at the same energy is shown in Fig. 8(b). We
find that the FCD vanishes for vibrational states energetically
below the crossing, while it oscillates with ν above. This is
consistent with previous studies on predissociation [56], and
it can be understood by comparing the first lobe of the continuum states with the vibrational states ν (R): If it coincides
with the first lobe of ν (R), the FCD reaches a maximum. It
becomes very small if it matches with the first zero crossing
of ν (R) and increases again matching with the second lobe
of ν (R), and so on.
Further spectroscopic data for B = 3.5, 4.0, and 6.5 G,
again for an initial state mF = 0, are shown in Fig. 8(c).
For B = 3.5 G, we start to see first indications of the gap
at ν ≈ 55. Additionally, it seems that another region of

FIG. 8. Further details on the predissociation. (a) Calculated
magnetic field dependence of the gap between both potentials.
(b) Calculated Franck-Condon density coupling bound states to
continuum modes at the same energy in arbitrary units (a.u.). The
calculated position of the crossing and the measured frequency region are indicated as a red line and a gray shaded area, respectively.
(c) Further spectroscopic results starting from mF = 0. For B = 3.5
and 4.0 G, gray lines denote the calculated resonance frequencies for
the 0u− potential at zero field. For B = 6.5 G, the calculations in the
combined potential were included (orange). Because of an overall
energy shift observed at B = 6.5 G, both sets of resonances were
manually shifted to agree with the lowest vibrational resonance of
the spectrum. All error bars on the data points denote one standard
error of the mean.

broadened vibrational resonances occurs for ν  50. For
B = 4.0 G, perturbations are clearly visible at ν ≈ 55 and
also seem to be present for ν  66. For both datasets, the
vibrational resonances are still in good agreement with the
calculated eigenmodes in the 0u− potential at zero field. For
B = 6.5 G, the perturbed region moved to slightly lower
energies and is significantly weaker. Also, the spectrum is
now shifted and the experimentally observed vibrational
spacing νexp = 2.66(1) MHz is in agreement with the
calculated result νcomb = 2.66(2) MHz in the combined
potential rather than the ν0u− = 2.45(1) MHz in the 0u−
potential. In all cases, νexp was obtained by fitting a
vibrational series with varying frequency spacing to the data.
Uncertainties on the calculated values ν0u− and νcomb
account for the anharmonicity of both molecular potentials
in the frequency range of the spectroscopies performed
above the potential crossing. For B = 6.5 G, both sets of
eigenenergies were manually shifted to agree with the lowest
vibrational resonance of the spectroscopy.
APPENDIX D: METHODS

All macrodimer potentials and wave functions were obtained by the pair interaction program [5]. Agreement between
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measured and calculated vibrational resonances required
10 000–15 000 basis states, within an energy band of around
500 GHz. Perturbations by magnetic fields were calculated
using the molecular states obtained at zero field and the
presented formalism. Rydberg lifetimes contributing to the
molecular decay rates were calculated with the ARC package [57]. The rotational constant was calculated as Brot =
2
h̄2 /(4μalat
) [36], with μ the reduced mass of both 87 Rb atoms.
All detunings  are defined relative to the center of the
Zeeman split states in the ground state and the Rydberg state.
The Rydberg resonances were drifting by up to 500 kHz on
timescales of roughly a day, which required us to track the
resonance position. We always chose a lattice depth of V0 ≈
40Erec for both lattices in the atomic plane and V0 ≈ 80Erec
perpendicular to it. Here, Erec is the recoil energy of the optical
lattice [58]. Since the Wannier state in the atomic limit is only
weakly dependent on the lattice depth, this is not a critical
parameter as long as one stays deep in the Mott insulating
regime [10,58]. To evaluate γth by Eq. (A7), we measure the
ref coupling the ground state
single-atom Rabi frequency 
|mF = −2 to the Rydberg state |36P1/2 , mJ = +1/2 with
linear UV polarization perpendicular to the chosen magnetic

ref by probing the ac-Stark shift at a defield. We obtain 
tuning  from the Rydberg resonance with a microwave field
driving both ground-state hyperfine levels F = 1 and 2. For
the spectroscopic data, the frequency was swept during the
UV pulse to cover the full range between neighboring data
points. The data points always represent the mean of roughly
10 shots. For each of the correlation measurements, we took at
least 200 images under the same conditions. We also studied
the ejection efficiency of Rydberg atoms from the lattice by
measuring the F = 1 fraction of atoms after a Rydberg excitation pulse starting from F = 2 in a configuration where
excited atoms are expected to also decay to F = 1. We did
not find an increase of atoms in F = 1, and we conclude
that retrapping does not occur. Experimental runs with high
atom number fluctuations due to an imperfect preparation of
the ground-state atom array were excluded. For the results
presented in Figs. 2(c) and 6(b), we rotated the magnetic field
with an absolute value of B = 1.0 G in five steps from β = 0◦
to 90◦ to get the characteristic curves. The symmetry allows us
to take the data in this region only. In Fig. 3(b), we fit a sum of
three Gaussians and use the result for the central line as a reference to indicate the calculated Zeeman and hyperfine shifts.
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