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Four-Component Relativistic Coupled Cluster and Configuration Interaction Calculations
on the Ground and Excited States of the RbYb Molecule’
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We present high-level four-component coupled cluster and multireference configuration interaction calculations
of potential energy curves, dipole moment, Franck—Condon factors and spectroscopic constants of the newly
formed RbYb molecule. From finite-field calculations we obtain an electric dipole moment for RbYb of
almost 1 D. In combination with its magnetic dipole moment this makes RbYb an excellent candidate for
trapping and for studying dipolar interaction in the ultracold regime. Significant Franck—Condon factors are
found between the rovibronic ground state and the lowest rovibrational levels of the first excited 2, state
but also between a broad range of rovibrational levels of the 2I1;,, and I3, states. This allows for several
two-step approaches to reach the rovibronic ground state after initial photoassociation.

1. Introduction

A number of groundbreaking achievements has been reported
from the field of cold and ultracold molecules, and ongoing
investigations bear the potential for yet further findings of
fundamental importance.! These range from the production of
Bose—Einstein condensates (BECs)? to the striving for a
controlled chemistry at the quantum level® and the possibility
of testing, e.g., fundamental symmetries in nature through
measurements of a postulated electric dipole moment (EDM)
of an electron*> or the space—time variation of fundamental
constants such as the fine-structure constant .5 The experi-
mental work for producing (ultra)cold molecules has to the date
been conducted in a variety of ways, such as photoassociation
(PA),® buffer gas cooling (sympathetic cooling),” Stark decelera-
tion of polar molecules via time-modulated electric fields,'® and
magnetically tunable Feshbach resonances.!!

Theoretical contributions to the field of (ultra)cold molecules
are of value in many different respects. Among the most
important is the determination of accurate molecular potential
energy curves (PECs) of ground and relevant electronically
excited states. These potentials are often required to be known
at both short and long range.! At long-range, atom—atom
interactions are typically evaluated by perturbation theory,
whereas at short range advanced methods of molecular electronic
structure theory come into play. In addition to the spectral
constants which may be extracted directly from the short-range
potentials (equilibrium bond lengths, harmonic vibrational
frequencies, dissociation, and excitation energies),'>”'* vibra-
tional states and Franck—Condon factors (FCFs),"> molecule
formation rates,'® and electric properties such as permanent
EDM, 718 transition dipole moments,!® and static polarizabilities
are of interest and have been determined by theoretical methods.

A large fraction of investigated systems in the (ultra)cold
molecular sciences is composed of alkali metal diatomics. The
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RbYb molecule belongs to a new class of heteronuclear
diatomics that due to their unpaired electron(s) may be trapped
and manipulated using magnetic fields.?’ They are, for example,
promising candidates for an experimental search for a permanent
electric dipole moment of the electron or for producing lattice-
spin models?! for quantum computing. Recently, the thermal-
ization of various bosonic and fermionic Yb isotopes through
collisions with ultracold Rb has been shown, giving first insights
into the long-range behavior of the RbYb potential.>> On the
basis of this work, the controlled production of electronically
excited RbYb* molecules by single-photon photoassociation
techniques has been demonstrated,”® and continued efforts
include the conservative trapping of the Rb—Yb mixture.
Ultimately, the investigations aim at a molecular BEC with
adjustable dipolar interaction and a new approach to measuring
the electron EDM. The prospects have motivated us to explore
the electronic structure of the RbYb molecule with reliable and
accurate relativistic electronic structure methods.

In this paper we present, to the best of our knowledge, the
first theoretical investigation of the RbYb molecule. The focus
of this investigation has been on a simultaneously accurate
description of the ground and lowest electronically excited states
and to propose possible ways for a photoassociation process
leading to the rovibronic ground state. Since two heavy atoms
are involved, we apply quantum-chemical methods that treat
electron correlation and relativistic effects on the same footing.
Relativistic coupled cluster and configuration interaction ap-
proaches are used in a complementary fashion, the details of
which are described in the following section. In the main body
of the paper (section 3) we outline a way of achieving high
accuracy by first a systematic study of the ground and excited
states of the atoms and, in addition, of the electronic ground
state of the molecule. Based on these results, a final multiref-
erence (MR) CI model expansion is chosen that can deliver
accurate spectroscopic values for the states in question. We
present and discuss electronic molecular potentials obtained with
this MRCI model and point to possible pathways to the
rovibronic ground state based on the derived FCFs. We
furthermore present the computed dipole moment function of
the ground state showing that RbYDb also possesses a substantial

