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We report on a novel method for photo-association of strongly polar trilobite Rydberg molecules. This
exotic ultralong-range dimer, consisting of a ground-state atom bound to the Rydberg electron via electron-
neutral scattering, inherits its polar character from the admixture of high angular momentum electronic
orbitals. The absence of low-L character hinders standard photo-association techniques. Here, we show
that for suitable principal quantum numbers resonant coupling of the orbital motion with the nuclear spin
of the perturber, mediated by electron-neutral scattering, hybridizes the trilobite molecular potential with
the more conventional S-type molecular state. This provides a general path to associate trilobite molecules
with large electric dipole moments, as demonstrated via high-resolution spectroscopy. We find a dipole
moment of 135(45) D for the trilobite state. Our results are compared to theoretical predictions based on

a Fermi-model.

Controlling dipolar molecules at ultralow temperatures
is of central interest for a plethora of developments and
applications in ultracold chemistry [1], precision spec-
troscopy, quantum information processing [2], or quan-
tum many-body physics [3]. In the case of ultracold Ry-
dberg gases, the observation of a novel type of molecule
formed by a neutral ground-state atom trapped within the
giant Rydberg electron wavefunction [4-6] has recently
sparked intense interest in their few- and many-body prop-
erties [7-9]. Astonishingly, these ultralong-range Rydberg
molecules can possess large permanent electric dipole mo-
ments, which arise from the coupling of many high-angular
momentum Rydberg states [5, 10-12] by electron-neutral
scattering. While dimers correlated with S- [4, 14, 33],
P- [15], and D- [16, 17] Rydberg states have been effi-
ciently photo-associated from atomic ground-state ensem-
bles via single- or two-photon excitation pathways, they
typically inherit relatively weak high-L admixture, owing
to the large non-integer parts of their quantum defects, and
consequently exhibit comparatively small dipole moments,
e.g. ~ 1 Debye for Rb [10]. In contrast, the dipole mo-
ment of exotic trilobite states associated with the quasi-
degenerate hydrogenic Rydberg manifolds may reach kilo-
Debye dipole moments [S5]. Yet, these states are generally
not accessible to standard photo-association schemes due
to selection rules, unless favorable conditions are met, such
as the presence of Rydberg S-states that are almost degen-
erate with a high-L manifold [11]. For low principal quan-
tum numbers, trilobite-like states have also been reached
starting from pre-associated weakly-bound dimers [18].

In this Letter, we demonstrate a novel method for photo-
association of trilobite Rydberg molecules using 8"Rb as
an example. The method is generally applicable for a mul-
titude of atomic species. Our scheme relies on the recently
explored coupling of electron-neutral singlet and triplet
scattering channels mediated by the ground-state hyperfine
interaction. While in low-L Rydberg dimers this causes
molecular states of mixed spin character [15, 19-21], here

we show that the angular momentum couplings lead to
hybridization of the trilobite state with S-state molecules
around principal quantum number n ~ 50, where the en-
ergy gap between high-L and optically accessible low-L
states matches the hyperfine splitting. The hybrid charac-
ter of these trilobite molecules provides large permanent
dipole moments and offers access via two-photon laser-
association.

We consider diatomic ultralong-range Rydberg
molecules formed by the interaction of the Rydberg
electron with a neutral perturber atom in its electronic
ground state. The interaction is expressed in terms of a
Fermi contact potential that accounts for s- and p-wave
electron-neutral scattering [22, 23]. In order to capture the
coupling between trilobite and S-state molecules, we must
take into account the relevant spin degrees of freedom
and their mutual couplings. The Hamiltonian describing
the full spin system and the Rydberg electron at distance
R between the Rydberg ionic core and the ground-state
perturber reads [5, 19, 24]

H(r,R) =Hy + Y 2mal(k)d*(xr — Ra)P;
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Here, lfIO is the Hamiltonian of the unperturbed Rydberg
electron including fine structure couplmg between orbital
and spin angular momentum L, and S; via published
quantum defects [25-27]. The second and third term de-
scribe the s-wave and p-wave interaction, parametrized by
an energy-dependent scattering length ai *5 (k), where k is
the position-dependent electron momentum in the scatter-
ing process, and S (1) denotes singlet (triplet) configura-
tion of the coupled Rydberg and ground state atom elec-
tron spin 81 and 82 Accordingly, PT = 81 82 +3/4
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and Py = 1 — Py are the projection operators onto singlet
and triplet states. The internuclear axis is pointing along
the z-direction and r denotes the spatial coordinate of the

Rydberg electron. The hyperfine coupling between §2 and

the nuclear spin I, of the perturber atom has a strength of
Anpgs [19].

