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Optical trapping of molecules with long coherence times is crucial for many protocols in quantum
information and metrology. However, the factors that limit the lifetimes of the trapped molecules remain
elusive and require improved understanding of the underlying molecular structure. Here we show that
measurements of vibronic line strengths in weakly and deeply bound 88Sr2 molecules, combined with
ab initio calculations, allow for unambiguous identification of vibrational quantum numbers. This, in turn,
enables the construction of refined excited potential energy curves, informing the selection of magic
wavelengths that facilitate long vibrational coherence. We demonstrate Rabi oscillations between far-
separated vibrational states that persist for nearly 100 ms.
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The interplay of light and matter has enabled major
strides in creating and controlling ultracold atoms and
molecules. Exquisite control over the dense internal struc-
ture of molecules, in particular, offers promising avenues
for tests of fundamental physics [1–6], cold controlled
chemistry and collisions [7–12], quantum simulation
[13–15], quantum computation [16–19], and compact
terahertz frequency references [20]. Addressing the internal
states with high fidelity necessitates the manipulation of
spatial and motional degrees of freedom. For cold neutral
gases, one common approach is the use of optical traps.
Given two molecular states, the differential trap-induced
light shifts and motional decoherence can be eliminated by
tuning the frequency of the trap light close to a narrow
rovibronic transition such that the dynamic polarizabilities
are equal. Such magic wavelength traps were recently
demonstrated to extend the vibrational [21] and rotational
[22,23] coherence times of an ensemble of ultracold
molecules. As with atomic lattice clocks [24,25], scattering
of lattice laser light is expected to play a central role in
limiting achievable interrogation times. Accurate knowl-
edge of the molecular structure is thus a primary step in the
identification of specific loss channels involved in the
interaction of the molecules and the trap light. Additionally,
this knowledge will help determine feasible pathways for
quantum state preparation of the molecules [26–29].
In this Letter, we employ Lamb-Dicke spectroscopy in

an optical lattice and state-of-the-art ab initio calculations
to measure and predict vibronic line strengths (or transition
strengths) in 88Sr2 molecules spanning over 3 orders of
magnitude. This is achieved by measuring light shifts
induced by a coupling laser as it is swept across a transition
of interest, resulting in avoided crossing curves from which
the line strengths are extracted with minimal modeling.

Taken together with lattice sideband spectroscopy, these
curves additionally furnish an accurate frequency-only
measurement of molecular polarizability ratios. We focus
on transitions between the electronic ground potentialX1Σþ

g
(henceforth referred to as X) and singly excited Hund’s case
(c) potentials ð1Þ0þu and ð1Þ1u corresponding to the 1S0-3P1

dissociation limit. By addressing both weakly and deeply
bound states, the molecular potential energy curves are
probed over a wide range of internuclear distances. We
combine our measurements with spectroscopic data to
construct refined potential curves for 0þu and 1u in the
Morse/Long-range form and apply the results to judiciously
select magic wavelengths that alleviate the impact of both
frequency instability and scattering of the lattice laser on
coherent molecule-light interactions. We demonstrate a
superposition of far-separated vibrational states that
remains coherent for a record time of nearly 100 ms.
In the Born-Oppenheimer approximation, the wave

function of a diatomic molecule is a product of its
electronic and rovibrational parts. The rovibrational part
jχv;Jn;ΩðRÞi is a function of the internuclear distance R and is
labeled by the following quantum numbers: the electronic
channel n, the vibrational number v, the total angular
momentum J, and its projection onto the internuclear axis
in the molecule-fixed frameΩ. Following Ref. [30], the line
strength for an electric-dipole transition between the
rovibrational states described by the wave functions
jχv;Jn;ΩðRÞi and jχv0;J0n0;Ω0 ðRÞi is given by

