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Abstract
We study, both theoretically and experimentally, the dynamical polarizability α (ω) of Rb2 molecules
in the rovibrational ground state of a3Σu+. Taking all relevant excited molecular bound states into
account, we compute the complex-valued polarizability α (ω) for wave numbers up to 20 000 cm−1.
Our calculations are compared to experimental results at 1064.5 nm (∼9400 cm−1) as well as at
830.4 nm (∼12 000 cm−1). Here, we discuss the measurements at 1064.5 nm . The ultracold Rb2
molecules are trapped in the lowest Bloch band of a 3D optical lattice. Their polarizability is
determined by lattice modulation spectroscopy which measures the potential depth for a given light
intensity. Moreover, we investigate the decay of molecules in the optical lattice, where lifetimes of
more than 2 s are observed. In addition, the dynamical polarizability for the X 1Σ g+ state is calculated.
We provide simple analytical expressions that reproduce the numerical results for α (ω) for all
vibrational levels of a3Σu+ as well as X 1Σ g+. Precise knowledge of the molecular polarizability is
essential for designing experiments with ultracold molecules as lifetimes and lattice depths are key
parameters. Speciﬁcally the wavelength at ∼1064 nm is of interest, since here, ultrastable high power
lasers are available.

1. Introduction
Owing to the extraordinary control over the internal and external degrees of freedom, ultracold molecules
trapped in an optical lattice represent a system with many prospects for studies in ultracold physics and
chemistry [1, 2], the realization of molecular condensates [3], precision measurements of fundamental
constants [4–7] and quantum computation [8, 9] and simulation [10]. In the recent years, several groups have
realized the preparation of optically trapped vibrational ground state (v = 0) molecules in either the lowest lying
singlet or triplet potential [11–15]. Experiments with these molecules, e.g. ultracold collisions, are typically
carried out in optical lattices or optical dipole traps [16–17]. In these environments, precise knowledge of the
dynamical polarizability of molecules is important for well controlled experiments.
The Rb2 molecule is one of the few ultracold molecular species currently available, with which benchmark
experiments for nonpolar molecules can be carried out. Here, we investigate the dynamical polarizability α (ω)
of a Rb2 triplet molecule in the lowest rovibrational level of a 3Σu+. A similar analysis for Cs 2 regarding the
electronic ground state X 1Σ g+ was previously carried out by Vexiau et al [18]. In addition to calculations of the
frequency dependent dynamical polarizability α (ω), we present measurements of the real part Re{α (ω)} at a
wavelength of λ = 1064.5 nm. The experiments are performed with molecules trapped in the lowest Bloch band
of a cubic 3D optical lattice which consists of three standing light waves with polarizations orthogonal to each
other. By carrying out modulation spectroscopy on one of the standing light waves, we map out the energy band© 2015 IOP Publishing Ltd and Deutsche Physikalische Gesellschaft
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structure for various light intensities. From these measurements Re{α (ω)} is determined. Our experimental
ﬁndings at λ = 1064.5 nm and also those at 830.4 nm [13] agree well with the calculations. In addition, we
experimentally investigate the decay time of the deeply bound molecules in a 3D optical lattice at 1064.5 nm for
various lattice depths. Here, lifetimes of more than 2 s are observed. Furthermore, we present numerical results
for the dynamical polarizabilities of the rovibronic ground state, i.e., the lowest rovibrational level of the X 1Σ g+
potential. For convenient application of our results, we provide a simple analytical expression and the
corresponding effective parameters which can be used to reproduce the dynamical polarizabilities for all
vibrational levels of both, the lowest singlet as well as triplet state outside the resonant wavelength regions.
This article is organized as follows. In section 2, we give a brief, general introduction to the dynamical
polarizability α (ω) of a homonuclear diatomic molecule. Sections 3–6 describe the calculations and
measurements related to the polarizability of 87Rb2 in the rovibrational ground state of a 3Σu+, along with a
comparison of our results to reference values from literature. In section 7 we present calculations of the
polarizability for the rovibrational ground state of X 1Σ g+. Afterwards, section 8 provides a simple expression
which parametrizes the polarizability for all vibrational levels of the lowest singlet as well as triplet state. Tables
with the corresponding parameters can be found in the supplemental material3.

2. Interaction of a diatomic molecule with light
When a nonpolar molecule is subject to a linearly polarized electric ﬁeld E ⃗ = ϵˆE 0 cos(ωt ) with amplitude E0
↔
↔
and unit polarization vector ϵ̂ , a dipole moment p ⃗ = α (ω) E ⃗ is induced. In general, α (ω) is a tensor (see, e.g.,
[19]). For the sake of simplicity, we restrict ourselves to Hund’s case (b) molecules in the lowest rotational level
N = 0 of the nuclei, for which only the scalar isotropic polarizability α (ω) is relevant (see, e.g., [13, 19]). Here,
N⃗ = L ⃗ + R ⃗ , where L ⃗ denotes the total electronic orbital angular momentum and R ⃗ is the mechanical rotation
of the atomic pair. The complex dynamical polarizability characterizes the response of a molecule to the electric
ﬁeld expressed by photon scattering and the ac Stark shift of molecular levels. This shift is directly linked to the
dipole interaction potential
U = − p⃗ · E ⃗ 2 = −

1
Re{α (ω)} E 02
4

(1)

and therefore to the real part of the polarizability Re{α (ω)} (see, e.g., [20]). In equation (1), the angled brackets
〈...〉 indicate time averaging. We note, that the dipole potential is attractive, when the sign of Re{α (ω)} is positive
and repulsive otherwise. The imaginary part of the polarizability Im{α (ω)} is related to the power Pabs absorbed
by the oscillator from the driving ﬁeld, since
1
Pabs = p˙ ⃗ · E ⃗ = ω Im{α (ω)} E 02.
2

(2)

We calculate the dynamical polarizability α (ω) following the method described in [18]. The generic expression
of the polarizability for a diatomic molecule in a state ∣ i〉 is
2
α (ω) =


γf

∑
f

ω if − i 2

(

γf 2

ω if − i 2

)

f d ⃗ · ϵˆ i

2

.

(3)

− ω2

Here, the angled brackets refer to the spatial integration over all internal coordinates of the system. The
summation covers all the accessible dipole transitions with frequency ωif and transition electric dipole moment
(TEDM) d ⃗ from the initial state ∣ i〉 to ﬁnal states ∣ f 〉 with linewidth γf .

