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Observation of Spin-Singlet Butterfly Rydberg Molecules in an Ultracold Atomic Rb Gas
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We report the observation of spin-singlet ultralong-range Rydberg butterfly molecules consisting of a
ground-state atom bound to a Rydberg atom by P-wave scattering of 3’Rb Rydberg electrons from
87Rb(5 s) atoms. A three-photon excitation scheme enables the photoassociation of these molecules by
weakly admixing Rb(18f7 /2) states. The measured binding energies, kilo-Debye permanent electric dipole
moments, and lifetimes are in excellent agreement with theory. Two long-lived vibrational levels, red
detuned from the Rb(18f7/,) threshold, are observed. This experiment is a foundational step in the

production of ultracold anions and heavy Rydberg ion-pair systems.

DOI: 10.1103/q5r1-whjr

The zoology of ultra-long-range Rydberg molecules
(ULRMSs) categorizes its subjects by the orbital angular
momentum (¢) of the Rydberg electron [1-4]. Generally,
low-Z Rydberg states with nonzero quantum defects scatter
off perturbing ground-state atoms to form nonpolar
ULRMs [5-7], while nearly degenerate Rydberg states
with high £ hybridize in interaction with perturbers to form
polar ULRMs [8—11]. These molecules, known collo-
quially as trilobites and butterflies, possess large permanent
electric dipole moments and have been observed in ultra-
cold gases of alkali atoms in predominantly spin-triplet
configurations [12—16]. Spin-singlet configurations lead to
much shallower, or even repulsive, molecular potentials,
and thus to date have only played an indirect role through
the mixing of singlet and triplet states via the hyperfine
structure of the ground-state atom [17-19].

Ultracold neutral plasmas have been created [20-23],
sparking the exploration of exotic phases such as the
frozen-Rydberg gas [24-26] and Coulomb crystal [27] in
ultracold gases. While there may be a diverse selection of
systems that can be used to create pair-ion plasmas [28-30],
two component cold plasmas created by ionizing ultracold
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atoms suffer from a variety of heating mechanisms mainly
because one component (electron) is always much lighter
and faster, thus leading to heating and spontaneous three-
body recombination and Rydberg formation [31]. In 2013,
it was proposed to create an ultracold two-component
plasma in a magneto-optical trap utilizing charge transfer
to form ion pairs out of Feshbach molecules [32,33].
Recently, a scheme utilizing the spin-singlet (\P,) butterfly
ULRM as a central step to form heavy Rydberg states has
been proposed [34].

Heavy Rydberg states, the molecular analogs of Rydberg
atoms, can dissociate into positive and negative atomic
ions, thus providing a pathway toward production of
ultracold anions that avoids known challenges posed by
the lack of laser-cooling transitions in typical anions or
difficulties with sympathetic cooling [35,36]. Therefore,
the production of singlet ULRM states is an important first
step toward the creation of strongly coupled two-compo-
nent plasmas and ultracold anions. While such singlet
ULRM potentials were first predicted in 2002 [10], bound
molecules in the singlet butterfly molecule have not been
observed for more than two decades.

In this Letter, we report the observation of a 3'Rb
butterfly long-range Rydberg molecule in the spin-singlet
('P,) configuration. We use a three-photon excitation
scheme to photoassociate the n = 18 singlet butterfly
molecule via the small f-state admixture in its electronic
state. Two long-lived vibrational states bound within a well
lying about 5 GHz below the 187/, atomic resonance are
detected. The measured binding energies, dipole moments
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and lifetimes of these levels are in excellent agreement with
theoretical predictions, confirming the 'P, characterization
of the molecule.

The binding mechanism of an ultra-long-range Rydberg
molecule is mediated by the scattering of the Rydberg
electron from the ground-state atom a distance of R.
Scattering via S and P partial waves dominates
because of the Rydberg electron’s low kinetic energy.
The phase shifts in these partial waves are sensitive to
both the spin configuration (singlet and triplet) and, for
heavy atoms such as Rb and Cs, the fine structure in the
P-wave channel. We include the six dominant scattering
channels 1L, :1S,,1P,,3S,, and 3Py, ,. The resulting
high-£ molecular states are largely decoupled from one
another.