Diagonalizing the Hamiltonian Eq. 1 for each internu-
clear distance R yields a set of Born-Oppenheimer molec-
ular potential energy curves (PECs) [4, 5], which we show
in Fig. 1(a) for our diatomic 3’Rb system in the vicinity of
the 50S; /> Rydberg state [28]. We start the discussion with
the PECs near the n = 47 hydrogenic manifold and with
the perturber atom prepared in the upper hyperfine level of
total angular momentum F' = 2 (orange curves). With de-
creasing R the s-wave scattering term strongly mixes the
nearly degenerate hydrogenic Rydberg states of different L
and causes a single PEC (labeled triplet trilobite F' = 2)
to detach from the manifold. This PEC supports deeply
bound molecular states exhibiting Rydberg electron densi-
ties which are strongly localized in the vicinity of the per-
turber atom with a characteristic shape resembling a trilo-
bite fossil [5]. As a consequence, such trilobite Rydberg
molecules possess extraordinary large permanent electric
dipole moments. Yet, their high-L character hampers di-
rect photo-association via single- or two-photon processes,
unless favorable atomic-species specific properties exist.
For instance a practically integer S-state quantum defect in
Cs causes sizeable admixture of S-state character in trilo-
bite states [11].

In contrast, our method to associate trilobite Rydberg
molecules is based solely on the angular momentum cou-
plings involved in the Hamiltonian Eq. 1 (Fig. 1(c)) and
thus applicable to a wide class of elements. Due to simul-
taneous hyperfine and electron-neutral interaction, the full
Hilbert space can in general no longer be separated into
subspaces of well defined hyperfine (F' = 1,2) and sin-
glet/triplet scattering states. More specifically, the hyper-
fine coupling in the perturber atom mixes the pure singlet
and triplet scattering channels [19, 20]. Vice versa, the
electron-neutral interaction may generally cause mixing of
the unperturbed ' = 1 and ' = 2 hyperfine levels [21].
The amount of mixing depends on the relative strengths of
the interaction terms and the detunings of nearby states,
which we exploit in the following to control the hybridiza-
tion of trilobite and S-type molecular potentials by tuning
n. The strongest coupling appears for the upper trilobite
PEC detaching from the n = 47, F' = 1 manifold (labeled
mixed trilobite F' = 1), which crosses the PEC attached to
the 50S, F' = 2 asymptote around R ~ 3500 ay, where
ag is the Bohr radius (blue circle in Fig. 1(a)). A close-up
of the avoided crossing induced by the combined effects
of hyperfine and electron-neutral interaction is shown in
Fig. 1(d) together with representative plots of the orbital
Rydberg electron density, which show how the hybridiza-
tion varies as a function of R. For an internuclear distance
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FIG. 1: (a) Long-range molecular potential energy U for 8'Rb
as a function of the internuclear distance R between the Ryd-
berg core and the perturber atom in the vicinity of the 50S Ryd-
berg state. Zero energy corresponds to the asymptotic pair state
50S, F = 2. The energy gap to the next hydrogenic manifold
47Hyd, F = 2 is comparable to the hyperfine splitting between
F = 2and F = 1 of ~ 6.8 GHz. (b) Schematic of the two-
photon laser excitation employed in the experiment for coupling
to nS Rydberg states. (c) Illustration of angular momentum cou-
plings for Rydberg molecule potentials. Electron-neutral scat-
tering couples the electron spins of the Rydberg and perturber
atom. In combination with fine and hyperfine structure, the pure
singlet and triplet scattering channels and the hyperfine states of
the perturber get mixed. (d) Close-up showing the resulting hy-
bridization of the 47Hyd, F' = 1 singlet trilobite potential with
the 50S, F' = 2 molecular potential. The green shading indicates
the S-character of the PECs. Insets depict the Rydberg electron
density for three selected values of R marked with blue circles.

well beyond the avoided level crossing the molecular po-
tential correlated with the 50S, F' = 2 asymptote exhibits
a clean S-type electron density. Yet, with decreasing R the
Rydberg electron acquires the characteristic trilobite shape
and eventually forms a hybrid of S- and mixed high- L char-
acter. The sizeable S-character allows us to photo-associate
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FIG. 2: (a)-(c) Rydberg molecule spectra showing the mean ion count rate as a function of laser detuning ¢ in the vicinity of the atomic
Rydberg states 49S (a), 50S (b), and 51S (c) at a magnetic offset field of 1.64 G. The zero of the frequency axis (§ = 0) is referenced
to the [nS; /5, 1) atomic Rydberg level. Representative error bars in (a) indicate the standard deviation. Solid lines are fits to the
data based on a sum of multiple Lorentzians. Blue filled (red open) symbols indicate calculated binding energies of molecular states
associated with PECs for which myg = 5/2 (mg = 3/2). (d)-(f) Long-range molecular potentials in the vicinity of the Rydberg states
49S (d), 50S (e), and 518 (f) for the experimental magnetic field of 1.64 G. Blue dotted (red solid) curves show PECs with my = 5/2
(my = 3/2). Zero energy corresponds to the asymptotes of the states nS, F' = 2 with mg = 5/2.

molecular bound states associated with the mixed trilobite
PEC.