3. Calculation of α (ω) for a3 Σu+ molecules
3.1. Relevant transitions
If the molecule is initially in a vibrational level va of the a 3Σu+ state, all rovibrational levels (including the
continuum) of the electronic potentials with 3Σ g+ and 3Πg symmetry need to be accounted for in equation (3).
As N = 0 in the initial a 3Σu+ state, only transitions toward ﬁnal levels with total angular momentum J = 0, 1, 2
must be considered. Here, J ⃗ = S ⃗ + N⃗ , where S ⃗ is the total electronic spin. Therefore, when considering a
diatomic molecule it is usual to deﬁne two contributions to the isotropic polarizability α: the parallel
3

See supplemental material available at stacks.iop.org/njp/17/065019/mmedia for the results of the analytical ﬁts to the calculated
polarizabilities corresponding to different vibrational levels va (vX) of a3Σu+ (X 1Σ g+ ) using two or three effective transitions and for the
numerical values of the transition electric dipole moments starting from either the lowest triplet state (a3Σu+ ) or singlet state (X 1Σ g+ ) toward
the most relevant excited potentials.
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Figure 1. (a) 3Σ g+ (solid blue lines) and 3Πg (dashed red lines) potential curves of Rb2 [23, 24]. The a3Σu+ potential is drawn in black.
In (b) and (c) the real and imaginary parts of the dynamical polarizability αva = 0 of Rb2 molecules in the rovibrational ground level
(va = 0, R = 0) of the a3Σu+ molecular state are shown as a function of ω (2πc ). The two wavelengths used in the experiments are
indicated by dashed horizontal lines. Furthermore, the red dashed vertical line in (b) represents zero polarizability.

polarizability α∥ along the molecular axis Ẑ , which is related to dZ, and the perpendicular polarizability α⊥ ,
which is related to dX = dY. In general, α∥ involves 3Σ + → 3Σ + transitions and α⊥ is related to 3Σ + → 3Π
transitions. One can show that α = (α∥ + 2α⊥ ) 3 (see, e.g., [18, 19]).
The expression given by equation (3) deals only with the transitions involving the two valence electrons of
Rb2. Following [21], the contribution to the polarizability of the two Rb+ cores, hereafter referred to as αc , must
be taken into account, and is added to the results of equation (3). More details about this quantity are discussed
in appendix A.1.
The ﬁrst step of the calculations is to collect a set of accurate molecular potential energy curves (PECs) and
TEDMs. The a 3Σu+ PEC is taken from the spectroscopic study of [22]. For the excited molecular states and the
related TEDMs from the a 3Σu+ state, we use the same data as [23, 24], which we report in the supplemental
material (see footnote 3) attached to the present paper, for convenience. The PECs are displayed in ﬁgure 1(a),
while the TEDMs are drawn in ﬁgure A1 (see appendix A.2). These data are obtained by the quantum chemistry
approach described in details in [25]. Brieﬂy the Rb2 molecule is considered as two valence electrons moving in
the ﬁeld of the two ionic Rb+ cores, which are represented by a large effective core potential including a core
polarization potential [26, 27]. A full conﬁguration interaction is then performed on the two valence electrons,
using a large Gaussian basis set [28], with the CIPSI quantum chemistry code developed at Université Paul
Sabatier in Toulouse. It is worth mentioning that partial spectroscopic information is available on the 13 Σ g+ state
[29], the 13 Πg state [30], and on the 23Πg state [22], but no complete PEC has been extracted in these studies. As
discussed for instance in [23, 30], the computed PECs are suitable to reproduce the observed data provided that
they are slightly shifted in frequency (in terms of ω (2πc), by at most 100 cm−1). We will estimate in section 5 the
limited inﬂuence of such shifts on the results reported in the present work. Finally, the vibrational wave
functions of levels ∣ i〉 and ∣ f 〉 for the summation are obtained using the mapped Fourier grid Hamiltonian
representation [31, 32].
3.2. Results
The real and imaginary parts of the dynamical polarizability αva = 0 (ω) of a molecule in the vibrational ground
state of the a 3Σu+ potential are displayed in ﬁgures 1(b) and (c) as functions of the trapping laser frequency. The
polarizabilities are expressed in atomic units (a.u.), which can be converted into SI units according to
1 a.u. = 4πϵ0 a 03 = 1.649 × 10−41 J m2 V −2, where a0 denotes the Bohr radius and ϵ0 is the vacuum
permittivity. Note, for some applications, e.g., considerations related to the ac Stark shift, units of Hz W −1 cm2
(1 a.u. corresponds to 4.6883572 × 102 Hz W −1 cm2) are advantageous. The sum in equation (3) has been
truncated to include only the vibrational levels of the four lowest 3Σ g+ states and the three lowest 3Πg states.
Furthermore, electric-dipole-forbidden transitions are not considered in the sum, as they would appear as very
weak and narrow resonances in the polarizability. The associated molecular data are collected in the
supplemental material (see footnote 3). For simplicity, the natural lifetime τ f = (γf )−1 has been ﬁxed to 10ns
(γf ≈ 2π × 15 MHz) for all the excited molecular levels.
3
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Strongly oscillating patterns in both Re{αva = 0 (ω)} and Im{αva = 0 (ω)} (see ﬁgures 1(b) and (c), respectively)
correspond to frequency ranges of strong absorption which should be disregarded for trapping purpose. The real
part smoothly increases from the static polarizability αva = 0 (ω = 0) = 698.5 a.u. up to the bottom of the 13 Σ g+
potential well, reaching 3147 a.u. at the wavelength of the trapping laser used in the present experiment
(1064.5 nm ). In the same region the imaginary part increases from about 10−5 a.u. at ω = 0 to 10−3 a.u. at the
trapping laser frequency which leads to a correspondingly larger photon scattering rate.
It is difﬁcult to provide a well-deﬁned error bar on the theoretical values of the dynamical polarizabilities as
their accuracy depends on the considered wavelength. Various causes of global inaccuracies have been analyzed
in depth in [33]. First, the choice of a constant radiative lifetime for all excited levels in equation (3) inﬂuences
only the strongly oscillating regions of the polarizability, changing the amplitude of the resonances. We checked
that this approximation has no effect in the smoothly varying regions which are relevant for trapping
experiments. We veriﬁed also that adding a couple of upper electronic states in the sum of equation (3)
contributes to the polarizability for less than 1%. Moreover, the ﬁrst excited Σ and Π states contribute together
for more than 90% to the polarizability. Usually, these are the most well known states either because accurate
spectroscopic results are available, or because they are well-determined by quantum chemistry calculations. The
accuracy of TEDMs is tedious to analyze as their experimental determination relies on line intensities which are
difﬁcult to measure accurately. However, one argument in favor of the accuracy of the TEDMs results when
comparing the values obtained from different methods. For instance, in [34, 35], with respect to various alkalimetal dimers, the TEDMs computed by two different methods are found to agree within 2%. Finally, an
indication for the accuracy of the present work is provided by the measurement of the dynamical polarizability
for the v = 0, J = 0 level of the Cs 2 electronic ground state at 1064.5 nm , which is quite far away from the lowest
resonant region [18]. The experimentally determined value with respect to λ = 1064.5 nm is 2.42(15) × αCs
[37], where αCs is the dynamical polarizability of the Cs atom. This is in remarkable agreement with the
computed value of 2.48 × αCs [18].

