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Intercombination-line photoassociation spectroscopy of 87Rb 170Yb
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We report on the observation of photoassociation (PA) near the [Rb] 5s 2S 1
2
+[Yb] 6s 6p 3P1 asymptote in a

mixture of 87Rb and 170Yb. In a search spanning binding energies between 0.1 and 11 GHz, a single pair of inter-
species PA resonances is detected around 3.1 GHz. These resonances are characterized by extracting PA rates,
binding energies, and Zeeman shift coefficients. Using one of these resonances, two-photon photoassociation is
performed, improving on previous measurements of the binding energies of the two least bound states in the
electronic ground state and demonstrating intercombination-line photoassociation as a powerful spectroscopic
tool. We discuss implications for pathways towards RbYb molecules in the absolute ground state.
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I. INTRODUCTION

The production of ultracold and ultimately quantum degen-
erate samples of polar molecules has recently attracted much
attention, with applications in quantum simulation [1–4],
quantum chemistry [5–7], and quantum computing [8,9].
Molecules with a 2� ground state, such as dimers composed
of an alkali and a closed-shell atom, promise to further extend
the rich internal structure of these systems and provide an
additional degree of freedom due to their magnetic dipole
moment [1,10–15].

Despite considerable advances [16–21], direct laser cool-
ing of molecules remains extremely challenging. An alterna-
tive route that has been applied to bialkalis [22–27], and the
homonuclear closed-shell molecule Sr2 [28] is the creation
of ultracold molecules from ultracold atoms. In particular, in
bialkalis great progress has been made recently, with several
groups producing degenerate samples [29–31].

Magnetic Feshbach resonances [32] are the association
mechanism of choice in bialkalis, where the interaction
between electron spins provides strong coupling between
channels. However, the picture is less clear for a combination
of an alkali and a closed-shell atom, where the 1S0 ground
state means that these couplings are absent. While Feshbach
resonances due to distance-dependent hyperfine couplings
have been predicted [33–35] and observed in Rb + Sr [36],
Li + Yb [37], and Cs + Yb [38], these resonances are ex-
tremely narrow and their use for magnetoassociation remains
an outstanding challenge. Magnetic Feshbach resonances in
Rb + Yb have been predicted [34] but not observed to date.

On the other hand, efficient all-optical production of Sr2

molecules in the absolute ground state has recently been re-
ported, demonstrating the feasibility of this approach. In that
work narrow line photoassociation was followed by sponta-
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neous decay to a weakly bound level in the electronic ground
state, from where the absolute ground state was reached by
stimulated Raman adiabatic passage (STIRAP) [28]. Previous
studies, also in Sr2, have also demonstrated efficient free-
bound STIRAP [39], suggesting the possibility of a fully
coherent transfer. Photoassociation thus remains a promising
alternative technique for the creation of alkali–closed-shell
molecules.

The combination Rb + Yb is an attractive candidate, as
cooling of both species to degeneracy is well established and
the large number of stable isotopes in Yb allows the cre-
ation of both fermionic and bosonic molecules with a range
of reduced masses. Previous photoassociation experiments in
RbYb [40–43] have used the 2� 1

2
potential corresponding to

the atomic threshold [Rb] 5p 2P1
2
+[Yb] 6s2 1S0, where the

strong D1 line provides large photoassociation rates. These
investigations included the measurement of the differential
hyperfine shift in the 2� 1

2
potential [41], which is analogous

to the shift responsible for some of the Feshbach resonances
in the ground state. In addition, the ground-state potential was
characterized by two-photon photoassociation [42], leading
to the accurate determination of the scattering lengths for all
isotope combinations [43].

A unique feature of closed-shell atoms is the presence of
narrow intercombination-line transitions. In Yb the transitions
to the 3Pj manifold exhibit natural linewidths ranging from the
mHz range for the 1S0 → 3P0 clock transition [44] to 2π ×
181 kHz for the 1S0 → 3P1 transition, which is commonly
used for narrow-line laser cooling [45]. While the former
provides an extremely sensitive spectroscopic probe allowing,
for example, the measurement of on-site interactions in optical
lattices [46,47], photoassociation would be extremely chal-
lenging due to the small transition dipole moments. Instead
we chose to work near the 1S0 → 3P1 transition, as illustrated
in Fig. 1. With a transition linewidth about 30 times smaller
than that of the D1 line of Rb, it allows for spectroscopy of
more weakly bound states with significantly higher resolution,
while still providing sufficient transition strength to locate
resonances without prior knowledge of binding energies. The
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FIG. 1. Schematic diagram of the relevant ground- and excited-
state potentials of RbYb and the free-bound (L1) and bound-bound
(L2) transitions used in this work.

