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Two-photon photoassociation spectroscopy of an ultracold heteronuclear molecule
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We report on two-photon photoassociation (PA) spectroscopy of ultracold heteronuclear LiRb molecules. This
is used to determine the binding energies of the loosely bound levels of the electronic ground singlet and the
lowest triplet states of LiRb. We observe strong two-photon PA lines with power broadened linewidths greater
than 20 GHz at relatively low laser intensity of 30 W/cm?. The implication of this observation on direct atom
to molecule conversion using stimulated Raman adiabatic passage is discussed and the prospect for electronic
ground-state molecule production is theoretically analyzed.
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There has been immense interest and progress in creating
ultracold heteronuclear polar molecules [1-12] which, by
virtue of their permanent electric dipole moment in the
electronic ground state, are important for a variety of ex-
periments not possible with ultracold atoms [13—-16]. One-
photon photoassociation (PA) of ultracold atoms [17] has been
extensively used to create ultracold diatomic molecules in
excited electronic states [12] and in many cases such molecules
spontaneously decay to the electronic ground state [3,18-22].
While this has been a successful strategy even for the formation
of rovibronic ground state, i.e., X ' X+ (v” = 0) molecules of
some species [3,20,21], the process always leads to molecules
being formed in a distribution of vibrational and rotational
states [18—22]. An alternative approach is to again start with
ultracold atoms but use a coherent coupling scheme for
the formation of molecules in a specific rovibronic state.
Magnetic Feshbach resonance is one such technique [23]
but it can only produce weakly bound molecules and may
be of limited use for species with resonances at very high
magnetic fields. On the other hand, an all-optical scheme such
as the Raman-type two-photon PA [24] of ultracold atoms
is in principle applicable to all species and is capable of
producing ultracold molecules in deeply bound states. The
scheme has been previously implemented on homonuclear
molecules [25-33] but, here we observe it in heteronuclear
bialkali molecules.

In this paper, we demonstrate Raman-type two-photon PA
spectroscopy of the ultracold heteronuclear ’Li 33Rb molecule,
a molecule with a relatively large permanent electric dipole
moment in its ground state [34], which is promising for a
broad array of applications in quantum computing, quantum
simulation, and ultracold chemistry [13—15]. We also report
the binding energies for previously unobserved, loosely bound
levels of "Li % Rb, compare them with theoretical predictions
and derive accurate potential energy curves (PECs) for the
X '2* and the a3+ states. In addition, we observe strong
two-photon PA resonances with power broadened linewidths
exceeding 20 GHz. This unexpected feature may suggest
alternative physics not previously encountered and, as we
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discuss, may lead to efficient formation of ground-state
molecules.

The experiment is performed in a dual-species magneto-
optical trap (MOT) apparatus for simultaneous cooling and
trapping of “Li and %Rb atoms, the details of which are
described elsewhere [35,36]. The °Rb MOT is operated as
a dark spot MOT in order to reduce atom loss by light assisted
collisions [35,36] and to optically pump *°Rb atoms to the
552812 (F = 2) state. The "LiMOT is a traditional MOT
where most of the atoms are in the 2s 25, ,2(F = 2) state. The
scheme used for Raman-type two-photon PA spectroscopy is
shown in Fig. 1(a). The frequency vpa of the PA laser is tuned
to a PA transition to create LiRb* molecules in a specific
bound vibrational level v’ near the Li(2s %S ) + Rb (5p %Py 2)
atomic asymptote (* indicates electronically excited states).
Molecule production leads to a reduction in the number of
atoms trapped in the MOT and a corresponding reduction in
atomic fluorescence [10,11]. We show an example of this trap
loss signal in Fig. 2(a). With vpa held fixed on a PA resonance,
the frequency vg of a second laser, called the Raman laser,
is scanned across a bound-bound v’ <> v” transition between
the excited and ground electronic states of LiRb. When the
frequency vy is resonant with the bound-bound transition, this
field strongly couples the two levels and causes shifts (or
splitting) in their energies due to a phenomenon commonly
known as the Autler-Townes (AT) splitting. Due to the shift in
the energy of the v’ level of the LiRb* molecule, the PA laser
is no longer resonant with the free-bound transition and the
atom loss due to PA is suppressed resulting in an increase of
the MOT fluorescence [Fig. 2(b)]. The frequency difference
Av (=vRr — vpa) between the Raman and the PA lasers is a
measure of the binding energy (Eg) of the vibrational level v”
of the electronic ground state.

