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We report on the creation of ultracold % Sr, molecules in the electronic ground state. The molecules are
formed from atom pairs on sites of an optical lattice using stimulated Raman adiabatic passage (STIRAP).
We achieve a transfer efficiency of 30% and obtain 4 X 10* molecules with full control over the external
and internal quantum state. STIRAP is performed near the narrow 1SO-3P1 intercombination transition,
using a vibrational level of the 1(0;) potential as an intermediate state. In preparation of our molecule
association scheme, we have determined the binding energies of the last vibrational levels of the 1(0;),
1(1,) excited-state and the X '3 ground-state potentials. Our work overcomes the previous limitation of
STIRAP schemes to systems with magnetic Feshbach resonances, thereby establishing a route that is
applicable to many systems beyond alkali-metal dimers.

DOI: 10.1103/PhysRevLett.109.115302

The creation of ultracold molecular gases has made
rapid progress over the past years. The rich internal struc-
ture of molecules combined with low translational energy
enables precision measurements of fundamental constants,
realizations of novel quantum phases, and applications for
quantum computation [1]. A very successful route to large
samples of ultracold molecules with complete control over
the internal and external quantum state is association of
molecules from ultracold atoms. Early experiments used
magnetic Feshbach resonances to form weakly bound
alkali-metal molecules, some of which have even been
cooled to quantum degeneracy [2]. Stimulated Raman
adiabatic passage (STIRAP) [3] has enabled the coherent
transfer of these Feshbach molecules into the vibrational
ground state [4—6]. In particular, heteronuclear molecules
in the vibrational ground state have received a lot of
attention, because they possess a strong electric dipole
moment, leading to anisotropic, long-range dipole-dipole
interactions, which will enable studies of fascinating
many-body physics [7]. Efforts are underway to create
samples of completely state-controlled molecules beyond
alkali-metal dimers [8—10], which will widen the range of
applications that can be reached experimentally.

So far, the key step in the efficient creation of ultracold
molecules has been molecule association using magnetic
Feshbach resonances. This magnetoassociation technique
cannot be used to form dimers of alkaline-earth-metal
atoms or ytterbium, because of the lack of magnetic
Feshbach resonances in these nonmagnetic species. An
example is Sr,, which has been proposed as a sensitive
and model-independent probe for time variations of the
proton-to-electron mass ratio [11-13]. Another class of
molecules for which magnetoassociation is difficult are
dimers containing an alkali-metal atom and a nonmagnetic
atom, since in these cases magnetic Feshbach resonances
are extremely narrow [14,15]. This difficulty occurs in
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current experimental efforts to create LiYb, RbYb, or
RbSr molecules [8-10]. Other molecule creation tech-
niques that are suitable for dimers containing nonmagnetic
atoms have been proposed. Examples are molecule forma-
tion by STIRAP from a Bose-Einstein condensate (BEC)
[16—19] or from atom pairs in a deep optical lattice [20], as
well as two-color photoassociation (PA) of atom pairs in a
Mott insulator [21].

In this Letter, we show that ultracold Sr, molecules in
the electronic ground state can be efficiently formed, de-
spite the lack of a magnetic Feshbach resonance. Instead of
magnetoassociation, we combine ideas from Refs. [16-21]
and use optical transitions to transform pairs of atoms into
molecules by STIRAP. The molecule conversion efficiency
is enhanced by preparing pairs of atoms in a Mott insulator
on the sites of an optical lattice [22,23]. We achieve an
efficiency of 30% and create samples of 4 X 10* #Sr,
molecules. We perform PA spectroscopy to identify the
vibrational levels and optical transitions used for molecule
creation.

STIRAP coherently transfers an initial two-atom state
|a) into a molecule |m) by optical transitions; see Fig. 1. In
our case, the initial state |a) consists of two 3Sr atoms
occupying the ground state of an optical lattice well. The
final state |m) is a Sr, molecule in the second-to-last
(v = —2) vibrational level of the X 12; ground-state
molecular potential without rotational angular momentum.
The molecules have a binding energy of 645 MHz and are
also confined to the ground state of the lattice well. States
|a) and |m) are coupled by laser fields L, and L,, respec-
tively, to state |e), the third-to-last (#/ = —3) vibrational
level of the metastable 1(0;) state, dissociating to 'S,-*P,.