[Rb] 5s 2S 1
2
+[Yb] 6s 6p 3P1-asymptote connects to three po-

tentials labeled by (2S+1)�� = 14� 1
2
, 14�− 1

2
, 22� 3

2
in the

short range with Hund’s case (a) and (n)� = (5) 1
2 , (1) − 1

2 ,
(2) 3

2 in the long range with Hund’s case (c) [48]. Prior to this
work no experimental data on these potentials was available.

Further motivation to explore bound states of the 3Pj man-
ifold is given by the recent prediction of Feshbach resonances
between Rb and metastable Yb in the j = 0, 2 states [49,50].

This paper is organized as follows: In Sec. II we briefly
describe our apparatus and the preparation sequence used
for the measurements reported here. Our observations of
intercombination-line photoassociation resonances and their
characterization are presented in Sec. III. Finally, in Sec. IV
we describe two-photon photoassociation using this transition
and precisely determine the binding energy of the two least
bound states of the electronic ground state.

II. EXPERIMENTAL SETUP

In our apparatus (described in detail elsewhere [51]),
Rb and Yb are prepared in separate vacuum chambers by
magneto-optical trapping and microwave-driven evaporation
in a quadrupole trap for Rb and an intercombination-line
magneto-optical trap (MOT) for Yb. Both species are then
loaded into a single-beam optical dipole traps and subse-
quently transported to a common science chamber by axial
translation of these traps. Here further evaporative cooling
and merging of the two samples takes place in crossed optical
dipole traps. All dipole traps operate close to 1064 nm, leading
to trap depths that are significantly higher for Rb than for Yb.
This in turn leads to a similar difference in temperature.

We chose the combination of 87Rb + 170Yb due to its fa-
vorable intra- and interspecies scattering lengths of aRb−Rb =
100 a0 [52], aYb−Yb = 64 a0 [53], and aRb−Yb = −11 a0 [43].
These values ensure efficient preparation of each species by
evaporative cooling in optical dipole traps as well as miscibil-
ity. The previous observation of phase separation well before
the onset of degeneracy in mixtures of 87Rb + 174Yb [54]
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FIG. 2. Free-bound photoassociation lines observed in the Yb
atom number. The solid line is a Gaussian fit as a guide to the eye.

demonstrates this cannot be taken for granted even in thermal
samples.

In a typical experiment we prepare 3 × 105 170Yb atoms
at a temperature of 1.5 µK and 2 × 105 Rb atoms at a
temperature of 10 µK in a crossed optical dipole trap. The
calculated trap frequencies along the principal directions
of the trap are ωYb = 2π × (80 Hz, 250 Hz, 260 Hz) and
ωRb = 2π × (0.35 kHz, 1.1kHz, 1.1 kHz), resulting in esti-
mated peak densities of nYb ≈ 1 × 1013 cm−3 and nRb ≈ 2 ×
1013 cm−3, respectively, with phase space densities of ∼10−2

for both species. Due to the small interspecies scattering cross
section, no appreciable interspecies thermalization, which
with our current trapping potentials would lead to the loss
of Yb, is observed. Rb is prepared almost exclusively in the
( f = 1, m f = −1) hyperfine state.

Photoassociation light is applied for typically 1 s, after
which the remaining atom number is detected. Despite similar
atom numbers before photoassociation, rapid loss of Yb from
off-resonant excitation near the atomic line limits the contrast
observed in the Rb atom number, and the resonances are more
easily detected in the Yb atom number. Light to drive the
free-bound and bound-bound transitions is generated using
a frequency-doubled fiber laser system, with the frequency
stabilized at a tunable offset from the MOT laser system (see
Appendix A). Light to address the bound-bound transition is
derived from the same light source (see Appendix B).