For deeply bound levels (Av > 15GHz), the signal-to-
noise ratio of the Li MOT fluorescence signal is reduced,
and we turn to a resonantly enhanced multiphoton ionization
(REMPI) detection scheme [18,19] to detect the two-photon
PA resonances. We use a pulsed dye laser pumped with the
second harmonic of a Q-switched Nd:YAG laser to drive
the REMPI process. Molecules created by the PA laser
spontaneously decay to a distribution of vibrational levels
of the X!'X% and the a3X* electronic states, which are
subsequently ionized using REMPI. In the absence of the
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FIG. 1. (a) Scheme used for Raman-type two-photon PA spec-
troscopy. The frequency vpy of the PA laser is kept fixed while
the frequency vg of the Raman laser is scanned. (b) Electronic
ground-state PECs at large R [37].

Raman laser (or when it is off resonant), a steady number
of LiRb" ions, typically—two to three ions per pulse of the
dye laser, is detected. When vy is resonant with the v’ <> v”
transition, the PA laser frequency is shifted out of resonance
due to the AT effect and results in a decrease in ground-state
molecule formation, thereby decreasing the REMPI signal
(Fig. 3). The frequencies of the two-photon PA resonances
are not affected by the REMPI laser.

We use a homemade external cavity diode laser
(ECDL) [38] as our PA laser with an optical power of
~120 mW and beam diameter of ~1 mm. In Fig. 2(a) we show
an example of the one-photon PA spectrum of the v/ = —4
level of the 2(1) state when the PA laser is scanned in the
absence of the Raman laser (negative sign in v’ denotes that
the level is measured from the dissociation limit). For the
Raman-type two-photon PA spectroscopy, the frequency vpa
of the PA laser is fixed (within &5 MHz) at the center of the PA
peak by locking the frequency of the ECDL to a Fabry-Perot
cavity. This induces ~20% reduction in the atom number as
inferred from the "Li MOT fluorescence. The Raman laser is a
Ti:sapphire laser with a maximum output power ~400 mW and
a beam radius (r) of ~0.5 mm. It copropagates along the PA
laser albeit with orthogonal linear polarization. The frequency
of the Raman laser is scanned in order to obtain the Raman-type
two-photon PA spectra. In Fig. 2(b), we plot the fluorescence
of the ” Li MOT as a function of Av (=vg—vpa). Anincrease in
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FIG. 3. Two-photon PA spectra measured using the REMPI
detection scheme. The PA laser is tuned to the 2(1) (v = —5) level
and the REMPI laser (frequency 17 871.5cm™") ionizes molecules
produced in the a > % (v” = 13) state by spontaneous emission. (a)
The two-photon PA resonance corresponding to the a X+ (v" =

12) < 2(1)(v' = —5) transition. The triplet structure due to hyper-
fine splitting of the a 3X+(v” = 12) level is indicated by arrows.
(b) Thea 3E+(v” = 13) < 2(1)(v' = —5) transition measured using

different Raman laser powers as indicated in the legends.

the 7 Li MOT fluorescence is seen whenever the Raman laser
is resonant with a bound-bound v' <> v” transition.