© 2009 American Chemical Society

Published on Web 08/18/2009



12608 J. Phys. Chem. A, Vol. 113, No. 45, 2009

electric dipole moment along with a magnetic dipole moment
due to the unpaired electron. In the final section we summarize
and draw conclusions.

2. Theory and Computational Details

2.1. Hamiltonian Operators. The spectroscopic properties
of RbYb are expected to be significantly influenced by
relativistic effects and electron correlation. For the ground state
231, scalar-relativistic effects cause a large contraction and
stabilization of the 6s spinors on Yb and a smaller one of the
5s spinors on Rb. For the lowest excited states we expect a
significant spin—orbit splitting for Rb5p1(2P3/2,1/2) and a large
spin—orbit coupling (SOC) for Ybes'ey'(*P2,10) and Ybesip!('Py).
We have therefore decided to carry out this theoretical inves-
tigation in the more rigorous 4-component framework using the
Dirac—Coulomb (DC) Hamiltonian for calculations including
excited states and Dyall’s spinfree Hamiltonian?® for ground-
state-only calculations. To correctly describe the SOC of the
excited states, the DC Hamiltonian suffices since it contains
the leading spin—orbit terms for heavy elements, namely the
one-electron spin—orbit and the two-electron spin—same-orbit
terms. The effect of the spin—other-orbit term, which is derived
from the Gaunt operator and is therefore not included in the
DC Hamiltonian, has been examined at the SCF level. It was
found that the change in the splitting of the Rbs,(P35,12) and
Ybep(P32,12) levels decreased by 0.72 and 19.8 cm™!, respec-
tively. This reduction amounts to a change for Rbsy(P3,1/2) of
1.7% and for Ybgy(P3p10) of 1%, which is still below the
accuracy we can typically achieve for relative energies. Includ-
ing the full Breit interaction has been shown to have only little
influence on the excitation energies of Yb* and on the alkali
metal atoms in general.?

2.2. Correlation Methods and Setup. For the study of
ground-state spectroscopic and electric properties we employed
the RELCCSD module?*?’ in the DIRAC quantum chemistry
program package,?® which can perform CCSD and CCSD(T)
calculations. The dominant relativistic contributions to the
ground state are scalar relativistic. We therefore applied Dyall’s
spinfree Hamiltonian®* in the coupled cluster calculations.
Dirac—Coulomb Hartree—Fock (DCHF) calculations were
performed with an averaging of three electrons in two Kramers
pairs (3in2) consisting of the Rb 5s and Yb 6s spinors.
Additional test calculations were carried out in a spin-dependent
framework employing either a (3in2) or (3in5) averaging. In
the latter DCHF setup three electrons were distributed among
five Kramers pairs consisting of the Rb 5s and Yb 6s6p spinors.
These ground-state coupled cluster calculations served as a
benchmark for the corresponding MRCI calculations.

The calculation of excited-state wave functions and vertical
as well as adiabatic excitation energies has been performed with
the relativistic large-scale MRCI program LUCIAREL.? 3! Like
in the CIDBG?*? and SOCI** in the COLUMBUS code, double
group symmetry is used. The recent parallel implementation®*
of LUCIAREL has opened for the possibility to treat larger CI
expansions (>10% determinants) within a reasonable time frame
on standard Linux-based clusters which has also been demon-
strated for the SOCI program.*

The CI program LUCIAREL operates on the basis of a fully
variational treatment of any spin-dependent two- or four-
component Hamiltonian that is available in the present developer
version of the DIRAC package.?® It furthermore takes advantage
of the concept of generalized active spaces (GAS)* to define
suitable orbital spaces thereby allowing for arbitrary occupation
constraints. Molecular spinors based on a true two- or four-
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component framework can be obtained from all-electron self-
consistent field (SCF), Kramers-restricted multiconfigurational
self-consistent field (KR-MCSCF),*® or natural MP2 spinor?’
calculations. The string-driven MRCI?®7313% as well as the
MRCC'7*~*2 methods are an alternative to the Tensor Contrac-
tion Engine* in generation of higher-order methods or code
for more complex calculations.