We use the isotope 34Sr for molecule creation, since it is
ideally suited for the creation of a BEC [24,25] and for-
mation of a Mott insulator. The binding energies of the
vibrational levels involved in our STIRAP scheme are
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FIG. 1 (color online). Molecular potentials and vibrational
levels of 84Sr, involved in STIRAP. The initial state |a), an
atom pair in the ground state of an optical lattice well, and the
final molecular state |m) are coupled by laser fields L; and L, to
the excited state |e) with Rabi frequencies ; and (,, respec-
tively. The parameter A is the detuning of L; from the 1S0—3P1
transition, and I is the decay rate of |e). The insets show the last
vibrational levels of the molecular potentials and the wave
functions of states |m) and |e). For comparison, the wave
function of atomic state |a) (not shown) has its classical turning
point at a radius of 800a,, where q, is the Bohr radius. The
potentials are taken from Refs. [39,40], and the wave functions
are calculated by using the WKB approximation. The energies of
states |m) and |e) are not to scale in the main figure.

known only for the isotope %8Sr [26,27] and can be esti-
mated for 84Sr by mass scaling [28,29]. An essential task in
preparation for molecule creation is therefore to spectro-
scopically determine the binding energies of relevant 34Sr,
levels.

We perform PA spectroscopy [30] on a 8Sr BEC, pro-
duced similarly to our previous work [24]. The BEC is
confined in an oblate crossed-beam optical dipole trap
with oscillation frequencies of 55 Hz in the horizontal plane
and 180 Hz in the vertical direction, based on two 5-W laser
sources operating at 1064 nm with a linewidth of 3 nm.
Laser fields L; and L,, which are used for spectroscopy
and STIRAP, have linewidths of ~2 kHz and are refer-
enced with an accuracy better than 1 kHz to the !S> P,

intercombination line, which has a natural width of I' /27 =
7.4 kHz. To achieve the coherence of the laser fields re-
quired for STIRAP, L, and L, are derived from the same
master laser by means of acousto-optical modulators. These
laser beams are copropagating in the same spatial mode
with a waist of 100(25) wm on the atoms and are linearly
polarized parallel to a guiding magnetic field of 120 mG.

One-color PA spectroscopy is used to determine the
binding energies of the last four vibrational levels of
the 1(0,}) state. To record the loss spectrum, we illuminate
the BEC for 100 ms with L, for different detunings A with
respect to the 'S,->P, transition. The binding energies
derived from these measurements are presented in Table I.

We then use two-color PA spectroscopy to determine the
binding energies of the last vibrational levels of the X 12;
ground-state potential. The loss spectra are recorded in the
same manner as for one-color PA spectroscopy, just with
the additional presence of L,. Figure 2 shows two spectra,
for which L, is on resonance with the transition from state
|m) to state |e). The difference between the spectra is the
intensity of L,. The spectrum shown in Fig. 2(a) was
recorded at high intensity and displays an Autler-Townes
splitting [31]. In this situation, the coupling of states |m)
and |e) by L, leads to a doublet of dressed states, which is
probed by L. The data of Fig. 2(b) were recorded at low
intensity and show a narrow dark resonance at the center of
the PA line. Here, a superposition of states |a) and |m) is
formed, for which the amplitudes of excitation by L, and
L, destructively interfere. The binding energies of the
ground-state vibrational levels derived from measurements
of dark resonances are given in Table 1.

The Rabi frequencies (), of our coupling lasers are
determined by fitting a three-mode model to the spectra
[32]; see Fig. 2. The free-bound Rabi frequency (), scales
with intensity 1, of L, and atom density p as ; « /T, N/
[17]. The bound-bound Rabi frequency ), « /I, depends

only on the intensity I, of L,. We obtain Q, /(\/T,)v/p/po) =
27 X 10(4) kHz/y/W/cm? at a peak density of py,=
4% 10" ecm™3 and Q,/ /T, =27 X 50(15) kHz//W /cm?,
where the error is dominated by uncertainty in the laser
beam intensity.