We obtain the adiabatic potential energy curves from the
R-dependent eigenvalues of the electronic Hamiltonian,
including the full spin-dependent structure of both Rb
atoms [37], computed using a Green’s function treat-
ment [38].

Figure 1(a) shows the adiabatic potential energy
curves (PECs) for Q = 3/2, where Q is the projection of
the total angular momentum onto the internuclear
axis. The dissociation threshold corresponds to the
(|118f7/2) + |5s12, F = 1)) pair state. The 'P; scattering
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FIG. 1. (a) Born-Oppenheimer potential energy curves for the

n =18, Q = 3/2 3Rb, ULRM. The black curve highlights the
potential curve with M; = 0, whose oscillations are deep enough
to support vibrational states. The red box marks the first butterfly
well, magnified in the inset with the calculated vibrational states.
(b) Electron density distribution of the spin-singlet butterfly
molecule.

produces the oscillating “stairwell” potential highlighted in
black as well as the nonoscillating potential slicing through
the stairwell. At the equilibrium point of the highlighted
potential well, the electronic state has a 98.6% spin-singlet
admixture [39]. Although the projection of the orbital
angular momentum M is not separately conserved, these
two potentials are predominantly of M; =0 and |M,| =1
character, respectively, due to the very weak spin-orbit
coupling [44.,45]. There is no appreciable change in the
stairwell potential for different values of €, given that the
M, = 0 configuration is not forbidden. Unlike the S, and
3P, phase shifts, the 'P, phase is a monotonic and concave
function of the electron momentum k. Hence the PECs
exhibit local minima only due to the oscillatory Rydberg
electronic density.

The first well in this stairwell potential supports three
bound vibrational states [see inset of Fig. 1(a)]. Their
energetic proximity to the 18/, resonance, and the f-state
electronic admixture they possess make it possible to
access these vibrational states via three-photon excitation.
To observe these states, we prepare 8’Rb atoms in a crossed
dipole trap operating at A = 1064 nm with a temperature of
40 pK, a diameter of 40 pm, and a peak density of
4 x 103 cm™>. Initially, the atoms are in the F =1
ground state and photoassociation in the molecular
state is achieved by a three-photon excitation scheme
(5S1/2 - 5p3/2 - 5d5/2 - 18f7/2) at 780, 776, and
1308 nm, where the first two lasers are blue detuned to
the intermediate states. After excitation, the Rydberg atoms
are ionized by a CO, laser and the ions are detected in a
reaction microscope. The experimental sequence consists
of 1100 excitation and ionization pulses with a duration of
texe = 3 ps. During excitation, the dipole trap is turned off
to avoid ionization from the 5ds , state. Because of the high
field sensitivity of the molecules, the electric extraction
field is switched off during photoassociation, while a
residual field remains.

Figure 2 shows the spectrum with energies measured
relative to the 18f7,, atomic resonance. The solid black
curve shows a fit of eight Lorentzian peaks, binned over the
raw signal (gray markers). The spectrum clearly exhibits
two narrow main peaks, with a full width at half maximum
(FWHM) of about 7 MHz. Compared to the pure trilobite
resonances observed in Refs. [15,16], the FWHM is the
same, but the signal strength is significantly lower. We
attribute the lower signal strength to the smaller molecular
bond length, which reduces the Franck-Condon factor due
to the reduced probability of finding two atoms at the
correct separation in the ultracold gas. These resonances
can be assigned to the ground and first-excited vibrational
states in the first well of the stairwell potential, below the
187/, atomic resonance [Fig. 1(a)]. The red curve shows
the theoretical photoassociation spectra, with the relative
signal heights showing a good match between experiment
and theory [39].
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FIG. 2. Binned ion Rb" signal (gray markers), the Lorentzian
fits (black curve), and calculated photoexcitation signal profile
(red curve) are plotted as a function of detuning from the
Rb(18f7/,) threshold. The first two molecular singlet butterfly
resonances are magnified in the two insets. On the horizontal axes
in the insets, the molecular resonances are at zero energy, whereas
on the main figure, the zero is at the atomic Rydberg resonance.

