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Long-range states of the NaRb molecule near the Na(3 2S1/2)+Rb(5 2P3/2) asymptote
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We report a high-resolution spectroscopic investigation of the long-range states of the 23Na87Rb molecule
near its Na(3 2S1/2)+Rb(5 2P3/2) asymptote. This study was performed with weakly bound ultracold molecules
produced via magnetoassociation with an interspecies Feshbach resonance. We observed several regular
vibrational series, which are assigned to the five attractive long-range states correlated with this asymptote.
The vibrational levels of two of these states have sharp but complex structures due to hyperfine and Zeeman
interactions. For the other states we observed significant linewidth broadenings due to strong predissociation
caused by spin-orbit couplings with states correlated to the lower Na(3 2S1/2)+Rb(5 2P1/2) asymptote. The
long-range C6 van der Waals coefficients extracted from our spectrum are in good agreement with theoretical
values.
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I. INTRODUCTION

Due to their promising applications in a wide range of areas,
ultracold ground-state polar molecules with high phase-space
density have been pursued intensively in the last two decades
[1,2]. Although recent years have seen significant progress
in direct laser cooling of ground-state molecules [3–5], the
most successful way of producing near-quantum-degeneracy
molecular samples is still association of ultracold atoms
with the help of magnetic Feshbach resonances [6]. With
a properly designed two-photon stimulated Raman process,
the weakly bound molecules formed can be transferred to
the lowest energy level of the molecular ground state with
the high initial phase-space density preserved [7–9]. This
was successfully implemented for the 40K87Rb molecule [10]
in 2008, and very recently for the 87Rb133Cs [11,12] and
23Na40K [13] molecules. For 40K87Rb, a two-body chemical
reaction can happen, which induces large inelastic losses
[14,15]. 87Rb133Cs and 23Na40K are stable against two-body
chemical reactions [16], but other loss mechanisms may still
exist [11,13,17].

The bosonic 23Na87Rb molecule in its ground state is also
chemically stable against two-body collisions [16]. Besides,
it possesses a permanent electric dipole moment of 3.3 D,
larger than all the aforementioned molecules [18]. It is thus
another important candidate for investigating ultracold polar
molecules. In the past two years we have prepared an ultracold
mixture of 23Na and 87Rb [19] and studied their Feshbach
resonances [20]. Recently we have successfully produced
23Na87Rb Feshbach molecules by sweeping the magnetic field
across a Feshbach resonance [21].

The next critical step for making ground-state 23Na87Rb
molecules is to find a path for an efficient stimulated Raman
process. As illustrated in Fig. 1, the internuclear distances
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between the ground-state and the Feshbach molecules are
vastly different. Besides, as our Feshbach molecules are mainly
of triplet character, the intermediate level must have strong
triplet and singlet mixing to make the connection to the
X 1�+ state. Thus, for this task, a detailed understanding
of the excited states is necessary. Historically, 23Na87Rb has
been a popular molecule for spectroscopic study. The two
electronic ground states, X 1�+ and a 3�+, were investigated
in detail with Fourier transform spectroscopy [22] and further
refined by measurement of the Feshbach resonances [20].
Several low-lying excited states shown in Fig. 1, including
1 1� [23,24], 2 1�+, and 1 3� [25], were also well studied by
various conventional spectroscopy methods.

However, as is typical for conventional molecular spec-
troscopy, the long-range parts of the excited state potentials
are not covered well. In this work we study the long-range
states near the Na(3 2S1/2)+Rb(5 2P3/2) asymptote starting
from Feshbach molecules which are weakly bound with a large
amplitude vibrational motion and is thus a nice choice for this
purpose. Besides its importance in understanding fundamental
molecular dynamics, this work is also an important step toward
finding the intermediate level for Raman transfer. One of the
primary choices satisfying our requirements is the strongly
mixed levels of the 1 1� and 2 3�+ admixture [10,27]. As
shown schematically in Fig. 1(a), the equilibrium distance of
the X 1�+ state matches well with the classical inner turning
points of some high vibrational levels of the 1 1� and 2 3�+
mixture; thus favorable strengths are expected for both the
pump and dump transitions.