III. ONE-PHOTON PHOTOASSOCIATION

The narrow linewidth of the atomic transition and the lack
of prior information make the search for intercombination-line
photoassociation (PA) resonances challenging. Ab initio cal-
culations predict the C6 coefficient [55] but not the fractional
part of the dissociation quantum number νD and can thus be
used to estimate the spacing of bound levels but not their
actual positions in a given isotopologue. In a Hund’s case
(c) picture the relevant potential energy curves have either
|�| = 1

2 or |�| = 3
2 .

We perform photoassociation spectroscopy at detunings
between 0.1 and 11 GHz, locating a single pair of resonances
around 3.1 GHz, shown in Fig. 2. In measurements in the ab-
sence of Rb, these features disappear, ruling out the (remote)
possibility of an intra-species photoassociation resonance.
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(a) (b)

FIG. 3. Decay curves for (a) Yb and (b) Rb with the PA light on
and off resonance for the stronger transition located at −3057 MHz.

To quantify the strength of the PA line, we measure the time
dependence of the atom number for each species with the PA
laser tuned on and off resonance, as shown in Fig. 3. We fit
the data with solutions of a simple rate equation model for the
atomic densities nRb and nYb given by

ṅRb = −nRbKRb − nRbnYbKPA, (1)

ṅYb = −nYbKYb − nRbnYbKPA, (2)

with the photoassociation rate constant KPA and the single-
species loss constants KRb, KYb [56]. From this fit we extract a
photoassociation rate constant of KPA ≈ 5 × 10−14 cm3/s for
the slightly stronger resonance at −3057 MHz for a PA laser
intensity of ∼40 W/cm2. Even considering the difference in
atomic linewidths, this is significantly larger than predictions
made for RbSr in [57] but nonetheless orders of magnitude
smaller than typical PA rate constants obtained near the alkali
D-line asymptotes. The single-species loss constant of 0.7 s−1

for Yb is an order of magnitude larger than for Rb [58].
We attribute the relatively large loss rate for Rb to heating
from the multimode trapping laser, which is explained by
off-resonant scattering. While the PA rate is not saturated and
could be increased with higher laser intensity, this would also
lead to a corresponding increase in the Yb single-species loss.

Despite extensive efforts, we could not locate any other
resonances. For most of the search range, transitions with a
PA rate constant KPA � 2 × 10−14 cm3/s would have been de-
tected with a high probability. Sensitivity is, however, strongly
degraded for binding energies less than ∼h × 2 GHz, due to
increased off-resonant excitation of the atomic transition, and
in the immediate vicinity of Yb2 resonances, both requiring a
reduction in photoassociation pulse area by several orders of
magnitude. We note that with the observed resonance position
and the C6 coefficients predicted in Ref. [55], the two neigh-
boring PA resonances are indeed expected to be close to Yb2

resonances. Sensitivity would also be degraded by a factor of
up to 4 [58] for transitions with an effective linewidth of less
than the typical step size of 2 π × 1 MHz.

To further characterize the observed resonances, we mea-
sure their Zeeman shift as shown in Fig. 4. The magnetic
field values were calibrated using microwave spectroscopy in
Rb. The polarization was undefined for this measurement, so
potentially both π and σ± transitions contribute to the spec-
trum. Additionally, residual background field contributions
may cause a shift in magnetic field orientation at low fields.
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FIG. 4. Investigation of the Zeeman shift of the observed transi-
tions. (a) Spectra at various magnetic fields, offset by the magnetic
field strength. (b) Reconstructed shift of A and B from Gaussian fits
shown in (a).

Both loss features are fit by Gaussians and their center
positions, taking into account the Zeeman shift of the atomic
threshold, are shown in Fig. 4(b). The fits shown yield shift co-
efficients of 0.6(1) MHz/G and 0.3(1) MHz/G, respectively,
with zero-field-transition frequencies of −3057.2(3) MHz and
−3074.3(3) MHz. Thus the two peaks obviously remain split
even at zero magnetic field. Yet their close proximity and
similar strength suggest that they are, in fact, closely related.

Given the small binding energies, it appears reasonable to
treat the molecular states as combinations of the atomic states.
The shift coefficients for the Rb states in f = 1 are −m f ×
0.7 MHz/G, while the excited 3P1 state of Yb shifts with mj ×
2.1 MHz/G. All combinations of these states will thus shift
with multiples of 0.7 MHz/G and cannot satisfactorily explain
the observed shifts. Our efforts to explain the Zeeman shift in
the framework of Hund’s case (c) or (e) have also failed to
deliver a consistent assignment.