To obtain accurate excitation energies, the initial DCHF step
was performed with a (3in5) averaging of states. A (3in8)
averaging, where the Rb 5p spinors are included, was not
possible along the entire potential energy curve due to strong
mixing with the Yb 5d spinors. The Rb 5p spinors were,
however, included in the correlation step in a (3in8) MRCI
excitation scheme thatis in the following dubbed as S6_(3in8)_SD.
Our notation follows the scheme “GAS I_(GAS II)_GAS III”
and is most easily explained by an example: “S6_(3in8)_SD”
means that at most 1 hole among the 6 electrons in 3 Kramers
pairs (in this case: Rb 4p spinors) is allowed, 3 electrons are
distributed in 8 Kramers pairs in all possible ways (plus of
course excitations from GAS I to GAS II), and finally that all
possible single and double excitations into GAS III Kramers
pairs are generated from the reference configurations obeying
the constraints put on GAS I and GAS II. As discussed in more
detail in section 3.1, the inclusion of the Rb 4p spinors is
required in the correlation step to obtain a good description of
the lowest three atomic channels.

In addition to our thorough investigation of the four lowest
molecular electronic states of RbYb, we show in Figure 1 a
qualitative picture of the low-lying molecular electronic spec-
trum including respective atomic dissociation channels. In these
calculations, denoted as SDT3 which corresponds to a Full CI
calculation with three electrons, we truncated the space of virtual
spinors at 2.0 E,. It should be noted that the Rbygi(*Dsyp.32) states
should be below the Yb6516p1(3P2) states in the atomic limit which
is not the case here due to the choice of DCHF averaging.

As full linear symmetry is not available yet in the present
LUCIAREL implementation the calculations, have been carried
out in the Abelian sub double group C%. The assignment of the
Q2 quantum number for each individual electronic state has been
accomplished by means of calculating the expectation value for
the one-electron operator j, = fz + §,. This option has become
available with the very recent implementation of a general CI
property module* capable of treating basically any one-electron
operator that is implemented in the program package.?®

2.3. Basis Sets and Number of Correlated Electrons. All
calculations were performed using uncontracted basis sets. For
the ground-state coupled cluster calculations the aug-cc-pVTZ
basis set for Yb (30s24p16d13f4g2h)* from Gomes and Dyall
was chosen. It includes correlating functions for outer- and inner-
valence shells down to the Yb 4f and polarizing functions for
these. For Rb (29s21p15d2f)* Dyall’s aug-cc-pVTZ basis set,
which includes correlating and polarizing functions down to Rb
4s4p, was used. For a description of the general procedure of
how to derive these functions see for example ref 47. In the
following this basis set will be referred to as (ext_bas).

The effect of changing the number of correlated electrons
has been examined at the CCSD and CCSD(T) levels. Either
nine electrons from the Rb 4p5s and Yb 6s spinors were treated
explicitly in the correlation step or 23 electrons were used, where
the Yb 4f spinors were then included in addition. As shown in
sections 3.1 and 3.2, the differential effects of correlating the
Yb 4f electrons were found to be minor. In contrast, the
correlation of the Rb 4p electrons had significant impact on the
energy separation of the atomic levels and on the equilibrium
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Figure 1. Qualitative picture of the potential energy curves of the molecular electronic states constituting the lower electronic spectrum of RbYb.
Correlating atomic dissociation channels for the states are labeled. The computational level is CI SDT3 (see text for more details).

distance of the molecular ground state. We therefore decided
to correlate nine electrons (Rb 4p5s and Yb 6s) in the MRCI
calculations.

