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Ultralong-range Cs2 Rydberg-ground molecules (nDs/2 4+ 651,2F) (33 < n < 39, F = 3 or 4) are investigated
by a two-photon photo-association spectroscopy of an ultracold Cs gas. Two vibrational ground molecular
spectra of triplet 3% and hyperfine mixed singlet-triplet 3% molecular states and their corresponding binding
energies are attained. The experimental observations are simulated by an effective Hamiltonian including low
energy electron scattering pseudopotentials, the spin-orbit interaction of the Rydberg atom, and the hyperfine
interaction of the ground-state atom. The zero-energy singlet and triplet s-wave scattering lengths are extracted
by comparing the experimental observations and calculations. Dependences of the measured binding energies on
the effective principal quantum number, neg = n — dp (dp is the quantum defect of Rydberg D state), yield the
scaling of n_ 0003y F = 3), n 2 92E0 6 (35 F = 4) for deep triplet potential and n_2-6%0-38 (135 F = 3),
ne}? ‘19i0‘14(1’3ﬂ, F = 4) for shallow mixed singlet-triplet potential well. The simulations of low-energy Rydberg

electron scattering show agreement well with the experimental measurements.

PACS: 32.80.Ee, 33.20.—t, 34.20.Cf

Ultralong-range Rydberg-ground molecules, com-
posed of a Rydberg state atom and one or more ground
state atoms, have attracted considerable attention
due to their permanent electric dipole moments,!?
which are unique for homonuclear molecules. These
molecules arise from low-energy scattering between
the Rydberg electron and ground-state atoms that
located inside the Rydberg electron’s wave function.
This low energy scattering interaction®4 has been
predicted by a new binding mechanism of molecules
that create a novel type of Rydberg molecules, in-
cluding the s-wave dominated trilobite'] and p-wave
dominated butterfly molecules. 6]

Rydberg-ground molecules were first predicted
theoretically two decades agol!! and then observed
experimentally in ultracold rubidium gases.[” Sub-
sequently, several groups have reported the ob-
servations of the Rydberg-ground molecules with
Rb nP1/273/2[8] and nDs3/s 5 o9~ 1] gtates, as well as
with Cs n51/27[2,12] ’I’L,Pg/g[l3 and TLD3/275/2.[14’15] Re-
cently, a new approach to excite ion-pair states of ul-
tracold Rydberg-ground molecules was proposed,
putting forward a new method to form heavy-Rydberg
states.'”) Due to large size and permanent electric
dipole moment, Rydberg-ground molecule becomes
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an ideal candidate for investigating the strong corre-
lated many-body gases!'®! and quantum information
processing.19~21]

In this work, we present experimental observations
of Csy (nD5/y + 6S1/2F), (n = 33-39), long-range
Rydberg-ground molecules employing a two-photon
photoassociation technique. Two molecular states
coming from a triplet s-wave scattering interaction,
3%, and a mixed singlet-triplet s-wave scattering inter-
action, 13X, are observed. The dependences of bind-
ing energies of the vibrational ground state 3 (v = 0)
and 3Y(v = 0) on the principal quantum number are
extracted by analyzing the photoassociation spectro-
scopies. The Fermi model is employed to calculate
molecular potential energy curves (PECs) and vibra-
tional energies, which show agreement well with the
measurements.

The Rydberg-ground molecule is bound by the low
energy electron scattering interaction between Ryd-
berg electron and a ground atom. We first calcu-
late the PECs and related vibrational energies. The
scattering interaction between the Rydberg electron
and the ground-state atom is described by Fermi
pseudopotentiall®4) in which the ground state atom is
considered as a point perturber. The scheme of scat-
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tering interaction is demonstrated in Fig.1(a). The
Rydberg electron (ground atom) sits at position r
(R2) relative to the CsT ionic core. Iy is ground-
state-atom nuclear spin, S and S, are the electronic
spins of the Rydberg and the ground-state atom, re-
spectively. In the reference frame of the Rydberg ionic
core, the scattering interaction is expressed as4

V(r; R) =2mas(k)8*(r — R2)

+ 67[ay (k)83 (r — RV - V,
(1)

where a;(k) is energy-dependent scattering length
with [ the scattering partial-wave order and k the
electron momentum of the Rydberg atom; [ =
0 (1) displays s-wave (p-wave) scattering.  The
scattering length a;(k) is written as a;(k)2+!
—tann(k)/k**+1 with 7;(k) the scattering phase
shifts.