Note that the signal strengths do not follow the Franck-
Condon behavior [46,47], which would predict a much
weaker signal for the odd-parity vibrational state, due to the
strong R dependence of the 18f7/, state admixture in the
singlet butterfly state. Finally, the observed splitting
between the two resonances, AFE, = 1.06 GHz, is in
excellent agreement with the calculated vibration splitting,
AE, =1.09 GHz.

The spectrum also contains several peaks with substan-
tially lower signal strength. These resonances have a high
FWHM that is more than twice as large as that of the two
larger peaks. One of these peaks fits well with the second
excited vibrational state (v = 2) at a detuning of about
—3 GHz, with an FWHM of 76 MHz. The lower signal
strength can be attributed to a shorter lifetime due to
molecular decay; this state has a much higher tunneling rate
through the potential barrier separating it from the short-
range region where /-changing predissociating collisions
become dominant.

The origin of the other low signal peaks is not well
understood. While highly excited trilobite states (stabilized
through nonadiabatic effects [48,49]) can exist for n = 18
in this energy range, the computed level spacing
(~550 MHz) of these states is substantially smaller than
that seen between the observed resonances. There are
additional molecular potential curves associated with
higher partial wave (L > 2) scattering present in this energy
range at still smaller internuclear distances [11], and thus a
possible candidate for these features could be “dragonfly”
Rydberg molecules. A quantitative calculation to verify this

requires the extension of the spin-coupled Green’s function
treatment to include L = 2 partial waves, and thus further
characterization of these states remains the subject of
future work.

Recent works have elaborated on the extraction of 3§,
phase shifts [16] and 3P, resonance positions [40] using
spectral analysis of the ULRM. In the present calculation,
we use the energy-dependent 3S; and P, phase shifts fitted
to trilobite spectra in Ref. [16], as they accurately describe
the S = 1 trilobite and butterfly curves. The 'P; phase shift
for Rb were taken from Ref. [50], which is in good
agreement with that calculated by Ref. [51]. The 'P, phase
shift was modified by an energy-independent factor of 1.02,
which shifts the well depth by around —435 MHz and leads
to the excellent match between theoretically predicted and
observed molecular resonances seen in Fig. 2. A perturba-
tive estimate shows that contributions from L = 2 scatter-
ing could have an effect on the level of several tens of MHz.

We next characterize the two main peaks by their electric
dipole moments and lifetimes to confirm that they correspond
to singlet butterfly molecules. Since the butterfly potential
originates from the degenerate hydrogen manifold and
couples high angular momentum states with different parities,
these high-# ULRM exhibit linear Stark shifts. To determine
the dipole moment, the broadening of the molecular reso-
nance is measured for different electric fields and fitted with a
convolution of a Lorentzian and two step functions of width
2dE [see Fig. 3(a)]. Figure 3(b) shows the fitted dE as a
function of the electric field, which leads to nearly identical
dipole moments of 851 and 857 Debye, for the n, = 0 and
n, = 1 levels, respectively. The theoretical dipole moments
were calculated using electronic states obtained by diagonal-
izing the electronic Hamiltonian in a truncated basis of
Rydberg states after benchmarking the basis size using the
Green’s function results [37]. The results are summarized in
Table I and show an excellent agreement with the measured
dipole moments, with less than 3% relative error between
theory and experiment. The values of the dipole moments rule
out the possibility that these states have been misclassified as
singlet butterfly states, as other high-# ULRMs in this same
energy range, either the L = 0 (trilobite) or L = 2 (dragonfly)
states, possess smaller dipole moments [2,10,11].