For the MRCI calculations the core-polarizing functions for
both atoms were omitted since no electric properties were
calculated. This reduced the size of the basis set (min_bas) to
(30s24p16d13f3glh) for Yb and (28s20p14d1f) for Rb. The
truncation value for the virtual spinors in all correlated calcula-
tions was kept at 7.8 E, since this threshold includes all
polarizing functions and, in addition, was still tractable for the
MRCT calculations. Spinors above this threshold are primarily
core-correlating and will therefore only give minor contributions
to valence spectroscopic values and electric properties.

2.4. Finite-Field Dipole Moment. The response of a mo-
lecular system to a weak external electric field ¢ can be treated
as a perturbation to the field-free case. If the energy is expanded
in a Taylor series around the field-free case

2
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the first derivative of the energy E with respect to the external
electric field ¢ taken at € = 0 is the static dipole moment of the
molecule. Likewise the second derivative can be related to the
static polarizabilty and higher derivatives to higher-order
(hyper)polarizabilities.

With the finite-field technique these analytical derivatives are
approximated by a numerical derivative. To this end a small
external electric field of varying field strength is applied and
then a series of energy calculations is performed with these
fields. By applying fields in various directions, we can also
determine higher-order numerical derivatives, though these are
not as accurate as the analytical ones.

The ground-state dipole moment was calculated by applying
a finite electric field of varying strength along the bond axis
(chosen as z). The field strengths considered here were £0.0001,
+0.0002, and £0.0004 E;, e~ ! bohr™!. From these seven points
a polynomial fit to the total field-dependent energy was made
to find the numerical derivative and thereby also the dipole

moment at a given internuclear distance. This was done at the
CCSD and CCSD(T) levels of theory with 23 explicitly
correlated electrons.

The advantage of the derivative technique is that it holds also
for approximate wave functions, which are typically dealt with
in quantum chemistry, unlike the evaluation of properties by
calculating expectation values in the Hellmann—Feynman
theorem, which differ from the correct value by the wave
function force.*®

2.5. Spectroscopic Values and Franck—Condon Factors.
A polynomial fitting procedure with exponents ranging from
—1 to +4 was used to fit the electronic ground- and excited-
state potentials around their respective minima. Spectroscopic
constants have then been determined by solving a one-
dimensional Schrodinger equation of nuclear motion using a
reduced mass calculated from isotopic abundance.*” The har-
monic frequency has been calculated from the second derivative
at the minimum. Vibrational wave function, eigenvalues, and
FCFs have been computed with the program LEVEL 8.0 by
LeRoy."

2.6. Counterpoise Correction. As RbYb is a van der Waals
complex and therefore the ground state is very weakly bound
by dispersion forces, the basis set superposition error (BSSE)
may play a significant role in determining spectroscopic values
even in large and balanced basis sets’®! due to the slow
convergence toward basis set saturation. This artifact has been
examined by a counterpoise (CP) correction, as suggested by
Boys and Bernardi*? for both ground and excited states, which
is the correct way of evaluating differential quantities.”'*** The
BSSE is defined in the usual manner

BSSER) = E**P(R) + EB*®(R) — E* — E®  (2)

where EAABX(R) and EPABX(R) are the monomer energies
obtained in the full dimer basis (AB) at a given distance (R)
and E* and EP are the monomer energies in their respective
basis. Every point on the potential energy curve is thereby CP
corrected. The CP correction has been shown to be a very good
estimate for the BSSE in medium to large basis sets and to



12610 J. Phys. Chem. A, Vol. 113, No. 45, 2009

TABLE 1: Selection of Molecular Electronic States in the
A—S Coupling Picture and Associated Atomic Dissociation
Channels in an Energy Range of ~25 000 cm !¢

atomic *tVL, molecular DA g

172 +
a1, 2212 +

RbSSl(ZSl/Z) + Ybssz(lso)
RbSp'(2P3/2.1/2) + Ybssz(lso)

Rbsi(®S1) + YbesiopiCPo10)  Mspsnin -1, Tanin, “23/2,172 +, 22172 +

Rbyg(*Dsnzn) + Ybee('So)  *Aspsn, Alapnip, 2172 +

Rbe,1(°S12) + Ybes('So) 12 +

Rbs(®S112) + YbeyisaiCD321) *Aspsnanins *Aspans Wsnspin-in:
M1, *23/2,172 +, 22172 +