The decrease in fluorescence at Av ~ £3 GHz (=ground-
state hyperfine splitting of 85Rb) is an artifact and is not
related to LiRb molecules. It occurs because the PA and
the Raman lasers together transfer, via a Raman transition,
the ®Rb atoms from the lower F =2 to the upper F =
3 hyperfine level of the 5528, state. This disrupts the
operation of the dark MOT by putting the 8°Rb atoms in the
cycling 5s %Sy o(F = 3) — 5p2P3»(F' = 4) transition, i.e.,
essentially turns it to a bright MOT. A bright *Rb MOT
leads to severe losses in the 7 Li MOT atom number due to
light assisted interspecies collisions as explained in Ref. [36].
The decreases in fluorescence at Av ~ 0,0.2,0.5,and 1.7 GHz
are due to one-photon PA transitions induced by the Raman
laser—the first three correspond to the 2(1), v’ = —4 level,
while the last corresponds to the 2(07), v = —4 level [10].

We now discuss assignments for some of the observed
two-photon PA spectra of ’Li®Rb. The levels bound by
less than 2 GHz were assigned using a recently developed
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FIG. 2. (a) A typical one-photon PA spectrum. (b) A two-photon PA spectrum when the frequency of the Raman laser is scanned, with the

ECDL locked to the 2(1), v" = —4 PA line indicated by the arrow in (a).
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TABLE I. Binding energies Eg (in GHz) of experimentally observed two-photon PA resonances
(in the experimentally accessed spectral range 3.5 < Av < 200 GHz) and their assignments. Also
tabulated are the values of Ep calculated using the PECs of Ref. [39] and those derived in this work

(also see Supplemental Material [40]).

Eg (= Av) Assignment state Ey Eg
Experiment ", N") Ref. [39] This work
4.51(9) a 3xt(14,0) 3.93 4.66
10.03(3) X '2+(51,2) 11.56 9.80
12.42(4) X 'Z+(51,0) 13.93 12.19
32.2(4) a3x*(13,0) 33.01 31.21
54.7(3) X '£+(50,0) 67.51 54.96
100.5(3) a 3¥*(12,0) 111.51 100.92

method based on quantum defect theory (QDT) as described
elsewhere [41]. Here, we focus on levels with binding energies
greater than 2 GHz which, being more deeply bound, are better
intermediates for transfer of molecules to the v” = 0 level of
the X "X+ and the a 3X+ electronic states. In the Raman-type
two-photon PA spectra, only the rotational levels N* = 0 and
N" = 2 are visible, where N is the nuclear rotational quantum
number for the bound ground-state molecule. This happens
because the two-photon process couples states of the same
symmetry leading to the selection rule AN = (N"—Ny.) =
0, £2, where N is the nuclear rotational quantum number
for the scattering state. In our case Ny, = O since primarily
s-wave scattering is possible at the sub-mK temperatures of
the MOTs [10,11], restricting N to 0 or 2. The observation
(see Table I) of the N' =0 and N" = 2 rotational levels of
the X 'S+ (v = 51) state confirms the selection rule and
the predominance of s-wave collisions. Further, the frequency
spacing between N' = 0 and N = 2 rotational levels agrees
very well with calculations [39,40]. Also note that the X ' =+
and the a * X potentials have four dissociation asymptotes—
these correspond to the Li(2s,F = 1)+ Rb(5s,F = 2),
Li(2s,F =2) 4+ Rb(5s,F =2), Li(2s,F = 1)+ Rb(5s,F =
3), and Li(2s,F = 2) + Rb(5s,F = 3) channels. The differ-
ences in the energy of these channels correspond to the
atomic hyperfine splitting, as shown in Fig. 1(b). In our
experiment the free Li and Rb atoms collide mainly in the
Li(2s,F = 2) 4+ Rb(5s, F = 2) channel, so we quote binding
energies with respect to this asymptote. Whether an observed
line belongs to the a3X* state or to the X !X+ state is
determined by examining the hyperfine structure. The levels
belonging to the X !X F state are not expected to have any
hyperfine structure while those belonging to the a 3% state
are. As shown in Fig. 3, each v” level of the a3xt state
splits into three hyperfine levels. This occurs because the total
spin (S = 1) of this triplet state adds with the nuclear spin
(Irp = 5/2) of 85Rb, resulting in three values of G(=Igp + S).
The frequency span of the hyperfine structure, as expected,
is observed to be of the same order as the hyperfine splitting
(3.04 GHz) of the *Rb atoms in the 5525, state. In principle,
each of these lines should split further due to coupling with
the nuclear spin of Li but this is small (hyperfine splitting of
7Li is 0.8 GHz) and not clearly resolved in our measurement.
Once the electronic state for an observed line is determined, we
assign the v” level by comparing the observed line positions
(i.e., the binding energies) with those calculated using the