In addition to the shifts, Fig. 4 shows a significant broad-
ening of the peaks with increasing magnetic field. For the
zero-field FWHM of the peak at −3057.2(3) MHz, a value
of 3 MHz is extrapolated. Even this linewidth is still an order
of magnitude larger than the atomic linewidth. No further
reduction of the linewidth was observed when reducing the
PA intensity, ruling out saturation broadening. We rule out an
increase in magnetic field noise for higher fields as the cause
for the broadening by microwave spectroscopy on Rb, which
is also used for the calibration of the field.

Significant broadening of the intercombination-line pho-
toassociation resonances has previously been observed in
RbSr [59]. In that work it was argued that this could be caused
by strong radiative decay to bound states in the electronic
ground state. In contrast to the alkali D lines, the 1S0 → 3P1

is only weakly allowed by mixing of the 3P1 and 1P1 states.
At shorter internuclear distances, the presence of the Rb atom
leads to further mixing, increasing the transition dipole mo-
ment [48]. However, from simple estimates based on model
potentials and the transition dipole moment curves calculated
by Shundalau and Minko [48], we expect the increase in
transition dipole moment for this state to be less than 10 %
of the atomic dipole moment. This mechanism thus seems
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unlikely to significantly affect the state lifetime or transition
rates in the case of RbYb.

Another possible explanation for the observed linewidths
is nonradiative decay within the 3P manifold, for example,
through predissociation to the 3P0 state. Such decay has, for
example, been encountered in the analysis of Feshbach res-
onances associated with the 3P2 state [49], where it leads to
strongly decayed resonances, in which the closed channel life-
time is limited to the order of microseconds by predissociation
to the 3P0 continuum.

Interestingly, the calculations performed for Feshbach res-
onances in the 3P2 state also show a decay width that is
increasing with magnetic field in the same range that is cov-
ered by our measurements [49]. If a similar effect occurs for
the 3P1 state, this could explain the observed behavior of the
linewidths.

A somewhat similar situation has also been described for
the 3Pj manifold of the molecular ion HeN+ [60]. Notably,
this leads to many transitions being broadened—in particular,
in the presence of a magnetic field—to an extent that makes
them unobservable and might provide an explanation for the
fact that we have only observed a single pair of seemingly
related transitions. A definitive assignment of the observed
lines and thus the observed Zeeman shifts and linewidths will
require further experimental and theoretical work beyond the
scope of this paper.

Taking into account the Zeeman effects and thermal shift,
the binding energies of the two states—assuming they can
be assigned to the f = 1 threshold of Rb—are measured
to be 3057.0(5) MHz and 3074.1(5) MHz and are thus split
by 17.1(7) MHz. Taking the C6 values calculated by Porsev
et al. [55], these binding energies correspond to a classical
outer turning point of 45 a0 to 46 a0 for |�| = 1

2 and |�| = 3
2 ,

respectively. This is at significantly longer range than the
most weakly bound level that was observed for photoasso-
ciation near the D1 line of Rb with an outer turning point
around 35 a0 [40,41]. This is due to the difference in C6

coefficients and the lower linewidth allowing for spectroscopy
closer to the asymptote. In combination with the predicted C6

coefficients, the neighboring levels may be predicted to have
binding energies around 1.2 and 6 GHz, respectively, though
with large uncertainties. Both of these are, however, close to
Yb2 resonances, which could obscure the RbYb resonances.

The low photoassociation rate and the significant off-
resonant light scattering on the atomic transition will make the
use of the observed transitions for the efficient production of
RbYb molecules challenging. However, intercombination-line
photoassociation presents a powerful tool for the characteriza-
tion of weakly bound states in both the electronically excited
and the electronic ground state.