2H3/2,1/2, 221/2 +

2H3/2,1/2, 221/2 +

Rbsp'(zpyz.l/z) + Ybssz(lso)
Rb55|(2sl/2) + YbGs'Gp'(lPI)

“ Molecular electronic states correlating to atomic channels with
intra-atomic Yb f—d excitations, e.g., Ybusissqle2 are not considered.

provide a smooth convergence of properties to the complete
basis set limit.’>> Despite the apparent ease to eliminate a basis
set incompleteness artifact one should, however, be careful in
relying on this form of error compensation since a CP correction
will not improve the overall basis.

3. Results and Discussion

3.1. Qualitative Molecular Electronic Spectrum and Atomic
Calculations. Table 1 gives an overview over the atomic
configurations and terms as well as the associated molecular
states in the A—S coupling picture that are expected to form
the lower part of the electronic spectrum of RbYb. The
energetically close-lying valence-electronic Yb 6s and 6p shells
as well as the valence-electronic Rb 5s and low-lying Rb 5p,
4d, 6s, and 6p shells suggest a large variety of excited states
with angular momentum projection greater than zero within an
energetic range of ~25 000 cm™!. As these states are affected
by spin—orbit interaction to first order in a perturbation theory
sense and as ytterbium is a heavy atom, the corresponding
splittings and mixings are expected to be sizable. We provide
in Figure 1 a qualitative survey of all molecular states correlating
to the three lowest atomic channels listed in Table 1. Comparing
the atomic-like excitation energies, computed at the CI SDT3
level of theory, with the experimentally available data, we find
a large deviation of ~2000—3000 cm™' for the lowest P
channels of both Rb and Yb. In contrast, the splitting among
the various J-states is reproduced rather well. These results
indicate that spin-dependent effects are taken into account
properly whereas significant parts of the differential electron
correlation are missing at this level of calculation. As we in
the present study turn our main attention to the ground and three
lowest excited states of RbYb, which are of particular impor-
tance for the experimental PA process,”’ we further investigated
the effect of correlating the outer-core Rb 4p shell on the
excitation energies. Since alkali atoms are known to have easily
polarizable cores, we expect a considerable influence here.

Our calculated atomic and atomic-like excitation energies 7.
for the lowest Rb 5s—5p transitions are compiled in Table 2
and atomic Yb 6s—6p transitions in Table 3. If core—valence
polarization from the Rb 4p shell is neglected in the calculation
of the lowest Rb 5s—5p transition, not only a considerable
underestimation of the excitation energies of almost 2000 cm ™!
is found, as indicated in Table 2 for the atomic S1 (one electron
CI) and quasi-molecular SDT3 calculations, but also a too small
fine-structure splitting of the (*P,1,2) state of 183(2) cm™! in
comparison with the measured splitting of 237.6 cm™!. However,
taking into account single excitations from the outer-core Rb
4p shell (S6_(1in4)_SD) results in a significant improvement
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TABLE 2: Atomic and Atomic-Like (Values Taken at R =
30 bohr) Excitation Energies T, in ecm™! for the Lowest
Rbs¢(S12) — Rbspi(®P312,12) Transitions Calculated at the
MRCI S1, S6_(1in4)_SD, SDT3, and S6_(3in8)_SD Levels,
Respectively”

method/T J=05 J=05 J=15
(em™) Q=05 Q=05 Q=15 Q=05
S1 0 10692 10875 10875
S6_(1in4)_SD 0 12636 12857 12857
SDT3 0 10708 10890 10892
S6_(3in8)_SD 0 12662 12879 12883
experiment™ 0 12578.95  12816.55  12816.55

“ Details on the computational levels are given in the text.