This paper is organized as follows: In Sec. II we describe our
Feshbach molecule preparation system and the spectroscopy
setup. In Secs. III and IV we show the high resolution spectrum
and our analysis. Section V concludes the article.

II. EXPERIMENTS

The experiment reported here is carried out on the same
setup as our previous works [19–21]. After preparing the
ultracold mixture of Na and Rb atoms in their |F = 1,mF = 1〉
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FIG. 1. NaRb potential energy curves including spin-orbit cou-
pling obtained from quantum chemistry computations [26]. (a) The
long-range part of the excited potential can be accessed with laser
1 starting from weakly bound Feshbach molecules. A possible two-
photon population transfer path, which can be completed by adding
laser 2, is also shown schematically. (b) The eight attractive long-
range potentials correlated with Na(3 2S1/2)+Rb(5 2P ) asymptotes
are shown in a zoomed in view. The current work focuses on the
five states correlated with the Na(3 2S1/2)+Rb(5 2P3/2) asymptote.
Predissociation can happen for some of these states due to the curve
crossings with states from the lower asymptote, near the region
marked by the two red circles in (a). All internuclear distances are in
the unit of Bohr radius (a0).

hyperfine states in an optical dipole trap, we perform mag-
netoassociation by sweeping the magnetic field across the
interspecies Feshbach resonance located at 347.8 G. After
removing residual atoms, we typically end up with about 1500
Feshbach molecules with a temperature of 450 nK, which is
the starting point for the current work. The final magnetic field
is at 340 G, where the molecules have a binding energy of
2π × 12 MHz and about 80% closed channel fraction. The
trap lifetime of the pure molecule sample is more than 20 ms
[21].

The spectroscopic laser is a free-running external cavity
diode laser with a maximum power of 50 mW and a typical
linewidth of 2 MHz. Its frequency is measured by a wavelength
meter (HighFinesse, WS7) with an absolute accuracy of
60 MHz. The laser beam propagates perpendicular to the
magnetic field and is focused to a waist of ∼45 μm. As the
transition strength varies with the binding energy, we adjust the
laser power to maintain similar loss ratios over the whole scan

range. For the strongest transitions, <100 μW power is enough
to deplete all the Feshbach molecules. The typical excitation
duration is 100 μs, much shorter than the trap lifetime.

We obtain the bound-bound spectrum by tuning the spec-
troscopic laser from 12 816.5 to 12 806 cm−1 with typical
steps of 50 MHz. After the excitation we ramp the magnetic
field back to dissociate the remaining Feshbach molecules, as
our absorption detection is only sensitive to atoms. We have
to prepare a new sample after each cycle, which takes about
45 s.

Our detuning measurements are all made with re-
spect to the transition from the ground-state hyperfine
asymptote 23Na(3 2S1/2, |F = 1,mF = 1〉) + 87Rb(5 2S1/2,
|F = 1,mF = 1〉) to the center of gravity of the
Na(3 2S1/2)+Rb(5 2P3/2) asymptote. After taking the Zeeman
shifts at 340 G into account, the excited-state asymptotic limit
is taken as 12 816.724 cm −1. The small binding energy of the
Feshbach molecules is neglected.

III. SPECTRUM AND ASSIGNMENTS

In Fig. 2 we show the whole spectrum near the
Na(3 2S1/2)+Rb(5 2P3/2) asymptote. Levels with detuning less
than −1.2 cm−1 are not resolved, probably due to the very
dense and strong resonances near this region, as well as
predissociation-induced broadening which we will discuss
below. At a first glance the spectrum seems rather complex,
reflecting the fact that there are five attractive long-range
potentials, 3(0+), 3(0−), 3(1), 4(1), and 1(2), associated with
this asymptote. Here we are using the Hund’s case (c) notation
typical for such long-range molecules, with the number in the
parentheses representing �, the projection of the total angular
momentum of the electrons on the molecular axis, and the first
number their order with increasing energy in this symmetry.