IV. TWO-PHOTON PHOTOASSOCIATION

Precise knowledge of weakly bound states in the electronic
ground states will be critical for finding pathways to efficient
molecule production, be it through photoassociation or mag-
netoassociation. The measurement of these binding energies is
possible by two-photon photoassociation [61], where a second
laser field couples the bound state in the electronically excited
state to a bound state in the electronic ground state. We label

FIG. 5. Observation of two-photon photoassociation resonances
(a) by scanning the bound-bound laser with the free-bound laser
locked on resonance and (b) by scanning the free-bound laser while
the bound-bound laser is locked on resonance (dark-resonance con-
figuration). The energy levels on the sketches on the left-hand side
are labeled with |1〉 for the scattering state, |2〉 for the bound state
in the electronic ground state, and |3〉 for the electronically excited
state. The scattering state and the vibrational ground state are sepa-
rated with the binding energy EB and the thermal energy Etherm.

the vibrational states with 
ν ′ counting from the threshold,
with 
ν ′ = −1 being the least bound state. Binding energies
for the two least bound states in the electronic ground state of
87Rb170Yb have previously been determined by two-photon
photoassociation near the Rb D1 line with uncertainties of
around 15 MHz [42,43]. Here we report an improvement of
two orders of magnitude by performing two-photon photoas-
sociation near the intercombination line.

By keeping the free-bound laser stabilized to one of the
free-bound transitions [62] (δFB = 0) and scanning the laser
driving the bound-bound transition (bound-bound laser) and
thus the two-photon detuning 
2γ , the photoassociation loss
is suppressed when the bound-bound laser comes close to
resonance, as shown in Fig. 5(a). The two-photon detuning is
given by 
2γ = δFB − δBB, and its magnitude is equal to that
of the scanning photon because we always keep one transition
on resonance. On the other hand, when keeping the bound-
bound laser on resonance and scanning the frequency of the
free-bound laser we obtain the well-known dark resonance
line shape [63] shown in Fig. 5(b).

In all the experiments presented here, the atoms are only
weakly trapped with h̄ωtrap � kBT and the scattering state is
thus a continuum with thermally distributed energies rather
than a well-defined single state. The mean collision energy
is on the order of h × 0.2 MHz (ensuring that only s-wave
collisions are relevant) for typical experimental conditions,.
This gives rise to an asymmetrical broadening of the observed
lines that is obvious in the spectra in Fig. 5(a) and somewhat
more subtle in the dark resonances in Fig. 5(b). In the latter
case, it also prevents us from extracting the true lifetime of
the dark state—which is expected to be much longer than that
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corresponding to the thermal linewidth—from the measured
spectra. This thermal spread of energies poses a significant
obstacle to the implementation of coherent techniques like
STIRAP. To implement a STIRAP scheme for the production
of RbYb molecules, this will have to be overcome in future
experiments, for example, by tight confinement of the atoms
in an optical lattice.

All spectra are fitted using a thermal average over an ex-
pression for the loss rate obtained from solving the optical
Bloch equations, which is given by [63]

Ṅ

N
= �2

FB

[
4
2

2γ + eff
(
�2

BB + eff
)]

∣∣�2
BB + ( + 2iδFB)(eff + 2i
2γ )

∣∣2 , (3)

with the free-bound and bound-bound Rabi frequencies �FB

and �BB, the decay rate of the excited state , and the ef-
fective decay rate eff accounting for decoherence of the
dark state. For the data shown, the values extracted from the
fit are �FB ≈ 2 π × 1 kHz and �BB ≈ 2 π × 1 MHz for both
transitions, with a free-bound laser intensity of 26 W/cm2 and
bound-bound laser intensities of 5 W/cm2 for the 
ν ′ = −1
state and 1 W/cm2 for the 
ν ′ = −2 state, respectively.

For both observed states the Zeeman shift of the two-
photon transition was determined to be less than 0.1 MHz/G,
consistent with zero. It can thus be assumed that the Zeeman
levels probed in the ground states are of the same (F =
1, mF = −1) character as the scattering state. The fact that no
transitions with a different magnetic moment were observed
indicates that the bound-bound laser does not induce a signif-
icant coupling between the Rb Zeeman or hyperfine states.

Taking into account the thermal shifts, the measured bind-
ing energies are EB(
ν ′ = −1) = h × 101.9(1) MHz and
EB(
ν ′ = −2) = h × 1011.0(1) MHz. Future work will ex-
tend these measurements to more deeply bound levels, in
particular, those with binding energies just above the hyper-
fine splitting of Rb, which give rise to magnetic Feshbach
resonances at moderate fields. For 87Rb 170Yb, this would
be the 
ν ′ = −4 state with the lowest resonance predicted
around 1300 G [34].