S≡ jHJMΩ
J0M0Ω0 hχv0;J0n0;Ω0 ðRÞjdΩ0−ΩðRÞjχv;Jn;ΩðRÞij2; ð1Þ

where dΩ0−ΩðRÞ is the electronic transition dipole moment,
M is the projection of the total angular momentum onto the
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lab-frame Z axis, andHJMΩ
J0M0Ω0 is the rotational factor defined

in the Supplemental Material [31]. In the case of transitions
driven by linearly polarized light along the quantization
axis, the selection rules force M0 ¼ M. Equation (1) can
easily be generalized to the multichannel case by intro-
ducing a sum over n, n0, Ω, and Ω0 before taking the
absolute square. The quantity of interest that is readily
accessible is the Rabi frequency

fR ¼ 1

h

ffiffiffiffiffiffiffiffi
2IS
ϵ0c

s
; ð2Þ

which quantifies the strength of coupling between two
states when driven by a laser with intensity I, leading to
observable light shifts in the molecular spectra. In this
study, we measure the light shifts induced either by the
optical lattice, which also acts as the trap as in Fig. 1(a), or
by an anti-Stokes laser as in Fig. 1(b).
In the scheme shown in Fig. 1(a), we explore the

coupling of Xðv ¼ 6; J ¼ 0Þ to a set of J0 ¼ 1 resonances
near the bottom of the 1u potential well by the optical
lattice. For a given lattice detuning Δ from the 1u state and
the corresponding Rabi frequency fR, the additional light
shift on Xð6; 0Þ is f2R=4Δ in the limitΔ ≫ fR. To probe this
shift, we perform two-photon Raman spectroscopy on
Xð6; 0Þ, shown in Fig. 2(a). We initialize our molecules
in either Xð−1; 0Þ or Xð−2; 0Þ via photoassociation [31]
and use 0þu ð−4; 1Þ or 0þu ð−5; 1Þ as the intermediate state to
maximize the two-photon transition rate. The choice of
initial and intermediate states does not strongly affect the
measured S since the lattice is far detuned from any
resonances that would shift the binding energies of these

states. The Raman lasers are detuned from the intermediate
state by 20MHz, and the frequency of the first Raman leg is
swept, while the second is kept fixed. Measurement of the
two-photon resonance frequency at various Δ gives the
expected dispersive behavior, as shown in Fig. 2(b).
Transition strengths are inextricably linked to polarizabil-
ity, and in the Supplemental Material [31] we show that the
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FIG. 1. Line strength measurement schemes for a pair of
molecular vibrational states (v, v0). (a) For deeply bound states
of 1u, Raman spectroscopy was performed on X1Σþ

g molecules
initialized in near-threshold vibrational states. (b) For weakly
bound states of 1u and 0þu , spectroscopic probing was performed
on 1S0 atoms.
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FIG. 2. (a) A two-photon Raman depletion line shape. For this
trace, the differential light shift of the X states is nearly nulled,
resulting in a narrow power-broadened linewidth of 3.8(3) kHz
inferred from a Lorentzian fit. (b) The Raman peak locations
(open circles) exhibit dispersive behavior as the lattice frequency
is swept across the 1u state (shown here for v0 ¼ 5). The solid red
line is the fit to the avoided crossing of the form f2R=4Δ.
Residuals have units of Hz=ðW=cm2Þ. Error bars denote 1σ
uncertainties. (c) Line strengths of Xð6; 0Þ → 1uðv0; 1Þ (green
squares, measured and calibrated to 1S0 Sr polarizability; purple
circles, measured with intensity estimated from direct imaging of
beam waist; yellow diamonds, calculated using the Morse
potential). Also shown are the magic lattice detunings relative
to the nearest 1u state for a given pair of X states [green circles,
Xð−1; 0Þ → Xð6; 0Þ; red triangle, Xð−1; 0Þ → Xð4; 0Þ].
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ratio of fR to the axial trap frequency of Xð−1; 0Þ
molecules implies that, away from any resonances, the
baseline polarizability ratio of Xð6; 0Þ and Xð−1; 0Þ is
1.392(15) at 907.59 nm. This is then converted to absolute
values of S for Xð6; 0Þ → 1uðv0; 1Þ by calibrating to the
known polarizability of 1S0 atomic strontium.
Using this technique, we measure seven line strengths,