TABLE 3: Atomic Excitation Energies T, in cm™! for the
Lowest Ybe2(*So) — Ybestep(CP2,10) Transitions Calculated at
the MRCI S2, S14_(2ind)_SD, S20_(2in4)_SD and
S20_(2in9)_SD Levels, Respectively”

method/T, (cm™) J=0 J=0 J=1 J=2
S2 0 14209 14865 16362
S14_(2in4)_SD 0 15497 16164 17734
S20_(2in4)_SD 0 17233 17931 19611
S20_(2in9)_SD 0 17346 18034 19722
experiment> 0 17288.44  17992.01  19710.39

¢ Details on the computational levels are given in the text.

toward the experimental values. Excitation energies and the fine-
structure splitting differ from the experimental data by about
40—60 cm™! and 15 cm™!, respectively.

What about T, for the Rb 5p excitation computed at the quasi-
atomic limit (R = 30 bohr) applying our MRCI S6_(3in8)_SD
model? It can be seen from Table 2 that in the atomic limit the
excitation energies are slightly shifted to higher energies by
about 22—26 cm ™! yet yielding an excellent spin—orbit splitting
of 218 cm™!. The excitation energies are in very good agreement
with the experimental data, exhibiting a maximum deviation of
83 cm™! for the lower 2 0.5 state, and compare well to the two-
component MRCI results of Lim et al.>’ using energy-consistent
pseudopotentials. Furthermore, the energetic difference of only
4 cm™! between the sublevels of the J = 1.5 atomic channel
indicates that we are almost in the atomic limit at an internuclear
distance of 30 bohr.

As a prospect for future studies on this system, we show our
atomic MRCI calculations on the Yb atom where we studied
the relevance of taking into account core—valence polarization
from the Yb 4f and 5p shells. If only the two Yb 6s valence
electrons are correlated (denoted as S2), transition energies for
the respective Yb 6s—6p excitation are consistently too low by
around 18%. The inclusion of the Yb 4f electrons in the
correlation step (S14_(2in4)_SD) yields some improvement.
However, only upon explicitly treating core—valence polariza-
tion from the Yb 5p shell (S20_(2in4)_SD) do we obtain
excitation energies that are in good agreement with the
experimental data. A further improvement is achieved by
extending the active space to comprise the Yb 6s, 6p, and 5d
shells (S20_(2in9)_SD). In this case, the deviations from the
experimental values are less than 60 cm ™!, and the fine-structure
splitting is very well reproduced.

Summarizing, the SDT3 level is insufficient for an accurate
description even of the four lowest-lying dissociation channels
(Rb 5s! 4+ Yb 6s% and Rb 5p' + Yb 6s%). It may thus be used
only for obtaining a qualitative overview. In contrast, the
S6_(3in8)_SD scheme reproduces the energetic splitting of these
levels very well. Yb excitations do not play a major role in the
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Figure 2. Potential energy curves of the four lowest-lying molecular electronic states of RbYb. Atomic dissociation channels for the states are
shown. The computational level is S6_(3in8)_SD (see text for more details).

atomic channels that correlate with the four lowest-lying
molecular states relevant for the PA process. We thus conclude
that our chosen MRCI S6_(3in8)_SD model should provide a
reliable description of the long-range behavior of these states
in the RbYb molecule.

3.2. Ground-State Potential. The electronic ground state of
RbYb exhibits a shallow potential shape (see Figure 2) that is
a characteristic feature of a van der Waals molecule. Since the
ground state is very sensitive to the DCHF averaging of the
spinors and to the level of electron correlation, the simulta-
neously correct description of both ground and excited states
becomes a complicated matter. Changes in the DCHF averaging
or the correlation treatment can lead to large variations of the
spectroscopic constants, here, in particular, the equilibrium bond
distance. These differences may result in a substantial change
of FCFs between ground and excited states.