PECs for the X'=% and 43Xt states in Ref. [39]. The
X 'St and a3%t states have 53 (v’ = 0-52) and 150" =
0-14) vibrational states, respectively. The binding energies
calculated using the PECs in Ref. [39] are in reasonable
agreement with experimentally observed values (see Table I)
but deviate significantly in some cases. We thus calculate
different PECs (see Supplemental Material [40] for details)
which predict binding energies in much better agreement with
the experiment (see Table I). The derived PECs reproduce all
observed vibrational levels of the X 'X* and a 3%+ states
with an accuracy of 0.02cm™" and 0.3 cm™!, respectively. We
note that the finer structures in the observed lines are poorly
resolved and yet to be assigned. Similarly, some expected
states, such as the X !X+ (v” =49), were not observed
experimentally—plausible reasons for which are given below.

We repeated the two-photon PA measurements for different
one-photon PA transitions. This was done because of the
following reasons: (i) to verify that the two-photon PA res-
onances, or at least some of them, can be reproduced for other
one-photon PA transitions, (ii) to verify that the Raman laser
couples the photoassociated level to the ground electronic state
and not to a more highly excited electronic state (in the case of
the latter, the two-photon resonances would not be observed at
the same Av on choosing a different one-photon PA transition),
(iii) the spin singlet X 'S state and the spin triplet ¢ 3%+
state, in absence of singlet-triplet mixing, can couple only
to singlet and triplet PA levels, respectively. Thus, in order to
observe both the X ' T * and the a 3T states, different excited
states need to be chosen (in reality, some singlet-triplet mixing
does exist making this selection rule somewhat relaxed), and
(iv) different v’ levels have outer turning points at different
internuclear separations (~30—45ay for the states considered
here) and the Franck-Condon (FC) overlap with the v” of the
ground electronic state will be different for different v’ levels.
Itis expected that more deeply bound PA levels will have better
FC overlap with more deeply bound levels of the electronic
ground state. This limits the number of v” levels that can be
observed for a particular v’ level.

We note that we observe two-photon PA to both a >+ and
X 'S7 states irrespective of whether the one-photon PA laser
is tuned to the 2(1) (v = —4, —5, —6),2(07) (v = —5) states
which have spin triplet character or to the 2(0%) (v/ = —4) level
that has spin singlet character. This suggests the presence of the
expected singlet-triplet mixing that has so far been crucial [2]
for the production of molecules in the X ' X+ (v” = 0) level.

013405-3



DUTTA, PEREZ-RIOS, ELLIOTT, AND CHEN

0.8 AR
0.6

Li(2s) + Rb(5p)

0.4 / \
0.2 7 \

0 0 200 400 600 800
Time (us)

0.05
004 @3ZT(V"=13)

0.03

0.02
0.01

) —
Transfer efficiency O

0 200 400 600 800
Time (us)
FIG. 4. (a) Scheme for free-to-bound STIRAP (see text for
details). (b) Laser pulse sequence employed in the simulations for
STIRAP. (c) Solution of the time-dependent Schrodinger equation

for the proposed STIRAP scheme, for the case when the final state of
the molecules is the a >+ (v” = 13) level.