TABLE I. Binding energies of the highest vibrational levels of
the 1(0}), 1(1,), and X'3} (1 =0,2) states, where [ is the
rotational angular momentum quantum number. The levels are
labeled by v, starting from above with » = —1. Measurement
procedure and error discussion are given in Ref. [30].

1(05) 1(1,) X'S;1=0) X'S;(1=2)
v (MHz) (MHz) (MHz) (MHz)
-1 —0.32(1) —351.45(2) —13.7162(2)
-2 —23.01(1) —644.7372(2) —519.6177(5)
-3 —228.38(1)

—4 —1288.29(1)
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FIG. 2 (color online). Two-color PA spectra near state |e) for
two intensities of L,. (a) For high intensity (20 W/cm?) the
spectrum shows an Autler-Townes splitting. (b) For low intensity
(80 mW/cm?) a narrow dark resonance is visible. For both
spectra, the sample was illuminated by L; for 100 ms with
an intensity of 7 mW/cm? at varying detuning A from the
1SO—3P1 transition. The lines are fits according to a three-mode
model [32].

To enhance molecule formation, we create a Mott insu-
lator by loading the BEC into an optical lattice [33]. The
local density increase on a lattice site leads to an increased
free-bound Rabi frequency ();. Furthermore, molecules
are localized on lattice sites and thereby protected from
inelastic collisions with each other. The lattice is formed by
three nearly orthogonal retroreflected laser beams with
waists of 100 wm on the atoms, derived from an 18-W
single-mode laser operating at a wavelength of A =
532 nm. Converting the BEC into a Mott insulator is
done by increasing the lattice depth during 100 ms to
16.5E,.., where E,,. = h*k?>/2m is the recoil energy with
k=2m/A and m the mass of a strontium atom. After
lattice ramp-up, the 1064-nm dipole trap is ramped
off in 100 ms.

To estimate the number of doubly occupied sites, which
are the sites relevant for molecule formation, we analyze
the decay of the lattice gas under different conditions. After
loading a BEC with less than ~3 X 10° atoms into the
lattice, the lifetime of the lattice gas is 10(1) s. For higher
BEC atom numbers, we observe an additional, much faster
initial decay on a time scale of 50 ms, which removes a
fraction of the atoms. We attribute this loss to three-body
decay of triply occupied sites, which are formed only if the
BEC peak density is high enough. To obtain a high number

of doubly occupied sites, we load a large BEC of 1.5 X 10°
atoms into the lattice. After the initial decay, 6 X 10°
atoms remain. By inducing PA loss using L;, we can
show that half of these atoms occupy sites in pairs.

We are now ready to convert the atom pairs on doubly
occupied sites into molecules by STIRAP. This method
relies on a counterintuitive pulse sequence [3], during
which L, is pulsed on before L. During this sequence,
the atoms populate the dark state |¥) = (Q|m) +
O,la))/(Q} + Q3)'/2, where Q, and (), are the time-
dependent Rabi frequencies of the two coupling laser fields
as defined in Ref. [3], which can reach up to Q** ~ 27 X
150 kHz and Q5** = 277 X 170(10) kHz in our case [34].
Initially, the atoms are in state |a), which is the dark state
after L, is suddenly switched on but L; kept off. During the
pulse sequence, which takes 7 = 100 ws, L is ramped on
and L, off; see association STIRAP in Fig. 3(a). This
adiabatically evolves the dark state into |m) if Q5* >
1/T, a condition which we fulfill. To end the pulse se-
quence, L; is suddenly switched off. During the whole
process, state |e) is only weakly populated, which avoids
loss of atoms by spontaneous emission if (7%5* > I'. This
condition is easily fulfilled with a narrow transition such as

association STIRAP dissociation STIRAP
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FIG. 3 (color online). Time evolution of STIRAP transfers
from atom pairs to Sr, molecules and back. (a) Intensities of
Ly, L,, and cleaning laser C, normalized to one. (b),(c) Atom
number evolution. For these measurements, L; and L, are
abruptly switched off at a given point in time, and the atom
number is recorded on an absorption image after 10 ms free
expansion. Note the scaling applied to data taken during the first
100 ws (triangles). The starting point for the time evolution
shown in (b) is a Mott insulator, whereas the starting point for
(c) is a sample for which 80% of the atoms occupy lattice sites in
pairs.
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FIG. 4. Quasimomentum distribution of repulsively bound
pairs. (a) Average of 20 absorption images recorded 10 ms after
release of the atoms from the lattice. (b) Integral of the distri-
bution along y.