4. Measurement of Re{α (ω)} for a3 Σu+
4.1. Experimental setup and measurement scheme
The experiments presented in this work are carried out with a pure sample of about 1.5 × 104 87Rb2 molecules
prepared in the rovibrational ground state of the a 3Σu+ potential and trapped in a 3D optical lattice. There is no
more than a single molecule per lattice site and the temperature of the sample is about 1 μK . As described in
detail in [13, 19, 36], the molecules are prepared as follows. An ultracold thermal cloud of spin-polarized 87Rb
atoms ( fRb = 1, m f ,Rb = 1) is adiabatically loaded into the lowest Bloch band of a 3D optical lattice at a
wavelength of λ = 1064.5 nm. The lattice is formed by a superposition of three linearly polarized standing light
waves with polarizations orthogonal to each other, see ﬁgure 2(a). The three lattice beams are derived from the
same laser source with a linewidth of a few kHz and have relative intensity ﬂuctuations of less than 10−3. In order
to avoid interference effects, the frequencies of the standing waves are offset by about 100 MHz relative to each
other. At the location of the atomic sample the beam waists (1 e 2 radii) are about 130 μm and the maximum
available power per beam is about 3.5 W. By slowly crossing the magnetic Feshbach resonance at 1007.4 G we
produce weakly bound diatomic molecules. After a puriﬁcation step which removes remaining atoms, a
stimulated Raman adiabatic passage (STIRAP) is performed at 1000 G , transferring the dimers into the
rovibrational ground state (va = 0, N = 0, mN = 0) of the a 3Σu+ potential. Here, mN is the projection of N on the
quantization axis deﬁned by the direction of the magnetic ﬁeld B ⃗ (cf ﬁgure 2(a)). The molecule has positive total
parity, total electronic spin S = 1, total nuclear spin I = 3 and is further characterized by the quantum number
f = 2 ( f ⃗ = S ⃗ + I ⃗ ). Moreover, the total angular momentum is given by F = 2 (F ⃗ = f ⃗ + J ⃗ ) and its projection is
mF = 2. Henceforth, we simply refer to these molecules as ‘va = 0 molecules’.
According to equation (1), Re{α (ω)} = 4 ∣ U ∣ E 02, i.e., the real part of the dynamical polarizability can be
determined by measurements of the potential depth ∣ U ∣ and the electric ﬁeld amplitude E0 of an optical trap. For
the case of a cubic 3D optical lattice with orthogonal polarizations, the trapping potential is given by
V (x , y , z) = ∑ β = x, y, z Vβ (β) where the
Vβ (β) = − U

β

(

cos2 kβ + ϕ β

)

(4)

represent the contributions of the standing waves of directions β = x , y , z with k = 2π λ being the wave
number of the lattice beams. We now only consider the part of the lattice in the vertical z direction since this axis
is the only one relevant for the measurements of the potential depth in the present work. Therefore, we deﬁne
Vz (z) ≡ V (z), ∣ U ∣z ≡ ∣ U ∣ and ϕz ≡ ϕ. The phase ϕ is a function of the laser wavelength λ because the standing
light wave is created by retroreﬂecting the laser beam from a ﬁxed mirror at position zm. It is given by
ϕ = 4πzm λ at z = 0.
4
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Figure 2. (a) Experimental scheme. Three retroreﬂected laser beams with polarizations orthogonal to each other form a 3D optical
lattice. A trapped cloud of Rb2 molecules is sketched in the intersection of the laser beams. The optical lattice is located between two
Helmholtz coils which create a magnetic ﬁeld B ⃗ . In our setup, the direction of B ⃗ represents the quantization axis. (b) Illustration of
amplitude (left) and phase (right) modulation spectroscopy.

4.2. Lattice modulation spectroscopy
In order to obtain ∣ U ∣, we carry out lattice modulation spectroscopy (see, e.g., [12, 38–40]). For this, we either
modulate ∣ U ∣ by periodically changing the intensity of the standing light wave (amplitude modulation) or we
modulate the phase ϕ by periodically changing the laser wavelength λ (phase modulation). Resonant amplitude
(phase) modulation drives transitions from the lowest Bloch band (n = 0), in which the molecules have been
initially prepared, to even (odd)-numbered excited lattice bands (see ﬁgure 2(b)). This can cause either direct
loss from the trap owing to heating (see, e.g., [38]) or molecules in higher lattice bands collide with each other
and those of the lowest Bloch band, respectively, resulting in decay to nonobservable states. In consequence,
resonant excitation leads to a decreased molecular signal in our measurements.
For amplitude modulation spectroscopy, we modulate the intensity of the lattice laser beam sinusoidally by a
few percent. When performing phase modulation spectroscopy, we modulate the laser frequency by a few MHz
corresponding to a phase difference on the order of a few 10−2 rad as zm ∼ 0.4 m . The modulation duration is
typically on the order of 1 ms . At the end of each experimental cycle (which takes about 40 s ), the remaining
number N of molecules is measured. We only ﬁnd molecules in the lowest Bloch band, not in higher bands. In
order to determine the molecule number, we reverse the STIRAP and dissociate the resulting Feshbach dimers
by sweeping over the Feshbach resonance. Then, the generated atoms are detected via absorption imaging. By
comparing the resonant transition frequencies observed in the modulation spectra to the energy band-structure
of the sinusoidal lattice, the lattice depth ∣ U ∣ is deduced. This will be explained in detail further below.
Figure 3 shows measured excitation spectra of Feshbach (a) and va = 0 (b), (c) molecules, obtained via
amplitude or phase modulation spectroscopy. A single data point typically consists of 5–30 repetitions of the
experiment (for a given spectrum the number of repetitions is constant). Figure 3(a) as well as (b) exhibit a
prominent resonance after amplitude modulation. This resonance is related to a transition from the lowest
Bloch band (n = 0) to the second excited lattice band (n = 2). Spectrum (a) for Feshbach molecules in addition
shows a broad shoulder at around 50 kHz which we attribute to a resonant transition from n = 0 to n = 4. Due to
the large width of this resonance the uncertainty in the determination of its center frequency is relatively large.
Spectrum (b) in ﬁgure 3 also features a second resonance dip, but here it is located at about half the frequency of
the prominent one. This resonance dip can be assigned to a transition from the lowest Bloch band to the second
excited band, involving two identical ‘quanta’ with frequency ν. It is known (see, e.g., [38]) that such
subharmonic resonances exist. To be consistent, a similar subharmonic resonance dip should be present in
ﬁgure 3(a) at about 15 kHz (as indicated by the vertical, dashed arrow). Indeed, at that position the data points
seem to be systematically below the ﬁt curve with respect to the prominent peak. However, the corresponding
signal (if at all) is very weak, partially due to its position at the steep ﬂank of the prominent resonance.
Now, we turn to ﬁgure 3(c), which shows an excitation spectrum after phase modulation for va = 0
molecules. We observe two resonances of similar strength, both of which we assign to the transition from n = 0
to n = 1. The dip at lower frequency is again a subharmonic resonance. Surprisingly, it is stronger than the
5
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Figure 3. Amplitude ((a) and (b)) and phase (c) modulation spectra of weakly bound Feshbach molecules (a) and molecules in the
rovibrational ground state of the a3Σu+ potential ((b) and (c)). We measure the fraction of remaining molecules N N0 as a function of
the modulation frequency ν. The statistical error of each data point is in the range of ±(0.05−0.15). Here, the numbers N0 are given by
the asymptotic limits of Lorentzian ﬁts (solid blue lines). The resulting center frequencies of the resonances are illustrated as black
vertical lines, while the red dashed lines indicate the corresponding uncertainties. We note, that the mean intensity of the lattice beam
used for modulation in (b) is 30% less than in (a) and (c).

harmonic one at about 25 kHz. We attribute this to a purely technical issue, as the strength of the phase
modulation varied with the frequency in our setup. However, we have veriﬁed the assignment of the resonances
by comparison to the corresponding amplitude modulation spectra.
We calculate the Bloch bands by diagonalizing the Hamilton operator for the lattice in 1D (neglecting
gravitation),
H=−