where all the 1u states are below the minimum of the
0þu potential. As illustrated in Fig. 2(c), experimentally S
demonstrate decreasing trends in two ranges. Prior to this
Letter, we used the binding energies calculated using the
ab initio model of Ref. [32] to assign the vibrational
quantum numbers v0 in the ranges 1–3 and 19–22, where
we find good agreement within 0.5% of the experimental
binding energies (see Table SIII in the Supplemental
Material [31]). To calculate the line strengths, we model
X with a set of precise empirical potential parameters
obtained from the hot pipe Fourier-transform spectroscopy
[48] and use the ab initio electronic transition dipole
moment. To our surprise, the calculated ab initio line
strengths follow the opposite trends compared to the
observations, and this persisted even when the electronic
transition dipole moment was modified. This suggests that
the v0 assignment based on the ab initio 1u potential is
erroneous. To overcome this, we take an alternative
approach and model the short-range behavior of 1u with
the simple Morse potential

VðRÞ ¼ De½1 − e−βðR−ReÞ�2 −De; ð3Þ

where De is the potential depth, Re is the equilibrium bond
length, β≡ 2π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2μωexec=h

p
, and μ is the reduced mass of

the dimer. In the presence of vibrational-rotational inter-
action, the energy levels are

Eðv0; J0Þ ¼ −De þ ωe

�
v0 þ 1

2

�
− ωexe

�
v0 þ 1

2

�
2

þ
�
Be − αe

�
v0 þ 1

2

��
J0ðJ0 þ 1Þ; ð4Þ

where ωe, xe, Be, and αe are the vibrational, anharmonicity,
rotational, and vibration-rotation coupling spectroscopic
constants, respectively. As shown in the Supplemental
Material [31], the best fit of the seven observed
J0 ¼ 1 levels to Eq. (4) indicates 15 vibrational states
between the two groups and ωexe ¼ 0.21150ð28Þ cm−1.
Rotational spectroscopy of J0 ¼ 3 states yields αe ¼
7.068ð11Þ × 10−5 cm−1. The Morse eigenfunctions were
obtained by numerically solving the nuclear Schrödinger
equation on an adaptive grid [49]. As the classical turning
points of the deeply bound X states are much further apart
than those of 1u, the Frank-Condon factors for these
transitions largely depend on the spatial variation of the
ground-state nuclear wave function. Consequently, the

calculated S versus v0 exhibit a characteristic interference-
like pattern with vþ 1 maxima (this rule of thumb was
observed to hold up to v ≈ 12). The measured experimental
trends in S are well captured by the calculations only for v0
assignments of 5–7 and 23–26 for the two ranges, as
shown in Fig. 2(c) and Table SI (Supplemental Material
[31]). The corresponding potential parameters are De ¼
6387.89ð11Þ cm−1 and Re ¼ 7.9027ð5Þa0.
Hence, while the ab initio calculation has good accuracy

in the long range, it underestimates De by approximately
300 cm−1 (5% relative difference). On the other hand,
Eq. (3) allows for De to be empirically determined, but the
simple potential cannot be extrapolated to the long range.
To combine these complementary descriptions, we recast
the ab initio 1u and 0þu potentials in the Morse/Long-range
(MLR) form [33,50] and fit to spectroscopic data, while
fixing De and Re to their empirical values found in this
Letter. In the Supplemental Material [31], we provide
details of the fitting process and the MLR parameters
and recalculate the energy levels of 0þu and 1u to benchmark
against experimental values.
Turning to weakly bound states, an anti-Stokes laser

selectively dresses Xðv; J ¼ 0Þ with a rovibrational state
0þu ðv0; J0 ¼ 1Þ or 1uðv0; J0 ¼ 1Þ, as shown in Fig. 1(b).
Here, we perform spectroscopy on a trapped sample of
ultracold atoms. Depletion occurs when a weak probe laser
is on resonance with the dressed states