The Hamiltonian of the system includes three
terms,m]

H(r;R) = Ho+ Y V(r;R)P(i) + AursSa - Ip. (2)
=S, T

The first term, Hp, is the Hamiltonian of the Ryd-
berg atom. The second term displays the scattering
interactions, which sums over the spin-dependent sin-
glet (i = S) and triplet (¢ = T) scattering channels,

using the projection operators P(T) = 8y - Sy + 3/4,
P(S) = 1— P(T). The last term represents the hyper-
fine interaction of the ground state atom with Aypg
hyperfine parameter.
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Fig. 1. (a) Schematic of the molecular system. The Ry-
dberg electron with spin S sits at position 7 relative to
the ionic core. A cesium ground state atom is located at
position R2 relative to the ionic core of the Rydberg atom.
Sy and I are electronic and nuclear spins of the ground
state atom, respectively. (b) Two-photon excitation dia-
gram. First photon, 852 nm laser, drives |65 /5, F' = 3) or
|6S1 /2, F' = 4) — |6P3 /5, F’ = 5) transition, while second
photon, 510nm laser, drives |6P3/3, F/ = 5) — |nDs/3)
transition. The 852 nm laser frequency is blue shifted from
the intermediate level |[6P5 /5, F = 5) by 360 MHz using a
double-pass acousto-optic modulator (AOM). The 510-nm
frequency is scanned to red detuning from nDj /5 Rydberg
atomic line.
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Fig. 2. Calculations of PECs and measured spectrum for the 38D5 /5 + 651 /2(F = 4) Rydberg molecule related to
the 38D5 /5 atomic line. Left panel displays the calculated PECs of the 38 D55 + 65} /2 (F = 4) Rydberg molecule.
The solid (dashed) line is the PECs formed mostly by triplet (mixed singlet-triplet) scattering for 65 /o F = 4.
The outmost potential wells marked with a square mainly arise from s-wave scattering and are enlarged in the
middle panel. The red and yellow lines indicate the ground vibrational wave functions of 3% and 1:3% potentials,
respectively. Right panel presents the measured spectrum for the 38D5 /5 + GSI/Q(F = 4) molecule. The triangles
indicate two molecular signals and the black line displays smoothed average. We extract the binding energy of the
molecular state by Gaussian fitting of the molecular peaks, as shown by the blue lines.

We diagonalize the Hamiltonian of Eq. (2) and at-
tain adiabatic potential energy curves W,q(R). The
left panel of Fig. 2 presents the calculations of PECs of
Rydberg molecules that are asymptotically connected

with the atomic 38D5/, state, with the ground-state
atom being in 65,2 F = 4 hyperfine level. It is seen
that two PECs display outermost energy minimum of
dozens of megahertz deep at R ~ 2400a(, marked with
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a gray square and enlargement in the middle panel of
Fig. 2, where the electron atom interaction is domi-
nated by the s-wave scattering interaction forming a
trilobite-type Rydberg molecule. The deep well po-
tential (solid line) mostly arises from triplet s-wave
scattering forming 3¥ molecular state, whereas the
shallow well potential (dashed line) mostly from hy-
perfine mixed singlet-triplet s-wave scattering forming
L3y state. In the middle panel of Fig. 2, we also plot
the vibrational state and wave functions ¥oq v (R), cal-
culated with the molecular Hamiltonian theory. The
deeper wells at R < 1800ag range mainly come from
p-wave scattering interaction forming butterfly-type
Rydberg molecules, which is beyond this work.

A Rydberg-ground molecular experiment is imple-
mented in the crossed optical dipole trap (CODT)
with the temperature ~100uK and peak density
~10" ecm ™3, the detail of the experiment is described
in our previous works.!*®23] The two-photon photoas-
sociation method is employed to prepare the Rydberg-
ground molecules, related excitation diagram as shown
in Fig. 1(b). An 852nm laser, driving a lower ground
state transition (65,5, ' = 4) — |6P;9, " = 5),
and a 510nm laser, driving an upper Rydberg tran-
sition |6P3/5, F' = 5) — [nDj/5), are overlapped in
a counter propagating configuration. The frequen-
cies of 852- and 510-nm excitation beams are stabi-
lized to the same high-finesse Fabry—Pérot (FP) cav-
ity with the linewidth less than 500kHz. The 852-
nm frequency is blue shifted from the intermediate
level by 4 = 360 MHz with a double-pass acousto-
optic modulator (AOM). The Rabi frequency of Ryd-
berg excitation {2 = 98529510/26 ~ 27 x0.15 MHZ,
with 9852 = 27 x 16.1 MHz (9510 = 21 X 68MHZ)
the Rabi frequency of the first (second) photon and
0 = 360 MHz the detuning of single photon. The 510-
nm frequency is red detuned from the Rydberg atomic
line by scanning the radio-frequency signal applied
to the electro-optic modulator that is used to lock
the laser to the FP cavity. The Rydberg molecules
are created when the detuning from the atomic line
matches the binding energy of the Rydberg-ground
molecules. After two-photon excitation pulse, we ap-
ply a small electric field to extract the atomic (molec-
ular) ions produced by the blackbody photoionization
(Hornbeck—Molnar autoionization) to a microchannel
plate (MCP) detector.