 2 ∂2
+ V (z),
2m ∂z 2

(5)

which is particularly simple in momentum space (see, e.g., [41]). Here, m is the mass of a molecule, i.e., twice the
mass of a 87Rb atom. Figure 4 shows the calculated energy eigenvalues as a function of the lattice depth. The
energies are given in terms of the recoil energy E R = h2 (2mλ 2), with h being Planck’s constant. As we do not
specify the quasimomentum, the energy eigenvalues form bands which are broad for low lattice depths.
However, the bands n = 0 to n = 2 are quite narrow for lattice depths above ∼ 40 E R . This is the regime where we
take most of our measurements. Having measured the resonant excitation frequencies after modulation we
could in principle use ﬁgure 4 to read off the corresponding lattice depth ∣ U ∣. We reﬁne this method and at the
same time check for consistency as follows.
In the experiment we control the lattice depth ∣ U ∣ via the laser beam power P that can be measured using
photodiodes. The square to the electrical ﬁeld E 02 is proportional to P. Consequently ∣ U ∣ ∝ P , i.e., the precise
value of ∣ U ∣ is known up to a calibration factor (which depends linearly on the dynamical polarizability). Thus,
given a molecular state, we should be able to adjust the calibration factor such that all data obtained for various
powers P match the band-structure calculation. The measured data points in ﬁgure 4 clearly show that this
works quite well, both for deeply bound molecules (red) and Feshbach molecules (blue). In this procedure we do
not account for the transitions from n = 0 to n = 4 owing to the large uncertainties of the corresponding
resonances in the excitation spectra. Nevertheless, these data points are shown in the plot for comparison.
6
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Figure 4. Energy band-structure with zero energy corresponding to the center of the lowest Bloch band. Solid lines are calculations for
a single lattice direction, where the numbers 1–8 give the band index n. The data points are obtained excitation energies for
λ = 1064.5 nm , stemming from amplitude (circles) or phase (squares) modulation spectroscopy. Red (blue) plot symbols indicate
measurements for triplet rovibrational ground state (Feshbach) molecules. Here, the experimental results are shown after
independently ﬁtting the data for each molecular species to the band-structure calculation. By doing so, we determine the individual
calibration factors and therefore the lattice depths ∣ U ∣ (see also text). The horizontal error bars represent the resulting uncertainties of
∣ U ∣, whereas the vertical error bars are given by the uncertainties of the Lorentzian ﬁts in the modulation spectra.

In addition to ∣ U ∣, the electrical ﬁeld amplitude E0 of the optical lattice has to be determined in order to infer
the dynamical polarizability α (ω) (see equation (1)). We can circumvent this by referencing the measurements
on the lattice depth ∣ U ∣ for the molecules in the rovibrational ground state of the a 3Σu+ potential to similar
measurements with Feshbach molecules, of which the polarizability αFesh (ω) is known to be twice the one of a
Rb atom αRb (ω) in the electronic ground state [18]. According to equation (1) the lattice depths ∣ Uva = 0 ∣ and
∣ UFesh ∣ for the va = 0 and Feshbach molecules are related by
Uva= 0
UFesh

=

Re{ α va= 0 }
Re{ αFesh }

(6)

for a given lattice beam intensity, i.e., a given E0.
From our experiments at λ = 1064.5 nm we obtain Re{αva = 0 } = (2.5 ± 0.1) × Re{αFesh }, whereas
Re{αva = 0 } = (0.1 ± 0.02) × Re{αFesh } was found at λ = 830.4 nm [13]. Using our calculated atomic values of
685.8 (1064.5 nm) and 2995.9 a.u. (830.4 nm) yields molecular polarizabilities Re{αva = 0 } of 3430 ± 140
(1064.5 nm) and 600 ± 120 a.u. (830.4 nm), respectively.

5. Comparison of results
Table 1 shows our measured and calculated polarizabilities along with results of other references. First, it should
be noted that our theoretical atomic polarizabilities (including only the 5s–5p and 5s–6p transition frequencies
from the NIST database [42]) at 828.4 and at 1060.1 nm are in good agreement with the ones of [43, 44] which
consider the 5s–5p transition frequency from the NIST database, and ab initio values for the frequencies up to
the 5s–8p transitions.
We ﬁnd good agreement between our theoretical (3147 a.u.) and experimental (3430 ± 140 a.u.) results for
the molecular polarizability Re{αva = 0 } at 1064.5 nm (see table 1). In contrast, the agreement for the
polarizability at 830.4 nm of our former measurements [13] (600 ± 120 a.u.) with the present calculations
(875.8 a.u.) is somewhat poor. In view of this discrepancy we want to estimate the inﬂuence of slight shifts of the
PECs on the calculations. The potential well depths of the 13 Σ g+ and the 13 Πg states used in the computation are
smaller by 72 and 51 cm−1 with respect to the experimental determinations of [29] and [30], respectively. Such
shifts would lead to a change in the calculated polarizability of about 10% for the particular wavelengths of 830.4
and 1064.5 nm. This sets a range for the uncertainty of the calculated polarizability that arises from the
uncertainty of the PECs. Furthermore, in terms of the experiments, we note that in [13] a different method to
determine the dynamical polarizability was used. The polarizability was inferred from the oscillating dynamics
of molecular wave packets that occurred when v = 0 molecules were suddenly loaded into several Bloch bands of
the optical lattice. This leaves potentially room for a systematic discrepancy between the two measurements.
With respect to the static polarizability, i.e., ω = 0 , the calculations presented in this work give 698.5 a.u. (cf
table 1) for the va = 0 molecules. This value actually agrees well with the one previously reported in [49],
677.5 a.u., as it was not including the contribution of αc ≡ 2 × α (Rb+) = 18.2 a.u. [45].
7
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Table 1. Measured and calculated polarizabilities Re{α} in a.u. for 87Rb
atoms and 87Rb2 molecules in the rovibrational ground state of a3Σu+ . Here,
the abbreviations ‘tw exp (theo)’ mean ‘this work, experimental
(theoretical)’.
Species

λ (nm)

Re {α} (a.u.)

Ref.

87

828.4
828.4
830.4
830.4
830.4
1060.1
1060.1
1064.5
1064.5
1064.5
1064.5
∞
∞
∞
∞

3132 ± 3
3131.4
2995.9
875.8
600 ±120
692.7
693.5 ± 0.9
685.8
3147
3430 ± 140
3200 ± 500
318.6 ± 0.6
317.9
698.5
677.5

[43]
tw theo
tw theo
tw theo
[13], using αRb = 2995.9 a.u.
tw theo
[44]
tw theo
tw theo
tw exp, using αRb = 685.8 a.u.
[46]
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Figure 5. Real parts of the dynamical polarizabilities of triplet rovibrational ground state molecules (solid black lines) and Feshbach
molecules (dashed red lines). The circles represent the experimental results given in table 1 with the corresponding wavelengths
indicated by green dashed vertical lines.