V. CONCLUSION

We have observed a pair of photoassociation resonances in
87Rb170Yb and characterized them with regards to photoas-
sociation rate, binding energy, and Zeeman shift. We have
identified possible causes for the failure to observe more
resonances, but like the assignment of the observed lines,
this question will require further spectroscopy and quantum
chemistry calculations well beyond the scope of this work.

As expected, the observed PA rates are orders of magnitude
smaller than those observed near the alkali D lines. How-
ever, by preparing both species in a mixed Mott insulator,
the achievable Rabi frequencies may be greatly enhanced in
future experiments. Starting from the motional ground state
of a lattice site rather than a thermal continuum will enable
much greater control over the association process and may
even allow for free-bound STIRAP [39]. However, due to the
unfavorable ratio of PA rate to off-resonant atomic excitation
on the observed lines, it may be preferable to perform pho-
toassociation near the D1 line of rubidium.

Nonetheless, intercombination-line photoassociation is a
powerful spectroscopic tool. We have demonstrated its use
for the precise measurement of bound-state energies by
two-photon photoassociation, improving the uncertainties on
previously determined values by two orders of magnitude. The
precise knowledge of bound-state energies in the electronic
ground state will allow us to pinpoint the predicted position
of magnetic Feshbach resonances, which may provide an
alternative route for the initial association of weakly bound
molecules. This spectroscopy technique will also allow for
highly sensitive detection of light shifts to the bound levels.
This will be invaluable for spectroscopy of more deeply bound
states in the electronically excited potential, which will be
required to identify a suitable intermediate level for STIRAP
transfer to the absolute ground state [64].
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APPENDIX A: LASER STABILIZATION

The free-bound photoassociation laser is stabilized at a
tuneable offset of up to 11 GHz to the MOT laser using a
beatnote lock. The MOT laser in turn is stabilized to a Zerodur
cavity over short timescales and to the atomic transition via
active stabilization of the vertical MOT position [65] over long
timescales. The beatnote utilizes the fundamental output of
fiber lasers at 1112 nm before frequency doubling to 556 nm,
effectively doubling the accessible offset frequency range.

For beatnote detection we utilize a so-called small form-
factor pluggable (SFP) module intended for fiberoptic net-
working equipment operating at 1.3 or 1.5 µm. This module
provides an InGaAs detector coupled to a single-mode fiber
socket, a transimpedance amplifier, and a limiting amplifier
in a compact package and requires only minimal supporting
circuitry, while providing bandwidth and signal-to-noise far
exceeding that of a simple photodiode connected to a 50-� rf
amplifier.

To lock the beatnote to the desired offset frequency we
use an Analog Devices ADF4159 fractional-N phase-locked
loop (PLL) chip mounted on an evaluation board. This al-
lows us to lock the beatnote to arbitrary offset frequencies
up to ∼10 GHz without the need for a matching microwave
reference frequency. We note the range of offset frequencies
explored is not limited by the locking setup but rather by the
time-consuming nature of the experiments.

APPENDIX B: BOUND-BOUND LIGHT GENERATION

Light used to drive the bound-bound transitions in Sec. IV
is derived from the same laser used for the free-bound
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transition. To bridge the frequency gap, two different methods
are used.

For the 
ν ′ = −1 transition the frequency difference is
realized by frequency shifting in two acousto-optical modu-
lators (AOM), before both beams are combined and coupled
into a common single-mode fiber to ensure overlap. The

ν ′ = −2 transition, on the other hand, is driven by a side-
band generated using a bulk electro-optical modulator (EOM)
placed in the free-bound laser path. A split ring resonator [66]
allows us to obtain a modulation index of β ≈ 1, correspond-
ing to 20% of the input power in each first-order sideband,

at a moderate drive power of 1 W. As the resonator can be
constructed and tuned by simple means, this provides an at-
tractive way for generating light at offset frequencies in the
GHz range, where typical AOM setups become impractical.
However, it comes at the cost of having both the carrier and
further, undesired sidebands present in the output. In particu-
lar, the third harmonic of the 
ν ′ = −2 transition probed in
Sec. IV is very close to the binding energy of the intermediate
states used here. This leads to one such sideband being almost
resonant with the atomic transition and causing excessive trap
loss even at low powers.
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