Scrutinizing the line shape patterns and level spacings, we
have picked out four vibrational series from the spectrum and
listed them in Table I. One key to achieve sensible assignments
is the well resolved hyperfine and Zeeman structures for � > 0
states. As shown in Figs. 3(a) and 3(b), vibrational levels in two
of the identified series have sharp substructures. To tell which
state they belong to, we compare our spectrum to calculated
vibrational levels based on the Rydberg-Klein-Rees (RKR)
potential of the 1 1� state given by Pashov et al. in Ref. [24].
The 4(1) state is correlated to the 1 1� state at long range. Good
matching to the series including the level in Fig. 3(a) is found
by an overall −0.15 cm−1 shift of the calculated vibrational
levels. This series is thus assigned to the 4(1) state.

Another key for the assignment is the predissociation
caused by coupling with long-range states in the lower
Na(3 2S1/2)+Rb(5 2P1/2) asymptote. A similar mechanism,
which typically results in significant linewidth broadening,
has been observed in several other alkali dimers [28]. It affects
the 3(0+), 3(0−), and 3(1) states, as can be seen from the
long-range potential in Fig. 1(b). The 4(1) and 1(2) states,
on the other hand, are free from predissociation. Thus the
vibrational series including the level in Fig. 3(b) can only
come from the 1(2) state, as the well resolved substructures
with sharp peaks indicate no sign of predissociation. Detailed
assignment of these substructures is still lacking at this point.
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FIG. 2. A long spectrum shows all observed excited-state levels. Four vibrational series are distinguished from each other by their very
different line shapes and distributions. Each series contains five to six levels. Our assignments are depicted by four sets of vertically displaced
solid bars. The bottom dashed line correlates with both 3(1) and 3(0 −).

Our Feshbach molecule is s wave in nature; thus its pure
rotation is l = 0. It is electronic spin triplet dominated with
the second to the last vibrational level (v′′ = −2) of the a 3�+
state as the closed channel [21]. The total electronic angular
momentum is thus j = 1. Ignoring nuclear spins, the total
angular momentum of the molecule ( �J = �l + �j ) can then
only be J ′′ = 1. The selection rules of J allow transitions
with �J = 0 and ±1, depending on � of the excited state.
As the rotational levels of � = 2 states start from J ′ = 2,
the observation of the 1(2) state proves the total angular

TABLE I. Summary of the observed long-range vibrational levels
near the Na(3 2S1/2)+Rb(5 2P3/2) asymptote. The v index is deduced
from a LeRoy-Bernstein fit (see text). Note that v = −1 represents the
highest vibrational level. The linewidths of levels with predissociation
are also listed.

State Ev (cm−1) v Linewidth (GHz)

4(1) 12 814.3843 −6 –
12 812.7455 −7 –
12 810.5167 −8 –
12 807.5884 −9 –
12 803.8984 −10 –

1(2) 12 815.3403 −5 –
12 814.2063 −6 –
12 812.4381 −7 –
12 810.0764 −8 –
12 806.8752 −9 –
12 802.8207 −10 –

3(1, 0 −) 12 814.9872 −6 9.4
12 813.8007 −7 8
12 812.0585 −8 10
12 809.8893 −9 10
12 807.194 −10 –

3(0+) 12 815.5017 −5 3
12 814.4814 −6 3.4
12 813.0347 −7 1.8
12 811.0757 −8 1.7
12 808.5312 −9 1
12 805.3087 −10 1.9

momentum assignment of the Feshbach molecule is correct.
The s-wave Feshbach molecule also has a + parity, and thus
can only be promoted to excited states with − parity. All
rotational levels of the � = 1 and 2 states have both + and
− components due to the �-type doubling. Thus for 3(1) and
4(1) states we can access J ′ = 1 and 2, while for the 1(2) state,
only J ′ = 2 is possible. For the 0+ state, the electronic parity
is even. Only odd J ′ level can have − total parity, so only
J ′ = 1 can be accessed. While for the 0− state, the electronic
parity is odd; thus both J ′ = 0 and 2 can be reached.