Figure 5 is a zoom into ﬁgure 1(b) showing the calculated real part of the dynamical polarizability of a va = 0
molecule (solid black lines). In addition, Re{α (ω)} for a Feshbach molecule is plotted (dashed red lines), which
is given by twice the atomic polarizability. The two wavelengths used in our experiments (830.4 and 1064.5 nm)
are indicated as vertical green dashed lines. Outside the resonant and therefore lossy regions in ﬁgure 5 (vertical
black bands) the two polarizability curves never cross. Thus, there is no so-called ‘magic’ wavelength, where the
ac Stark shift of the two molecular states caused by the trapping light is equal. Such state-insensitive trapping
conditions can be beneﬁcial, e.g., when converting Feshbach molecules to deeply bound states. Speciﬁcally, in
[13], owing to the large difference of the dynamical polarizabilities at λ = 830.4 nm, the STIRAP transfer of Rb2
from the Feshbach level to va = 0 populated several lattice bands.
We have again studied this issue in this work and ﬁnd that population of higher lattice bands can be
suppressed even in the absence of a magic wavelength when working with deep lattices. At λ = 1064.5 nm there
is still a factor of 2.5 difference in polarizability between Feshbach and va = 0 molecules. For an initial (ﬁnal)
lattice depth of 50 E R (125 E R ) at 1064.5 nm a calculation of the wave function overlap for the Bloch states
shows that still 97% of the population stays in the lowest Bloch band after the STIRAP. In addition, we are able to
energetically resolve the lattice bands during STIRAP as n = 0 and n = 2 are separated by about 40 kHz at
∣ U ∣ = 125 E R (cf ﬁgure 4). This strongly increases the selectivity of the transition (see, e.g., [50]). Indeed, in our
experiments we do not observe any signiﬁcant population of higher bands.
As can be seen in ﬁgure 5, the absolute dynamical polarizability of the triplet rovibrational ground state
molecules at 1064.5 nm is about four times larger than at 830.4 nm . This is convenient since it results in a four
8

New J. Phys. 17 (2015) 065019

M Deiß et al

Figure 6. Decay of triplet rovibrational ground state molecules trapped in a 3D optical lattice at 1064.5 nm with equal potential depths
∣ U ∣ in each direction. Shown is the fraction of remaining molecules N N0 as a function of the holding time th in the lattice. Square plot
symbols (red circles) correspond to a lattice depth of 125 E R (58 E R ). Each data set typically consists of 10–15 repetitions of the
experiment, where the statistical error of a data point is on the order of ±0.1. Solid lines are exponential ﬁts to the data. Here, N0 is
given by the values of these ﬁts at t h = 0 s . In general, the absolute molecule numbers N0 are about 1.5 × 10 4 . The inset depicts the
resulting 1 e decay times for various lattice depths.

times deeper interaction potential at the same laser intensity. For longer wavelengths than 1064.5 nm , ﬁgure 5
reveals, that the dynamical polarizabilities of va = 0 molecules and Feshbach molecules approach each other.
Hence working at even longer wavelengths than 1064.5 nm might be advantageous for some applications.

6. Lifetime of the molecules
According to equation (2), the imaginary part of the dynamical polarizability, Im {α}, is linked to the light power
absorbed by a molecule, Pabs, which in turn can be expressed in terms of the photon scattering rate
Γsc =  −1ω−1Pabs [21]. Using this and equation (1), Γsc can be written as
Γsc = −

2U Im{α (ω)}
.
 Re{α (ω)}

(7)

For a 3D optical lattice with equal lattice depths ∣ U ∣ in each direction the scattering rate is given by Γsc3D = 3Γsc .
As an example, we consider the case of ∣ U ∣ = 50 E R at λ = 1064.5 nm . Then, the corresponding values for the
polarizability obtained in the present work, Im {α} = 0.96 × 10−3 a.u. and Re{α} = 3430 a.u., yield
Γsc = 0.18 s−1. Note, this calculation only accounts for an ideal optical lattice. As there is always background light
that does not contribute to the lattice, the estimated value for the scattering rate represents just a lower bound.
Once a photon is absorbed, the molecule is excited and typically decays to a nonobservable state. Assuming
excitation to be the only loss-mechanism a lifetime τ = 1.9 s of the va = 0 molecules is expected in a 50 E R deep
3D optical lattice at 1064.5 nm .
We experimentally investigate the lifetimes of the molecules in the rovibrational ground state of a 3Σu+ by
varying the holding time th in the lattice. Figure 6 shows lifetime measurements of va = 0 molecules for various
potential depths ∣ U ∣, which are adjusted to be equal in each direction. Applying an exponential ﬁt, we obtain a
1 e decay time τ of more than 2 s for both our measurements at ∣ U ∣ = 33 E R and ∣ U ∣ = 58 E R .
In order to estimate possible loss induced by inelastic molecular collisions, we calculate the tunneling rates
Γtu between adjacent lattice sites within the lowest Bloch band (n = 0). When considering a lattice depth of 33 E R
(58 E R ) one obtains Γtu = 2.37 s−1 (Γtu = 0.09 s−1). In our setup at most 20% of the lattice sites are occupied in
the region of highest molecule density. Thus, for ∣ U ∣ = 33 E R decay due to collisions cannot be neglected,
whereas for ∣ U ∣ = 58 E R and beyond the only relevant loss mechanism is photon scattering. For such deep
lattices, the lifetime τ scales directly inversely with the lattice depth ∣ U ∣. We conﬁrm this for the measurements
at ∣ U1 ∣ = 58 E R and ∣ U2 ∣ = 125 E R , since the ratio of the lifetimes τ1 τ2 = 2.20 is close to ∣ U2 ∣ ∣ U1 ∣ = 2.16.

7. Polarizability of X1Σg+ molecules
As the agreement between calculations and measurements for the triplet molecules is in general good, we also
provide calculations for the singlet ground state of 87Rb2. Using the same approach as above (see also [18]), we
compute the dynamical polarizability αv X = 0 (ω), i.e., with respect to the vX=0, J = N = 0 level. The X 1Σ g+ PEC
9
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Figure 7. Real part (a) and imaginary part (b) of the dynamical polarizability of 87Rb2 X 1Σ g+ molecules in their vX = 0, N = 0 level. In
(a), for comparison, also the numerical results corresponding to 2Re{αRb } are shown (red dashed line), representing the real part of
the dynamical polarizability of Feshbach molecules. Two magic wavelengths, where both polarizabilities are equal, are obtained and
indicated by vertical dashed lines.

has been derived from spectroscopic data of [51]. The A1Σu+ and the b3Πu PECs and the related spin–orbit
coupling between those two states are taken from [52]. The PECs for all the other states and for the TEDMs are
taken from the computations reported in [23, 24]. Again, the sum in equation (3) has been truncated to include
only the levels of the four lowest 1Σu+ states and the three lowest 1Πu states. The natural lifetime of the excited
levels has been ﬁxed at 10 ns. Results are presented in ﬁgure 7, showing that two magic wavelengths can be
identiﬁed at 990.1 and 1047.2 nm. The latter is located close to the region of strong absorption resonances and
consequently, from the imaginary part (cf ﬁgure 7(b)), the photon scattering rate at 1047.2 nm is expected to be
about four times larger than at 990.1 nm.