the one used here. The association STIRAP transfer does
not lead to molecules in excited lattice bands, since T is long
enough for the band structure to be spectrally resolved.

We now characterize the molecule creation process. To
detect molecules, we dissociate them by using a time-
mirrored pulse sequence [dissociation STIRAP in
Fig. 3(a)] and take absorption images of the resulting
atoms. The atom number evolution during molecule asso-
ciation and dissociation is shown in Fig. 3(b). After the
molecule association pulse sequence, 2 X 10° atoms re-
main, which we selectively remove by a pulse of light
resonant to the 'S,-! P, atomic transition, out of resonance
with any molecular transition [36]; see “‘cleaning” laser C
in Fig. 3(a). The recovery of 2 X 10* atoms by the disso-
ciation STIRAP confirms that molecules have been
formed. Further evidence that molecules are the origin of
recovered atoms is that 80% of these atoms occupy lattice
sites in pairs. Quantitatively, this is shown by removing
atom pairs using PA and measuring the loss of atoms.
Qualitatively, we illustrate this fact by creating and detect-
ing one-dimensional repulsively bound pairs along the x
direction [37]. The pairs were created by ramping the
x-direction lattice beam to a value of 10E ., before ramp-
ing all lattice beams off, which propels the pairs into free
atoms with opposite momenta along x. Figure 4 shows the
characteristic momentum space distribution of these pairs.

To estimate the STIRAP efficiency and subsequently the
number of molecules, we perform another round of mole-
cule association and dissociation on such a sample of
atoms with large fraction of doubly occupied sites; see
Fig. 3(c). We recover f = 9% of the atoms, which corre-
sponds to a single-pass efficiency of \/f = 30%. The larg-
est sample of atoms created by dissociating molecules
contains N, = 2.5 X 10* atoms, which corresponds to
N,, = N,/(2/f) = 4 X 10* molecules.

We measure the lifetime of molecules in the lattice, by
varying the hold time between molecule creation and
dissociation. We obtain ~60 us, nearly independent of
the lattice depth. Executing the cleaning laser pulse
after the hold time instead of before does not change the

lifetime. This time is surprisingly short and can be ex-
plained neither by scattering of lattice photons nor by
tunneling of atoms or molecules confined to the lowest
band of the lattice and subsequent inelastic collisions. By
band mapping [38], we observe that 3 X 10* of the initial
6 X 107 atoms are excited to the second band during the
association STIRAP, and more atoms have possibly been
excited to even higher bands. We speculate that these
atoms, which move easily through the lattice, collide in-
elastically with the molecules, resulting in the observed
short molecule lifetime. The cleaning laser pulse is not able
to push these atoms out of the region of the molecules fast
enough to avoid the loss. The short lifetime can explain the
30% limit of the molecule conversion efficiency. Without
the loss, the high Rabi frequencies and the good coherence
of the coupling lasers should result in a conversion effi-
ciency close to 100%. The excitation of atoms to higher
bands cannot be explained by off-resonant excitation of
atoms by L; or L,. Incoherent light of the diode lasers on
resonance with the atomic transition might be the reason
for the excitation. Further investigation of the excitation
mechanism is needed in order to circumvent it.

In conclusion, we have demonstrated that it is possible to
use STIRAP to coherently create Sr, molecules from atom
pairs on the sites of an optical lattice. The advantage of this
technique compared to the traditional magnetoassociation
approach is that it can be used for systems that do not
possess a suitable magnetic Feshbach resonance. This new
approach might be essential for the formation of dimers
containing an alkali-metal atom and a nonmagnetic atom,
such as RbSr.
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