f� ¼ Δ
2
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f2R þ Δ2

p
2

; ð5Þ

where fþðf−Þ is the resonance frequency of the blue-side
(red-side) peak relative to the bare resonance (fR ¼ 0), and
Δ is the coupling laser detuning. Figure 3(a) shows a
sample trace when the anti-Stokes laser is slightly red-
detuned from the Xð−2; 0Þ → 0þu ð−4; 1Þ transition,
revealing an Autler-Townes doublet. Although the atoms
are tightly confined along the axial direction of the 1D
lattice, the radial confinement is much weaker. At a finite
temperature of a few microkelvin, the atoms occupy several
motional states above the 1S0 þ 1S0 continuum leading to
an asymmetric line shape. We determined the location of
the resonances by fitting to a doublet line shape function
that accounts for these thermal effects [34].
Keeping the anti-Stokes laser intensity constant, the

square of the doublet separation ðfþ − f−Þ2 versus Δ is
a parabola whose minimum is f2R, as shown in Fig. 3(b).
This presents an attractive method of determining line
strengths, as opposed to measurements involving power
broadening and transition rates, since frequency differences
are robust against a wide variety of effects such as reference
cavity drift, the overall trap-induced light shift, shot-to-shot
signal fluctuations, and the fit line shape for the doublet.
Moreover, by working strictly with transitions between
J ¼ 0 and J0 ¼ 1 and in the regime where the anti-Stokes
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detunings are larger than the Zeeman structure, the mea-
sured S are insensitive to laser polarization and are
effectively between M ¼ M0 ¼ 0 states. The measured S
and corresponding predictions from the ab initio [32] and
MLR models are listed in Table I. For the weakly Coriolis-
mixed states, both models perform similarly well. However,
for the strongly Coriolis-mixed states, only the MLR model
gives the correct 0þu or 1u assignments and thus is more
accurate in its predictions for S.

Our findings directly inform the engineering of favorable
magic wavelength optical traps for a molecular clock, by
means of elucidating the quantum chemistry of the stron-
tium dimer. Just as in atomic lattice clocks, for a given
baseline polarizability mismatch between the clock states,
the required magic detuning Δm (relative to a resonance
between one of the clock states and an excited state)
monotonically increases with the line strength [see Fig. 2(c)
and Table SI [31] ]. The sensitivity of the clock transition to
lattice frequency inaccuracies is simply the slope of the
lattice-induced light shift at the magic detuning, −f2R=4Δ2

m,
and would decrease monotonically for larger S (and hence
larger Δm). Therefore, magic wavelengths based on
stronger transitions place less stringent constraints on the
required frequency stability of the lattice laser and on the
bandwidth of the spectral filter that suppresses the lattice
laser noise away from the carrier (such as amplified
spontaneous emission). To this end, we compute S between
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FIG. 3. (a) For a given detuning of the anti-Stokes laser from
the bound-to-bound molecular transition, the probe is scanned to
obtain an Autler-Townes doublet. (b) The locations of the blue-
side peak (blue circles) and the red-side peak (red circles) form an
avoided crossing. The square of the peak separations fit to a
parabola (solid red) when plotted against the anti-Stokes detun-
ing, the minimum of which is f2R. Error bars are propagated from
1σ uncertainties in the peak locations from the line shape fit.
Residuals are in units of MHz2.

TABLE I. Measured (Expt.) line strengths for weakly bound 0þu
and 1u states from X for various vibrational pairs. Also shown for
comparison are predictions from the ab initio (AI) and adjusted
MLR potential constructed in this Letter. Starred values are
strongly Coriolis-mixed states. Statistical uncertainties account
for the 1σ errors in the extracted Rabi frequencies as well as for
laser power fluctuations. The units are 10−3ðea0Þ2.

Xðv; J ¼ 0Þ State ðv0; J0 ¼ 1Þ AI MLR Expt.