8. Parametrization of the polarizability
8.1. Rovibrational ground state of a 3Σu+
In general, using ﬁgures (e.g., ﬁgures 1 and 7) to read off the dynamical polarizabilities at speciﬁc wavelengths is
cumbersome. Therefore, we provide here a simple analytical ﬁtfunction and parameters that allow for
reproducing the numerical results with respect to nonresonant wavelength regimes. In the infrared and optical
domain we are studying, the main contributions to the polarizability of the X (a) state outside of resonances
come from the transitions toward the ﬁrst excited 1(3) Σ + state and the ﬁrst 1(3) Π state. Thus we attempt to
model the polarizability by reducing those transitions to a single effective transition toward each of the two
different symmetries. The approximate real part of the polarizability is expressed as
α eff (ω) =

2ω Π
2ω Σ
d Σ2 +
d Π2 + αc
 ( ω Σ2 − ω2)
 ( ω Π2 − ω2)

with ω Σ (resp. ω Π ) the effective transition frequencies and d Σ (resp. d Π ) the corresponding effective dipole
moments. We have isolated in this expression the core polarizability αc as its frequency dependence is much
weaker than the one of the terms coming from valence electron excitation (see appendix A.1). The imaginary
part of the polarizability is neglected since the model is designed for the ranges outside the resonant regions.
We extract the effective parameters from a ﬁt to the full numerical results using equation (8). The results
with respect to the a 3Σu+ and X 1Σ g+ rovibrational ground state are shown in ﬁgure 8. For the triplet case, data
points with frequencies close to resonances, i.e., from ω (2πc) = 9527 cm−1 to 11018 cm−1 and above
13173 cm−1, are excluded from the ﬁt. We obtain ω Σ (2πc) = 10112.33 cm−1, d Σ = 2.792881 a.u.,
10
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Figure 8. Analytical ﬁts of the dynamical polarizabilities of the a3Σu+ molecule in va = 0, N = 0 (a), and of the X 1Σ g+ molecule in
vX = 0, N = 0 (b). Frequency ranges excluded from the ﬁts are indicated as shaded areas. At the scale of the ﬁgure, the original curves
and the ﬁtted curves are indistinguishable.

ω Π (2πc) = 13481.32 cm−1 and d Π = 3.211023 a.u. Note, in terms of dipole moments, a.u. can be converted
into SI units according to 1 a.u. = ea 0 = 8.478 × 10−30 Ams . Using these parameters, the effective
polarizability reproduces the numerical results in the ﬁtted region to within a relative root mean square value
(rRMS) of around 1% (see ﬁgure 8(a)). The rRMS value is deﬁned by
2
1 ⎛ α eff ( ω i ) − α ( ω i ) ⎞
⎟
∑ ⎜
α ( ωi )
M⎝
⎠
i=1
M

rRMS =

(9)

with α (ωi ) being the numerical values, and αeff (ωi ) the ﬁtted ones. Here, M is the number of considered values
ωi , which depends on the vibrational level as the resonant frequency regions excluded from the ﬁt vary. We point
out that if we take the transition dipole moment dZ (resp. dX = dY) at the equilibrium distance of the a 3Σu+ state
and multiply it by the appropriate Hönl–London factor (1 3 for Σ + − Σ + transition and 2 3 for Σ + − Π
transition), we get the value 2.767 a.u. (resp. 3.142 a.u.), very close to the effective dipole moment found above.
Moreover, the effective transition frequencies correspond roughly to the average frequencies of transitions with
favorable Franck–Condon factor.
8.2. Rovibrational ground state of X1Σg+
A similar ﬁt can be performed for the dynamical polarizability of X 1Σ g+ molecules in the (vX = 0, N = 0) level
(ﬁgure 8(b)). Frequency domains from ω (2πc) = 9432 cm−1 to 9960 cm−1, from 10613 cm−1 to 12890 cm−1
and above 14736 cm−1, corresponding to resonances toward the b3Πu , A1Σu+ and B1Πu excited states,
respectively, were excluded from the ﬁt. We omitted to account for levels of the b3Πu state as they have a very
small singlet character. Then, the ﬁt to the numerically calculated dynamical polarizability yields
ω Σ (2πc) = 11450.31 cm−1, d Σ = 2.647731 a.u., ω Π (2πc) = 15019.57 cm−1 and d Π = 2.965774 a.u. Again,
we point out that the effective transition dipole moments obtained are very close to the electronic transition
dipole moments taken at equilibrium distance multiplied by the Hönl–London factors, i.e., 2.613 and 2.959 a.u.,
respectively. Here, the rRMS of the ﬁt is 0.5%.
8.3. Excited vibrational states
Both, the frequency domains with good Franck–Condon factors and transition dipole moments depend
signiﬁcantly on the initial vibrational level. This is reﬂected in the variation of the effective parameters when we
perform an individual ﬁt for each vibrational level (with N = 0) of the a 3Σu+ (va = 0–40) and X 1Σ g+ (vX = 0–124)
states. The corresponding parameters, which can be used to reproduce the dynamical polarizabilities in the
nonresonant frequency domains, are reported in the supplemental material (see footnote 3). Figure 9 shows the
resulting rRMS values as a function of the vibrational level with respect to the lowest triplet and singlet state.
Using the ansatz of equation (8) gives a poor result for most excited vibrational levels of the a 3Σu+ potential
with an rRMS exceeding 4% in the range of va = 2–27. This behavior is related to the fact that Franck–Condon
factors mainly depend on the amplitude of the excited wave function around both the inner and the outer
classical turning points of the initial vibrational level studied. The shape of the a 3Σu+ potential is quite different
compared to the relevant excited states. Consequently, the inner turning point region of a given vibrational level
va will induce couplings to levels of excited molecular states with energies strongly different from those related to
couplings induced by the outer turning point region. This effect mainly occurs for the excited 3Σ g+ potential
wells as they are deep. Instead, the depth of the 3Πg potential is not sufﬁcient to create such a variation.
11
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Figure 9. Relative root mean square (rRMS) values of the analytical ﬁts to the numerically calculated dynamical polarizabilities. Blue
closed (red open) circles correspond to ﬁt results obtained with the ‘two-effective-transitions’ ansatz for the vibrational levels va of
a3Σu+ (vX of X 1Σ g+ ), whereas the black closed squares stem from ﬁts including a third effective transition to represent the dynamical
polarizabilities with respect to va, which signiﬁcantly increases the accuracy (see text). The rRMS values for vX > 40 do not exceed
0.1% (not shown here).

Thus we added one more transition term to the ansatz of equation (8) in order to account for both the inner
and outer part of the a 3Σu+– 3Σ g+ transitions in the model. This reduced signiﬁcantly the rRMS of the effective
polarizabilities of the va levels (see ﬁgure 9). We want to emphasize that such an interpretation gives a reasonable
physical picture for most levels. However, for some levels like the deeply bound ones or those close to the
dissociation limits, the three-effective-transition model is somewhat artiﬁcial and the effective parameters
should be taken only as numerical parameters needed to easily obtain the corresponding polarizability.