The predissociation observed in the other three states,
however, obscures all rotational structure. As can be seen
in Table I, for the series including Fig. 3(c), the extracted
linewidths are on the order 10 GHz, while the other series have
typical linewidths of 1 to 3 GHz. Typical rotational spacings
for these near dissociation levels are estimated to be about
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FIG. 3. High resolution spectrum of different states. (a), (b), (c),
and (d) Typical lineshapes of 4(1), 1(2), 3(1,0−), and 3(0+) states,
respectively. The sharp structures in 4(1) and 1(2) levels are from
hyperfine and Zeeman interactions. The very broad linewidths in
3(1,0−) and 3(0+) levels are due to fast predissociation. See text for
details.
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1 GHz, comparable or smaller than the observed linewidths.
All of these values are much larger than the radiative lifetime
limited linewidths, which are on the order of several MHz.
We have verified experimentally that the contribution from
power broadening is negligible. We note that even for the 4(1)
state without predissociation, rotational levels are still hard to
identify due to the comparable splittings from hyperfine and
Zeeman interactions.

To make the final assignment we resort to the detailed study
of the predissociation processes. As depicted in Fig. 1(a),
the 3(0+) state results from the spin-orbit coupling between
the A 1�+ and the b 3� states with a crossing at internuclear
distance of about 7.7 a0. The 3(0−) and the main characters
of the 3(1) states are from the spin-orbit coupling between the
c 3�+ and the b 3� states with a crossing at around 11.8 a0. The
linewidth can be estimated with a Landau-Zener model which
takes into account the spin-orbit coupling strength between
the adiabatic potential curves and the difference between their
slopes at their crossing point. With this model we obtain
linewidth upper bounds of 2π × 2.7, 9.4, and 12.3 GHz for
the 3(0+), 3(1), and 3(0−) states, respectively. Thus most
probably, the series including Fig. 3(d) is from the 3(0+)
state. We attribute the series including Fig. 3(c) to both 3(1)
and 3(0−), as those two states have very similar long-range
dispersion coefficients and are expected to have closely
spaced vibrational levels. With the very large predissociation
linewidth, it becomes hard to resolve them individually.

IV. LONG-RANGE FITTING AND DISCUSSION

With the assignment decided, the C6 coefficients can be
obtained by fitting the measured vibrational binding energies
of each series to the semiclassical Leroy-Bernstein (LB)
formula [29,30]

v − vD = k6E
1/3
v , (1)

with k6 = 2
√

π

4h

�(3/2)
�(7/6)

√
2μC

1/6
6 . Here vD is the effective vibra-

tional quantum number at dissociation (a number between
−1 and 0 as we take the last bound level as v = −1), Ev

is the binding energy, h is the Planck constant, � is the
Gamma function, and μ is the reduced mass for 23Na87Rb.
Figure 4 shows results of the E

1/3
v vs v fittings for all the

observed vibrational series. For each state, the C6 coefficients
are extracted from the fitting and listed in Table II, together
with the C6 values from two previous calculations [31,32].

The C6 values of columns (a) and (b) in Table II are
deduced from the van der Waals coefficients for Hund’s case
(a) states calculated in Refs. [31] and [32], respectively, using
the analytical formulas of Ref. [33] which are exactly solvable
with the exchange energy neglected. The agreement between
our results and the values deduced from Ref. [31] is quite
reasonable, with less than 10% discrepancies for most of the
states. The only exception is the 3(0+) state, which shows a
16% difference. On the other hand, we observe a disagreement
larger than 20% for most states with the values analytically
deduced from Ref. [32]. Such differences originate in those
observed in the Hund’s case (a) C6 values between Refs. [32]
and [31], related to the details of the computed atomic wave
functions. For completeness, we also display in column (c) of
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FIG. 4. Plot of the the relative vibrational quantum number v vs
1/3 power of the vibrational binding energy Ev . The states in (a), (b),
(c), and (d) are in the same order as Fig. 3. The C6 coefficients can
be obtained from the slopes of the linear fittings.