Figure 3(b) also shows the theoretical Stark broadening
map as a function of the applied electric field E, while
considering a residual field E,. We see that the theory and
observation matches well when we take E, to be 1 V/m,
corresponding to a Stark broadening of 5 MHz. The Stark
broadening of the polar molecule due to the residual stray
field is thus the main contributor to the observed resonance
widths, followed by the finite laser linewidth.

Finally, we measured the lifetime of the butterfly
molecules by reducing the pulse duration to 1 ps and
varying the time of ionization. We only count Rb™ ions
with zero momentum as #-changing collisions lead to ions
with large momentum. The ion counts are then fitted with
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FIG. 3. Measurement of the dipole moment for the v =0

butterfly state. (a) Spectrum of the molecular resonance for
different electric fields fitted with a convolution of a Lorentzian
and two step functions of width 2dE. (b) The stark broadening
map of the v = 0 state with the measured resonance widths (green
markers) plotted as a function of applied electric field E,. The
dashed blue curve is the calculated width dE as a function of the
total electric field E = \/E% + E}. The red curve is a fit over the
observed data used to obtain the dipole moment of d = 851 £+
104 Debye.

an exponential function as shown in Fig. 4. The vibrational
ground state shows a longer lifetime than the corresponding
atomic resonance. This is a signature of the high-Z
admixture of the molecular state, as the lifetime increases
with angular momentum. This was also observed in
previous trilobite studies [15]. Additionally, we find that
the v =1 vibrational state has a significantly shorter
lifetime than does the ground state. This can be attributed

TABLE 1. Binding energies, full width at half maximum
(FWHM), dipole moments, and lifetimes of the butterfly mol-
ecules.

v=0 v=1 1817,
Ey gxp (MHz) 5107 £2 4047 £2
Eytheo (MHz) 5119 4027
FWHM (MHz) 72+04 7.1+£09
dgyp (Debye) 851 + 104 857 + 104
drpeo (Debye) 852.5 832.6
Lifetime (ps) 6.31 +£0.67 1.79 £0.19 4.154+0.06

1.0 B Ty—0=(6.31 + 0.67) us
I'E T18F;,= (4.15 + 0.06) us
n 0.8 B Ty-1=(1.79 £ 0.19) us
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FIG. 4. Normalized ion counts as a function of the delay
between excitation and ionization for the two molecular and the
atomic 18f7/, state. The high-# admixture leads to an increased
lifetime of the molecule. The shorter lifetime for the v = 1 state is
likely due to the avoided crossings with M; = 41 potentials.

to its energetic proximity to the avoided crossings between
the M; =0 and M; = +1 curves, leading to increased
nonadiabatic decay to smaller internuclear distances, con-
sequently resulting in #-changing collisions or associative
ionization. However, the computed lifetimes of these states
are substantially longer than those measured [39], sug-
gesting that effects outside the scope of this calculation,
such as three-body collisions or additional potential curve
coupling to higher partial wave states, may play a role in
reducing the lifetime.

The work presented here constitutes the first observation
of a Rydberg butterfly molecule where the Rydberg
electron and the valence electron of the ground-state atom
are in a spin-singlet configuration. The observed level
spacing and dipole moments are incompatible with any
other vibrational states (e.g., highly excited trilobites) that
could be present in this energy range, and are in excellent
agreement with the properties of singlet butterfly molecules
predicted by theory. This also verifies the accuracy of the
theoretical description based on the energy-dependent
scattering phase shifts for the 'P; channel calculated in
Refs. [10,50]. The unassigned peaks visible in the spectrum
point toward the importance of including higher-order
partial wave scattering in the theoretical description and,
given the smaller internuclear distances and low principal
quantum number at play in this experiment, possible
improvements to the underlying Fermi model.

The successful preparation of such singlet character-
dominated molecular states is a key stepping stone toward
the production of heavy Rydberg ion-pair states.
Dissociation of such ion-pair states will lead to the creation
of ultracold Rb anions, which have not been observed to date
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in ultracold atomic traps, and potentially to the formation of
strongly coupled two component plasmas [52].
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