−1 0þu −4 3.09 2.77 2.57(4)
−2 0þu −4 0.81 0.74 0.70(2)
−2 0þu −5 5.86 5.06 4.30(6)
−3 0þu −6 0.07� 8.89� 8.7ð4Þ�
−1 1u −1 5.44 4.56 5.53(8)
−1 1u −2 0.36 0.33 0.40(1)
−2 1u −1 1.71 1.68 1.74(3)
−2 1u −2 6.95 5.82 8.0(1)
−3 1u −3 13.2� 2.46� 2.10ð5Þ�
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FIG. 4. (a) Line strengths of deeply bound states of 1u to X.
Solid rectangle: the transition used for the magic wavelength in
this Letter. Dashed rectangle: our previous work [21]. (b) Two-
photon Rabi oscillations between Xð−1; 0Þ and Xð4; 0Þ
(black circles). Here, favorable magic trapping is achieved by
tuning the lattice near the Xð4; 0Þ → 1uð25; 1Þ transition.
Also shown are the normalized population decay of Xð4; 0Þ
(red squares) and Xð−1; 0Þ (blue triangles). Black line: fit to
A expð−t=T1Þ½1þ expð−t=TRabi

2 Þ cosðωt − ϕÞ�. Red and blue
lines are fits to the rate equation _N ¼ −kγNγ for the molecular
number N with γ ¼ 1 and 2, respectively, and kγ as a free
parameter. Error bars are 1σ uncertainties.
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the lower-lying J0 ¼ 1 states of 1u and several deeply
bound J ¼ 0 states of X, as shown in Fig. 4(a). For Xð4; 0Þ,
the state 1uð25; 1Þ has one of the largest predicted line
strengths among several v0 in the vicinity. The measured
magic frequency at 330.302 750 449(104) THz corre-
sponds to a detuning Δm ¼ 2.298ð41Þ GHz from the
Xð4; 0Þ → 1uð25; 1Þ resonance and is the largest studied
in this Letter. Operating the molecular clock at this magic
wavelength, we demonstrate long-lived two-photon Rabi
oscillations [TRabi

2 ¼ 77ð6Þ ms, T1 ¼ 127ð8Þ ms] between
the clock states Xð−1; 0Þ and Xð4; 0Þ, as shown in Fig. 4(b)
and described in the caption. This represents a significant
improvement in coherent light-molecule interactions over
our previous experiment [21]. The oscillations are pre-
dominately damped by the loss of Xð4; 0Þmolecules, which
has a 1=e lifetime of 60(2) ms at a trap depth of
kB × 12ð1Þ μK. The single-body losses are faster for deeper
traps, which indicates scattering of the lattice light. Here,
analysis may be confounded by the linewidth of the lattice
trap laser, since the deeply bound 1u states are expected to
be much narrower (Γe ≲ 2π × 6 kHz), and the situation is
that of broadband scattering. Further investigations using
the MLR potential curves can also help lend credence to
specific loss mechanisms, such as multiphoton scattering,
or to rule them out quantitatively.
In summary, we have measured the line strengths of

several 0þu and 1u states connecting to the ground-state X
potential in two different regimes—weakly bound near-
threshold states and deeply bound states—of ultracold
lattice-trapped Sr2 molecules used in a molecular clock.
The measurements were used to obtain analytic MLR
potential curves for 0þu and 1u that are in good agreement
with previously published binding energies and those found
in this Letter. In particular, we demonstrate the reliability of
the constructed 1u potential by predicting and verifying
states that have large transition strengths to X, which is an
important criterion for the construction of magic optical
traps. We presented an improved choice of a magic trap that
led to a coherent control of the clock states for a record
duration of nearly 100 ms. Furthermore, our accurate model
will help elucidate the processes that contribute to the
quenched molecular lifetimes and inform stimulated adia-
batic pathways for ground-state preparation in future work,
raising the prospects for a comprehensive vibrational
spectroscopy of the ground potential as a high-precision
test of molecular quantum electrodynamics and possible
new physics.
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