9. Conclusion
We have studied the dynamical polarizability of the 87Rb2 molecule in the rovibrational ground state of the a 3Σu+
potential. Calculations of both, the real and imaginary part are provided and we measured Re{α (ω)} at
λ = 1064.5 nm . Our experimental and theoretical ﬁndings show good agreement. From our computed value of
Im{α (ω)} at this wavelength, we expect trapping times of the molecules on the order of seconds for lattice
depths around 50 E R , which was conﬁrmed by our observations. We also have investigated theoretically the
dynamical polarizability of the singlet ground state X 1Σ g+. These results are interesting for future STIRAP
transfer of Rb2 to the corresponding rovibronic ground state. Furthermore, we have introduced a simple
analytical expression to parametrize the dynamical polarizabilities for all levels of both, a 3Σu+ and X 1Σ g+ states.
By ﬁtting this expression to the numerical results, we have extracted effective parameters, which can be used to
reproduce Re{α (ω)} of a given vibrational state with high ﬁdelity. The precise knowledge of the dynamical
polarizability enables accurate control of optical dipole potentials and therefore is of importance for future
experiments with deeply bound Rb2 molecules.
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Appendix
A.1. Polarizability of the Rb+ core
As the two ionic Rb+ cores are only weakly perturbing each other, we consider the molecular core polarizability
as twice the atomic Rb+ polarizability. First, we calculate the atomic polarizabilities at imaginary frequencies
αRb (iω) [53], which includes only the contribution of the valence electron. We subtract them from the values of
[21], where the resulting differences represent the contribution of the core electrons, and thus the Rb+
polarizability. Following [21] this estimate assumes that the inﬂuence of the valence electrons on the core
polarizability is negligible.
We use an ansatz similar to the one of equation (8) to model the core polarizability with two effective
transitions. This yields the effective frequencies ω (2πc) = 165912 and 362918 cm−1, and the effective dipole
12
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Figure A1. Computed transition electric dipole moments (TEDMs) for the main transitions from the a3Σu+ and the X 1Σ g+ states to the
states correlated to the 5s + 5p dissociation limit (a), the 5s + 4d dissociation limit (b), the 5s + 6s dissociation limit (c), and the
5s + 6p dissociation limit (d). The individual curves can be assigned to the corresponding transitions as indicated on top of the
graph using the numbers i and j. At large distances the TEDMs converge toward d5s− nl which is equal to the atomic TEDMs multiplied
by 2 (see text).

moments 2.72799 and 1.40119 a.u. We note that these two transition frequencies are on the order of magnitude
of the main transition in Rb+ and Rb2+, respectively. The core polarizability is a small contribution slowly
varying from 17.9 a.u. at vanishing frequency up to 18.1 a.u. in the optical domain relevant here. For the static
case, we can compare the result of our calculations to the value of 18.2 a.u. reported in [45] and ﬁnd good
agreement.
A.2. TEDMs
For the sake of completeness we show in ﬁgure A1 the TEDMs included in the calculations of the dynamical
polarizabilities as functions of the internuclear distances. The corresponding numerical values are given in the
supplemental material (see footnote 3). Some of the data with respect to the lowest transitions have already been
reported in [23, 24]. The largest TEDMs in the range of the PECs concern the ﬁrst excited Σ + and Π potentials
(see ﬁgure A1(a)). At large distances the molecular excited electronic wave functions become close to the form
[ϕ5s (1) ϕnl (2) ± ϕ5s (2) ϕnl (1)] 2 and therefore the TEDMs converge toward d5s− nl , which is equal to the
atomic TEDMs multiplied by 2 . We ﬁnd d5s − 5p = 4.23 a.u. and d5s − 6p = 0.347 a.u., in excellent agreement
with the values extracted from the NIST database [42] (4.226 and 0.3531 a.u.), obtained by averaging the
TEDMs corresponding to 5s − np1 2 and 5s − np3 2 for n = 5 and 6, respectively. This conﬁrms the good quality
of the present representations of the atomic electronic wave functions.

References
[1] Krems R V 2008 Cold controlled chemistry Phys. Chem. Chem. Phys. 10 4079
[2] Carr L D, DeMille D, Krems R V and Ye J 2009 Cold and ultracold molecules: science, technology and applications New J. Phys. 11
055049
[3] Jaksch D, Venturi V, Cirac J I, Williams C J and Zoller P 2002 Creation of a molecular condensate by dynamically melting a Mott
insulator Phys. Rev. Lett. 89 040402
[4] Flambaum V V and Kozlov M G 2007 Enhanced sensitivity to the time variation of the ﬁne-structure constant and mp me in diatomic
molecules Phys. Rev. Lett. 99 150801
[5] DeMille D, Sainis S, Sage J, Bergeman T, Kotochigova S and Tiesinga E 2008 Enhanced sensitivity to variation of me mp in molecular
spectra Phys. Rev. Lett. 100 043202
[6] Zelevinsky T, Kotochigova S and Ye J 2008 Precision test of mass-ratio variations with lattice-conﬁned ultracold molecules Phys. Rev.
Lett. 100 043201
[7] Chin C, Flambaum V V and Kozlov M G 2009 Ultracold molecules: new probes on the variation of fundamental constants New J. Phys.
11 055048
[8] DeMille D 2002 Quantum computation with trapped polar molecules Phys. Rev. Lett. 88 067901
[9] Yelin D, Kirby K and Côté R 2006 Schemes for robust quantum computation with polar molecules Phys. Rev. A 74 050301(R)
[10] Micheli A, Brennen G K and Zoller P 2006 A toolbox for lattice-spin models with polar molecules Nat. Phys. 2 341
[11] Ni K K, Ospelkaus S, de Miranda M H G, Pe’er A, Neyenhuis B, Zirbel J J, Kotochigova S, Julienne P S, Jin D S and Ye J 2008 A high
phase-space-density gas of polar molecules Science 322 231
[12] Danzl J G, Mark M J, Haller E, Gustavsson M, Hart R, Aldegunde J, Hutson J M and Nägerl H-C 2010 An ultracold high-density sample
of rovibronic ground-state molecules in an optical lattice Nat. Phys. 6 265
[13] Lang F, Winkler K, Strauss C, Grimm R and Hecker Denschlag J 2008 Ultracold triplet molecules in the rovibrational ground state
Phys. Rev. Lett. 101 133005