To attain the dependence of the Rydberg-ground
molecular resonances on the hyperfine level, F-
quantum number, of the ground state atom, we pre-
pare the ground-state atoms in either the F' = 3 or the
F = 4 hyperfine level by turning the MOT repump-
ing laser either off or on during the photo-association
pulse sequence.

In the right panel of Fig.2, we present a

two-photon photoassociation spectrum of 38Ds,5 +
6S1/2(F" = 4) Rydberg-ground molecules correlated
with the 38D5/5 atomic line. The spectrum displays
clearly two molecular peaks marked with triangles at
red detuned side and well-resolved from each other
and from the atomic line, allowing us to determine
the binding energies of molecules with uncertainties
less than 1 MHz. The binding energies are extracted
by Gaussian fittings to the respective molecular peaks
of measured spectra, see blue lines in the right panel
of Fig. 2. The data are employed to obtain the depen-
dence of the binding energy on the effective principal
quantum number neg and to determine s-wave scat-
tering lengths via comparison with model calculations.

We perform a series of measurements similar to
Fig.2 and obtain the two-photon photoassociation
spectra of nDs /5 +65, o F for principal quantum num-
ber (n = 33-39) and hyperfine level F' = 3 or 4 of the
ground atom by varying the frequency of excitation
laser. In Fig.3, we present the typical photoassoci-
ation spectra for n = 36-39 range and the ground-
state hyperfine levels I = 3 (left panel) and F' = 4
(right panel), respectively. The measured spectra are
averaged over ten independent measurements for de-
creasing systematic uncertainties, gray symbols and
error bars show the original data, and the black lines
display smoothed average. All spectra clearly dis-
play two dominant molecular peaks, marked with B
(C), corresponding to the vibrational ground states of
deep-well 2% (shallow-well 1:3X) PECs, which mostly
arise from s-wave scattering interaction, as mentioned
above. Gaussian fittings to the respective molecular
peaks yield the binding energies, see the blue lines
in Fig.3. For comparison, we also plot vertical solid
(dashed) lines to represent the calculated binding en-
ergies of 3¥v = 0 (13¥v = 0) states. It is seen that
the measurements of the binding energy agree with the
calculations. For instance, the measured binding en-
ergy is 48.240.5 MHz (19.740.5 MHz) for the 3% (1:3%)
state of the 38D5/5 + 651/2F = 4 molecule, while
the calculated binding energy is 47.6 MHz (20.1 MHz),
corresponding deviation of 1.3% (2%). For molecu-
lar spectra of nDs/ 4 651 /2F (n = 33-39, F = 3 or
4), the averaged deviation between measurements and
calculations is 2.8%.

For attaining n.g dependence of the binding en-
ergy (neg = n — dp, with dp quantum defect of Ry-
dberg D state), we plot measurements of the binding
energies of nDs/5 + 651/2 molecules as a function of
the principal quantum number for ground hyperfine
level F' = 3 in Fig.4(a) and F' = 4 in Fig.4(b). For
comparison, we also present the calculations of the
binding energies in Fig. 4, showing a good agreement
with the measurements. We use formula y = anlq;
(with a and b being the fitting parameters) to fit the
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data of Fig.4 and obtain scaling laws, see the dashed
red (measurement) and solid black (theory) lines in
Fig. 4. A closer look further reveals that the exponents
b are about —5.60, related scalings of measurements
are n;£'60i0'16(32,F _ 3), n;§'62i0'16(32,F — 4) for
deep triplet potential and n;§‘65i0'38(1’327F = 3),
ng£'19i0'14(1’32,F = 4) for shallow hyperfine mixed
singlet-triplet potential well, respectively. Measure-
ments of scaling b agree with the calculations, as dis-
played in Fig. 4, except the mixed 13X, F = 4 poten-
tial, see detailed discussion in the following.

0.1439D;,, F=3 _39D;,, F=4

0.0+
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Fig. 3. Measurements of two-photon photoassciation
spectra of nD5 /5 +6S1 /2 (F = 3) (left panel) and nDs /9 +
651 ,2(F = 4) (right panel) Rydberg-ground molecules
with n = 36-39. Peaks B and C indicate the vibrational
ground molecular signals formed mainly by triplet (35)
and hyperfine-mixed singlet-triplet (3%) potentials, re-
spectively. The vertical solid (dashed) red lines display
the calculated ground vibrational levels of triplet (mixed)
molecular states. The positions of triplet molecular sig-
nals are nearly the same for ' = 3 and F' = 4, while the
positions of mixed molecular signals are deeper for F' = 3
than F = 4.