Table II the C6 values reported in Ref. [32], where the authors
fitted their numerical calculations.

The uncertainties of our results for the C6 coefficients can be
discussed by estimating the contribution of the next term in the
multipolar expansion of the long-range interaction energy, i.e.,
C8/R

8. At the internuclear distance of 30 a0 already reached by
several of the observed vibrational levels, and using C8 values
from Ref. [31], this term amounts for a noticeable fraction of
about 11% of the van der Waals energy. However, a fitting
using an improved LB formula [34] including both C6/R

6

and C8/R
8 contributions does not give satisfactory results as

there are too many free parameters compared to the number
of observed lines. We believe that scanning for deeper bound
levels will not help to improve the results, as we are already
close to the internuclear distance where exchange potential and
higher order terms in the multipolar expansion should play a
role. Thus we will have uncertainties on our C6 values because
we are at the limit of what we can do with the LB formula.

We also note that the LB formula should be applied to
molecules in zero magnetic field only, while our spectra are
taken at 340 G. The Zeeman and hyperfine interactions result
in complicated structures corresponding to successive series
converging in principle toward different hyperfine Zeeman

TABLE II. C6 coefficients from the LB fit and their comparison
with several theoretical works. (a) and (b) from Refs. [31] and [32],
respectively, using the analytical formula of Ref. [33]. (c) From
Ref. [32].

States LB fit (a.u.) (a) (a.u.) (b) (a.u.) (c) (a.u.)

4(1) −8 238 −7 484.5 −9 351 −9 437
1(2) −7 236 −7 484.5 −9 351 −9 428
3(1) −14 509 −14 909 −17 702 −18 261
3(0−) −14 509 −14 909 −17 702 −18 276
3(0+) −12 498 −14 909 −17 702 −18 252
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dissociation limits, such that application of the LB formula,
strictly speaking, is impossible. In this work we defined a
center of gravity for each structured line assuming equal
weighting of all observed substructures, and the detuning
(binding energy) corresponding to this center of gravity is
determined with respect to the single dissociation limit as
defined in Sec. II. Although both the Zeeman shift and
the overall substructure width are much smaller than the
vibrational level spaces, the C6 values extracted could still
be slightly distorted.

V. CONCLUSION

A sample of ultracold Feshbach molecules is a good starting
point for investigating excited-state molecular potentials with
very high resolution, especially for long-range states hard to
access with thermal samples. In this work we have investigated
the near dissociation levels of the 23Na87Rb molecule corre-
lated with the Na(3 2S1/2)+Rb(5 2P3/2) asymptote and observed
the five long-range states with attractive potentials. We have
extracted the C6 coefficients with the LB model and found
reasonable agreements with previous theoretical calculations.

However, the current study is already covering internuclear
distances violating the long-range model. Thus the experimen-
tal C6 parameters are a kind of “effective” parameters which

already include significant contributions from short-range
potentials. Similar difficulties were already met on the LiK
long-range state analysis [35]. This situation is probably quite
true for such molecules with light reduced masses (and thus
a smaller density of states). To better match the experimental
values, the asymptotic models for calculating the van der Waals
coefficients will need some refinements. In particular, such
models predict identical C6 values for molecular states [31,33],
which is not what we found experimentally.

In future works, extension of this spectroscopy to much
deeper levels matching the range already addressed by con-
ventional spectroscopy should be feasible. Combining these
works together will lead to a full understanding of the relevant
excited states and help us identify the suitable intermediate
levels for Raman population transfer to the ground state.
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[6] T. Köhler, K. Góral, and P. S. Julienne, Rev. Mod. Phys. 78,
1311 (2006).

[7] K. Winkler, F. Lang, G. Thalhammer, P. v. d. Straten, R. Grimm,
and J. H. Denschlag, Phys. Rev. Lett. 98, 043201 (2007).

[8] J. G. Danzl, E. Haller, M. Gustavsson, M. J. Mark, R. Hart, N.
Bouloufa, O. Dulieu, H. Ritsch, and H.-C. Nägerl, Science 321,
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