Starting from an ultracold sample (1.2 uK) of 3"Rb
held in a magnetic QUIC trap and prepared in the
|F' = 2, mp = 2) hyperfine state, we couple to nS; /> Ry-
dberg states by a two-photon transition (see Fig. 1(b))
[28]. For the chosen laser polarizations and the de-
tuning from the intermediate 6P3/, level, both Zee-
man sublevels |nS;/2,7) and |nS; /s, ]) are addressed,
where 1 ({) denotes the Rydberg electron spin projection
my, = +1/2(—1/2). We take Rydberg molecule spectra
by sequential laser excitation, field ionization, and ion de-
tection as detailed in [28]. Results of such measurements
showing the mean ion yield as a function of laser detun-
ing 0, referenced to the atomic Rydberg level [1nS;/2,1),
are shown in Figs. 2(a)-(c) in the vicinity of the states
498, 50S and 51S. The transition to the Rydberg state
with flipped electron spin |nS 2, |) is Zeeman-shifted to
0 = -4.6 MHz due to the magnetic offset field B present in
the QUIC trap. In addition to the two atomic Rydberg lines,
we observe further narrow resonances red detuned with
respect to the atomic transitions, which are attributed to
photo-association of ultralong-range Rydberg molecules.
Remarkably, the spectrum in the vicinity of the 505,
level (Fig. 2(b)) reveals a bound molecular state at blue de-
tuning § = +4.2 MHz (red arrow). Similar blue-detuned
resonances were observed in [33]; these are, however,
caused by a hybridization mechanism of near-degenerate

low- and high-L orbital Rydberg states that does not in-
volve a spin-orbit interaction.

In order to interpret and assign the observed spectral
lines, our theoretical model Eq. 1 is extended to account for
the presence of B [28]. We have verified that the angle be-
tween the internuclear axis and B has only minor influence
and thus restrict the discussion to a parallel alignment [28].
In that case, the full Hamiltonian conserves the total spin
projection quantum number myg = mj, +mg, +my,. The
obtained PECs in the vicinity of the experimentally investi-
gated Rydberg states are shown in Figs. 2 (d)-(f). In our ex-
periment we only address PECs with myx = {3/2,5/2},
as my, = =+1/2 and the initially spin polarized sam-
ple fixes mg, = 1/2 and m;, = 3/2. The PEC with
myg = 5/2 (blue dotted lines) is of pure triplet charac-
ter and couples to neither of the F© = 1 trilobite poten-
tials. In contrast, PECs with my = 3/2 (red solid lines)
are strongly influenced by the coupling to the F' = 1
trilobite state of mixed singlet and triplet character. The
strength of this coupling varies considerably for different
n. For the 49S state (Fig. 2(d)), the trilobite potential
stays blue detuned for all values of R and does not cross
at all. Yet, despite its comparatively large energy gap of
more than 50 MHz to the 49S state, the coupling pushes
the my = 3/2 PEC significantly down in energy. In con-
trast, for 50S (Fig. 2(e)) the trilobite state crosses the S-
state at about 3500 ay and strong hybridization with the
my = 3/2 PEC arises. The hybrid character even remains



4

for smaller values of R, leading to a potential curve which
supports bound molecular states blue detuned with respect
to the atomic line, in agreement with our experimental ob-
servation. Remarkably, such blue-detuned molecular lines
do not exist for other types of ultralong-range 8"Rb Ryd-
berg molecules and support direct evidence for the strong
coupling to the triblobite PEC. Finally, for the 51S state
the crossing with the trilobite potential occurs at a larger
internuclear distance of about 4400 @, and has again less
influence on the S-state.

Next, we calculate the molecular bound vibrational
states for the PECs of interest and compare the results with
the measured resonance positions. For this, numerically
obtained binding energies are indicated in Figs. 2(a)-(c).
The binding energies of the ground and first-excited dimer-
state associated with the myx = 5/2 PEC (blue filled
diamonds) are found in good agreement with the experi-
mental data. Furthermore, the general trend of the calcu-
lated bound states in the my = 3/2 potentials (red open
symbols) agrees with our measurements. While molecu-
lar states of the energetically higher my = 3/2 PEC (tri-
angles) appear blue detuned with respect to the [nS; /2, )
atomic line, the energetically lower myx = 3/2 PEC sup-
ports bound states (diamonds) which are all located on
the red side of the atomic resonance. Our numerical re-
sults signify that the latter are considerably influenced by
the coupling to the trilobite potential. Note that for 51S
the absence of ion signal red detuned with respect to the
|nS1 /2, |) atomic line perfectly follows the numerical pre-
dictions. The unusual blue-detuned (6 > 0) molecular
state found in the 50S spectrum is also predicted by our
theoretical model.