It is also interesting to note that some of the observed
lines have very broad linewidths. Figure 3(b) shows the
a’st (v = 13) < 2(1) (v/ = —5) transition measured using
different intensities of the Raman laser. A Lorentzian fit to the
central hyperfine feature yields FWHM 6 = 3.0(3), 5.1(4),
21.7(6) GHz for Raman laser powers P = 2,5,240 mW,
respectively. A fit of the § vs P data to a simple model
where 8§ = 8o(1 + P/ Pyy)'/? [42] yields 8y ~ 3.0(9) GHz and
saturation power Py, & 0.6(3) mW. The saturation intensity is
L (= Py /JTI‘Z) ~ 0.08(4) Wem 2 — this unprecedented low
saturation intensity indicates that the a3X* (v = 13) <
2(1) (v' = —5) transition is extremely strong. In an earlier
report we had shown that the PA rate to 2(1) (v = —5) is
also quite high at relatively low PA laser intensity [10,11].
Together these allow the possibility of direct conversion
of free "Li and %Rb atoms to bound ’Li%Rb molecules
in the a3X* (v = 13) using stimulated Raman adiabatic
passage (STIRAP). Such all-optical conversion of atoms to
molecules can be extremely efficient and fast, and may offer a
pathway to create high density samples of quantum degenerate
molecules [43-47].

In order to explore such a possibility theoretically, we
assume an optical dipole trap loaded with atoms at a tem-
perature of 50 uK and atomic density p = 10'> cm~3. The
present STIRAP scheme is reminiscent of the bound-bound
STIRAP technique [48], as shown in Fig. 4(a), but with the
subtleties of the free-to-bound transition included. We consider
transfer to a’X T (v’ = 13) level using 2(1) (v' = —5) as
the intermediate level. The PA transition is characterized by
the coupling rate S.ZPA = ((pEkkpv’:—S)Qul\/ IPAlO/IS}‘:L2 [49]’
where ¢p, and ¢,—_s5 represent the energy-normalized
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continuum wave function and the excited-state wave function,
respectively. Ipa(Ir) is the intensity of the PA (Raman)
laser, I; is the saturation intensity for the Rb D; line and
Qu = l"/«/g [50], T being the natural linewidth of the Rb
Dy line. It is assumed that the PA occurs in the long-range
region of atom-atom interaction [50]; otherwise the molecular
transition dipole moment should be included in between the
bracket associated with the free-to-bound overlap. Qg is the
Rabi frequency for the bound-bound transition. The decay
rates of the excited- and ground-state levels are assumed
to be y, =2m x 5. 75MHz and y, = 27 x 3kHz, respec-
tively [48]. We also include the detuning A = 27 x 0.8 MHz
due to the ac Stark shift induced by the laser fields. Figure 4(b)
shows the optimum time sequence of the lasers used for
STIRAP. For the calculations we use I = 10*Wcm™
and I = 1 Wem 2 leading to Qp* = 27 x 94.9kHz and
QF™ =2m x 10.67 MHz, respectively. The time-dependent
Schrodinger equation is solved for the effective three-level
system after applying the rotating wave approximation, and
the results are shown in Fig. 4(c). We find the free-to-bound
transfer efficiency to be 4%. Although not very high, this
leads to 4 x 10* molecules in the a3Et (v’ = 13) level,
starting with ~10° ultracold atoms that are routinely available
in experiments. We also calculated the efficiency for transfer
to the X 'X% (v” = 43) level which has a binding energy
of 137cm™! and a permanent electric dipole moment of
~1.5D [34]. With the same laser powers and pulse sequence,
but using as intermediate the B 'TI(v' = 20) level [35,51],
located 125 GHz below the 7Li(2s251/2)+85Rb (5p2P1/2)
asymptote [22], we find a transfer efficiency of 1.7% that
corresponds to 1.7 x 10* molecules in a single rovibrational
X 'Z+("” = 43) level, starting with ~10° atoms. Such high
efficiency is encouraging for all-optical production of ultracold
molecules.

In summary, we demonstrate two-photon PA spectroscopy
of a heteronuclear bialkali molecule and use it to determine the
binding energies for the previously unobserved, loosely bound
levels of X 'X% and a3%+ states of the "Li®>Rb molecule.
We observe strong two-photon PA lines and discuss the
implication of this result in the formation of copious amounts
of ground-state "Li®*Rb molecules. Future experiments, with
atoms loaded in an optical dipole trap, could enable efficient
production of rovibronic ground-state LiRb molecules.
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