13

New J. Phys. 17 (2015) 065019

M Deiß et al

[14] Takekoshi T, Reichsöllner L, Schindewolf A, Hutson J M, Ruth Le Sueur C, Dulieu O, Ferlaino F, Grimm R and Nägerl H-C 2014
Ultracold dense samples of dipolar RbCs molecules in the rovibrational and hyperﬁne ground state Phys. Rev. Lett. 113 205301
[15] Molony P K, Gregory P D, Ji Z, Lu B, Köppinger M P, Ruth Le Sueur C, Blackley C L, Hutson J M and Cornish S L 2014 Creation of
ultracold 87RbCs molecules in the rovibrational ground state Phys. Rev. Lett. 113 255301
[16] Yan B, Moses S A, Gadway B, Covey J P, Hazzard K R A, Rey A M, Jin D S and Ye J 2013 Observation of dipolar spin-exchange
interactions with lattice-conﬁned polar molecules Nature 501 521
[17] Zhu B et al 2014 Suppressing the loss of ultracold molecules via the continuous quantum Zeno effect Phys. Rev. Lett. 112 070404
[18] Vexiau R, Bouloufa N, Aymar M, Danzl J G, Mark M J, Nägerl H-C and Dulieu O 2011 Optimal trapping wavelengths of Cs2 molecules
in an optical lattice Eur. Phys. J. D 65 243
[19] Deiß M, Drews B, Deissler B and Hecker Denschlag J 2014 Probing the axis alignment of an ultracold spin-polarized Rb2 molecule
Phys. Rev. Lett. 113 233004
[20] Grimm R, Weidemüller M and Ovchinnikov Y B 2000 Optical dipole traps for neutral atoms Adv. At. Mol. Opt. Phys. 42 95
[21] Derevianko A, Porsev S G and Babb J F 2010 Electric dipole polarizabilities at imaginary frequencies for hydrogen, the alkali-metal,
alkaline-earth, and noble gas atoms At. Data Nucl. Data Tables 96 323
[22] Guan Y et al 2013 Updated potential energy function of the Rb2 a3Σu+ state in the attractive and repulsive regions determined from its
joint analysis with the 23Π0g state J. Chem. Phys. 139 144303
[23] Lozeille J et al 2006 Detection by two-photon ionization and magnetic trapping of cold Rb2 triplet state molecules Eur. Phys. J. D 39 261
[24] Beuc R, Movre M, Horvatic V, Vadla C, Dulieu O and Aymar M 2007 Absorption spectroscopy of the rubidium dimer in an overheated
vapor: an accurate check of molecular structure and dynamics Phys. Rev. A 75 032512
[25] Aymar M and Dulieu O 2005 Calculation of accurate permanent dipole moments of the lowest 1,3Σ + states of heteronuclear alkali
dimers using extended basis sets J. Chem. Phys. 122 204302
[26] Foucrault M, Millie P and Daudey J P 1992 Nonperturbative method for core-valence correlation in pseudopotential calculations:
application to the Rb2 and Cs2 molecules J. Chem. Phys. 96 1257
[27] Müller W, Flesch J and Meyer W 1984 Treatment of intershell correlation effects in ab initio calculations by use of core polarization
potentials. Method and application to alkali and alkaline earth atoms J. Chem. Phys. 80 3297
[28] Aymar M and Dulieu O 2006 Comment on ‘Calculation of accurate permanent dipole moments of the lowest 1,3Σ + states of
heteronuclear alkali dimers using extended basis sets’ [J. Chem. Phys. 122, 204302 (2005)] J. Chem. Phys. 125 047101
Aymar M and Dulieu O 2005 J. Chem. Phys. 122 204302
[29] Takekoshi T, Strauss C, Lang F, Hecker Denschlag J, Lysebo M and Veseth L 2011 Hyperﬁne, rotational, and Zeeman structure of the
lowest vibrational levels of the 87Rb2 (1)3 Σg+ state Phys. Rev. A 83 062504
[30] Bellos M A, Rahmlow D, Carollo R, Banerjee J, Dulieu O, Gerdes A, Eyler E E, Gould P L and Stwalley W C 2011 Formation of ultracold
Rb2 molecules in the v″ = 0 level of the a3Σu+ state via blue-detuned photoassociation of the 13 Πg state Phys. Chem. Chem. Phys. 13 18880
[31] Dulieu O and Julienne P S 1995 Coupled channel bound states calculations for alkali dimers using the Fourier grid method J. Chem.
Phys. 103 60
[32] Kokoouline V, Dulieu O, Kosloff R and Masnou-Seeuws F 1999 Mapped Fourier methods for long-range molecules: application to
perturbations in the Rb2 (0u+ ) photoassociation spectrum J. Chem. Phys. 110 9865
[33] Vexiau R, Borsalino D, Aymar M, Dulieu O and Bouloufa-Maafa N 2015 Optimal frequencies to control heteronuclear alkali dimers in
optical lattices, in preparation
[34] Kim J T, Lee Y and Stolyarov A V 2009 Quasi-relativistic treatment of the low-lying KCs states J. Mol. Spectrosc. 256 57
[35] Aymar M and Dulieu O 2007 Calculations of transition and permanent dipole moments of heteronuclear alkali dimers NaK, NaRb and
NaCs Mol. Phys. 105 1733
[36] Thalhammer G, Winkler K, Lang F, Schmid S, Grimm R and Hecker Denschlag J 2006 Long-lived Feshbach molecules in a threedimensional optical lattice Phys. Rev. Lett. 96 050402
[37] Kirilov E and Nägerl H-C 2014 private communication
[38] Friebel S, D’Andrea C, Walz J, Weitz M and Hänsch T W 1998 CO2-laser optical lattice with cold rubidium atoms Phys. Rev. A 57 R20(R)
[39] Hecker Denschlag J, Häffner H, McKenzie C, Browaeys A, Cho D, Helmerson C, Rolston S and Phillips W D 2002 A Bose–Einstein
condensate in an optical lattice J. Phys. B: At. Mol. Opt. Phys. 35 3095
[40] Jáuregui R, Poli N, Roati G and Modugno G 2001 Anharmonic parametric excitation in optical lattices Phys. Rev. A 64 033403
[41] Greiner M 2003 Ultracold quantum gases in three-dimensional optical lattice potentials PhD Thesis Ludwig-Maximilians-Universität
München
[42] Sansonetti J E, Martin W C and Young S L 2005 Handbook of Basic Atomic Spectroscopic Data (version 1.1.3) (Gaithersburg, MD:
National Institute of Standards and Technology) (http://physics.nist.gov/Handbook)
[43] Safronova M S, Williams C J and Clark C W 2003 Optimizing the fast Rydberg quantum gate Phys. Rev. A 67 040303(R)
[44] Safronova M S, Williams C J and Clark C W 2004 Relativistic many-body calculations of electric-dipole matrix elements, lifetimes, and
polarizabilities in rubidium Phys. Rev. A 69 022509
[45] Safronova M S, Johnson W R and Derevianko A 1999 Relativistic many-body calculations of energy levels, hyperﬁne constants,
electric-dipole matrix elements, and static polarizabilities for alkali-metal atoms Phys. Rev. A 60 4476
[46] Tomza M and Moszyński R 2014 private communication (the given value is calculated using the method described in [47])
[47] Tomza M, Skomorowski W, Musiał M, González-Férez R, Koch C P and Moszynski R 2013 Interatomic potentials, electric properties
and spectroscopy of the ground and excited states of the Rb2 molecule: ab initio calculations and effect of a non-resonant ﬁeld Mol.
Phys. 111 1781
[48] Derevianko A, Johnson W R, Safronova M S and Babb J F 1999 High-precision calculations of dispersion coefﬁcients, static dipole
polarizabilities, and atom-wall interaction constants for alkali-metal atoms Phys. Rev. Lett. 82 3589
[49] Deiglmayr J, Aymar M, Wester R, Weidemüller M and Dulieu O 2008 Calculations of static dipole polarizabilities of alkali dimers:
prospects for alignment of ultracold molecules J. Chem. Phys. 129 064309
[50] Rom T, Best T, Mandel O, Widera A, Greiner M, Hänsch T W and Bloch I 2004 State selective production of molecules in optical
lattices Phys. Rev. Lett. 93 073002
[51] Strauss C, Takekoshi T, Lang F, Winkler K, Grimm R, Hecker Denschlag J and Tiemann E 2010 Hyperﬁne, rotational, and vibrational
structure of the a 3Σu+ state of 87Rb2 Phys. Rev. A 82 052514
[52] Drozdova A N, Stolyarov A V, Tamanis M, Ferber R, Crozet P and Ross A J 2013 Fourier transform spectroscopy and extended
deperturbation treatment of the spin-orbit-coupled A1Σu+ and b3Πu states of the Rb2 molecule Phys. Rev. A 88 022504
[53] Lepers M, Vexiau R, Aymar M, Bouloufa-Maafa N and Dulieu O 2013 Long-range interactions between polar alkali-metal diatoms in
external electric ﬁelds Phys. Rev. A 88 032709

14