We now focus on the hybrid PEC with sizeable trilo-
bite character, which is energetically located above the
|50S1 2, 1) atomic Rydberg level and hosts the peculiar
blue-shifted molecular state. The relevant PECs together
with their vibrational bound states |®,,(R)|? are depicted
in Fig. 3(a). Vibrational states associated with the hybrid
trilobite potentials are labeled (1)-(8). The corresponding
calculated binding energies U, are listed in Fig. 3(b). The
measured binding energy of 4.2 MHz is found in agree-
ment with the calculated state (6). To provide further evi-
dence for this assignment, we probe the electric dipole mo-
ment d of the molecule and compare to theoretical predic-
tions (c¢f. Fig. 3(b)) [28]. To this end, we record photo-
association spectra while applying a homogeneous electric
field E pointing parallel to the QUIC trap magnetic field
[28]. The result of this measurement, shown in Fig. 3(c),
reveals a pronounced linear red shift of the resonance posi-
tion by several MHz together with a small broadening for
applied electric fields of only a few mV/cm. As expected,
while the molecular line is strongly affected, the atomic
resonance exhibits no detectable Stark shift for these com-
paratively small field strengths.

The linear Stark shift of the molecular resonance at-
tests a large permanent electric dipole moment d = h X
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FIG. 3: (a) Long-range molecular potentials with myg =
{3/2,5/2} in the vicinity of the 50S state and calculated vibra-
tional bound states |®,(R)|?, offset by their respective binding
energies Uj. The red (blue) shaded states are bound in the PEC
with mg = 3/2 (mg = 5/2), respectively. Bound states with
significant trilobite admixture are numbered (1)-(8). Zero en-
ergy corresponds to the asymptotes of the states 50S, F' = 2 with
my = 5/2. (b) Calculated binding energies U; and dipole mo-
ments d for the vibrational bound states (1)-(8) in (a). (c) Ryd-
berg Stark map showing the ion count rate as a function of the
laser detuning ¢ in the vicinity of the 50S state for four values
of the electric field E. The zero of the frequency axis (6 = 0) is
referenced to the atomic Rydberg level [nS /5, 1) in the field-free
case. Orange points depict the peak position of the blue detuned
trilobite molecular state extracted from Lorentzian fits to the data.
The red line is a linear fit to the peak positions, which yields an
electric dipole moment of 135(45) D.

dd/dE =135(45)D. This observation unambiguously in-
dicates the trilobite character of the molecular state. More-
over, the extracted dipole moment as well as the mea-
sured binding energy are both in good agreement with
the theoretical prediction for state (6). This identification
is further supported by a reasonably long calculated life-
time 7 = 1.8 us and the fact that the associated vibra-
tional wavefunction has comparatively large weight at large
R ~ 3300a,. This facilitates efficient photo-association
for our typical inter-particle distances when compared to
the other blue-shifted vibrational states, which are all lo-
cated at smaller expectation values of R.

Finally, we note that conventional S-type ultralong-range
Rydberg molecules, which feature only a small perturba-



tive admixture of far detuned high-L states, typically show
a symmetric broadening of the molecular line relative to the
atomic transition in response to electric fields [10]. This
differs from what we observe here and hints at the need for
a more elaborate theoretical description.

In conclusion, we have studied the hybridization of
S-type and trilobite Rydberg molecular potentials induced
by the combined effects of electron-neutral scattering and
hyperfine interaction. The coupling allows us to produce
exotic polar trilobite Rydberg molecules, related to high
angular momentum electron orbits, via standard two-color
photo-association. The strong linear Stark shift observed
in the presence of an electric field provides direct evi-
dence for their large permanent electric dipole moment.
Our results exemplify how fine details of the chemical
bond of ultralong-range Rydberg dimers, emerging from
the full interplay of orbital and spin-degrees of freedom,
allow us to access molecular states which are otherwise
difficult to produce. Importantly, our scheme is readily
adaptable to numerous atomic species that feature hyper-
fine structure. This opens routes for tailored engineering of
long-range interacting few- to many-body systems based
on strongly polar Rydberg molecules [34], realizing exotic
polarons [9, 35], or probing quantum chemistry on meso-
scopic scales [36].
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