It is noted that a procedure similar to the one
described in Refs.[11,15] is employed to reproduce
the binding energies of calculations. In the non-
relativistic approach, we use finite-range model poten-
tials for the low-energy electron scattering provided
in Ref. [24]. The s-wave singlet and triplet scattering
wave-functions of the electron are integrated numeri-
cally and evaluated at a distance of 1000ag from the
perturber to determine the scattering lengths a2 (k)
and al'(k). To achieve agreement between experi-
ment and theory it is necessary to fine-tune the s-
wave scattering-length functions, a2 (k) and aZ (k), by
phase-shifting the wave-function of the scattered elec-
tron by a small amount. The shifts of the scattered-
electron wave-function are parameterized by the zero-

energy scattering lengths, a(k = 0) and ol (k =
0). Comparing with the measurements of Fig.4 for
all n in this work, we find average values of zero-
energy scattering length a(k = 0) = —1.92a¢ and
al(k = 0) = —19.16ay, respectively. In our model,
because the p-wave scattering has a relatively small
effect on the PECs over the range of the outermost
potentials, we use p-wave scattering-length functions
ag (k) and al(k) from Ref.[24] without further ad-
justment. Once the PECs are known, the vibrational
wave functions, see the middle panel of Fig. 2, and the
corresponding energies of vibrational resonances are
obtained using the molecular Hamiltonian theory, as

displayed in Fig. 4.
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Fig. 4. Measurements (red symbols) and calculations
(black symbols) of binding energies of Rydberg-ground
molecules nDg /5 4 651 /2 (F = 3,4) for triplet 3X(v = 0)
and hyperfine mixed singlet-triplet »3¥(v = 0) ground
vibrational states, (a) for ground hyperfine level F = 3
and (b) for F' = 4. The experimental binding energies are
extracted from Gaussian fittings to the molecular peaks
of photo-association spectra of Fig.3. Dashed red (solid
black) lines display fittings to the experimental (calcu-
lated) binding energies using formula y = anle’f_r, with fit
parameters a and b.

From Figs.3 and 4, we find that the positions or
the binding energies of triplet molecular states are al-
most the same for ground hyperfine level F' = 3 and
F = 4, which means that the binding energies of the
3Xw = 0 molecular states do not significantly depend
on F, over the entire range of n-values studied. This
is due to fact that the binding energies measured for
the ground states in the outermost wells in the 3%
PECs are almost unaffected by the hyperfine structure
of the ground-state atom. In contrast, the binding
energies measured for the ground states in the outer-
most wells of the mixed 3% PECs depend on whether
the ground-state atom is in its lower or upper hyper-
fine state (F' = 3 or 4), as described in Refs. [13,22].
Furthermore, we find that the binding energies of the
L3%y = 0 states for F = 4 are always less than those
for F = 3, with the difference gradually decreasing
from about 13MHz at n = 33 to about 6 MHz at
n = 39.
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A close inspection of Fig. 4 reveals the good agree-
ment between measured and calculated binding en-
ergies for all types of molecular PECs over large n
range here. The exponents b also show good agree-
ments, with the exception of the most weakly-bound
case, mixed 13Y state of the nDs/y + 6512F = 4
molecule. We attribute this disagreement to the fact
that the most weakly bound states are the hardest
case to measure, as the molecular resonances are the
closest to the atomic lines with the smallest shifts,
hence experimental uncertainties have the greatest ef-
fect. For instance, nDs/5 + 6S1/2F = 4 molecular
spectra in the right panel of Fig.3, the 3% molec-
ular signals are closer to atomic line than the other
molecular states. Furthermore, the vibrational wave-
functions of the most weakly-bound states extend the
furthest towards small internuclear separations, where
p-wave scattering may become important.

In summary, we have observed nDj/5 + 651 /2Cs2
Rydberg-ground molecules involved ground-state hy-
perfine structure. The measurements of the binding
energies both for deep triplet 3¥(v = 0) and shal-
low mixed 13¥(v = 0) molecular vibrational state
agree well with the calculations with low-energy elec-
tron scattering theory for the n range used here. The
hyperfine levels of the ground state atom are found
to have a negligible effect on triplet 3¥(v = 0) po-
tential well and the corresponding vibrational bind
energy, but would modify the mixed 3% potential
well of Rydberg-ground molecules. The allometric
fits to measurements and calculations of binding en-
ergy yield scaling laws with exponents b, showing a
good agreement between the experiment and theory
and closer to the previous works n~% scaling of 8"Rb
nD + 55 molecules in reference.[”’ The method used
here can be used to prepare the Rydberg-ground state
molecules with different angular moment states such
as Cs n.P + 6513 and nS + 65212 molecules and dif-
ferent atoms such as Rb nD + 55" and Sr, Rydberg
molecule.?) In future, we will further investigate the
interaction between the Rydberg molecule and an ex-
ternal field due to huge permanent dipole moment of
the Rydberg-ground molecule.
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