We therefore first examined the ground state of RbYb with
the coupled cluster method to provide a benchmark for the
MRCT calculations. The aim here was to find the effect of outer-
core polarization/correlation of the Yb 4f and Rb 4p. This has
been done by varying the number of explicitly correlated
electrons from 3 to 9 and to 23. Results of these calibration
calculations are compiled in Table 4. Comparing those results,
one sees that after a CP correction the effect of including the
Rb 4p electrons on the bond length is more than 1 magnitude
larger than including Yb 4f as the bond contracts from 9.18
bohr (CP-CCSD(T), 3 electrons correlated) to 8.94 bohr (CP-
CCSD(T), 9 electrons correlated) and 8.93 bohr (CP-CCSD(T),
23 electrons correlated). The correlation of the Yb 4f electrons
does, nevertheless, have an effect comparable to the inclusion
of the Rb 4p electrons on the harmonic frequency and the
dissociation energy in reducing both. These changes are,
however, of little importance for the present investigation and,
furthermore, the polarization of Yb 4f plays a minor role in the
lowest-lying excited states for the molecule (see section 3.1).
Therefore, we decided not to include the Yb 4f in the MRCI
calculations. Another reason to omit the Yb 4f is the large CP
correction, which shows that with this particular basis set and
truncation of virtuals we did not yet come close enough to basis
set saturation for the Yb 4f shell. The otherwise minor CP

TABLE 4: Spectroscopic Values for the 1 0.5 Ground State
Calculated at the CCSD and CCSD(T) Level with 3, 9, and
23 Explicitly Correlated Electrons and with CP Corrected
Values

method correl R (bohr) . (cm™) D, (cm™")
CCSD-SF 3 9.30 26.278 606
CP-CCSD-SF 3 9.30 26.257 605
CCSD(T)-SF 3 9.18 28.941 818
CP-CCSD(T)-SF 3 9.18 28.923 816
CCSD-SF 9 9.20 24.814 600
CP-CCSD-SF 9 9.22 24.554 588
CCSD(T)-SF 9 8.93 29.724 820
CP-CCSD(T)-SF 9 8.94 29.462 804
CCSD-SF 23 9.15 24.186 742
CP-CCSD-SF 23 9.23 22.882 674
CCSD(T)-SF 23 8.86 28.990 870
CP-CCSD(T)-SF 23 8.93 28.196 749

correction for the 3 and 9 electron CCSD and CCSD(T)
calculations indicates that we have a balanced basis set.

The perturbative triples, on the other hand, have a substantial
impact on the spectroscopic parameters. We therefore restrict
the following discussion to results obtained at the CCSD(T)
level. A comparison of the spin-free CCSD(T) correlating nine
electrons with corresponding calculations including SOC (Table
5) shows that spin-dependent terms are of minor importance
for the ground-state spectroscopic parameters. In contrast, both
the choice of the basis set and one-particle spinor basis have a
significant effect on the equilibrium distance and dissociation
energy. Augmentation of the basis set by polarization functions
on both atoms (ext_bas) leads to a bond contraction as well as
to a bond strengthening. Similar trends are found when the Yb
6p shell is included in the spinor optimization step. Although
the CCSD(T) calculations based on a (3in5) averaged spinor
basis yield the most attractive potential, the results need to be
regarded with caution because of the use of a single-reference
method. This choice of one-particle basis is more appropiate
for a multireference correlation approach.

The MRCI results for the ground state (Table 6) reproduce
very well the spectroscopic values derived from the CCSD(T)
calculations. We find a slightly shorter bond and a higher
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TABLE 5: Spectroscopic Values for the 1 0.5 Ground State
Calculated at the CCSD and CCSD(T) Level with Nine
Explicitly Correlated Electrons and Including SOC*

basis set R. We D.
method (av. in DCHF) correl (bohr) (cm™) (cm™)
CCSD-SOC min_bas (3in 2) 9.25 24.073 591

CCSD(T)-SOC min_bas (3in2)
CCSD-SOC min_bas (3in5)
CCSD(T)-SOC min_bas (3in5)
CCSD-SOC ext_bas (3in2)
CCSD(T)-SOC ext_bas (3in2)
CCSD-SOC ext_bas (3in5)
CCSD(T)-SOC ext_bas (3in5)

898 28.620 795
9.15 25572 654
8.89 30.214 828
9.17 24969 603
890 29.888 826
9.08 26443 670
8.82 31321 868

O O O O O O OO

“The spinor basis was derived from average-of-configurations
DCHF calculations, distributing either three electrons in two
Kramers pairs (3in2) or three electrons in five Kramers pairs (3in5).
A CP correction was not applied.

TABLE 6: Spectroscopic Constants for the Ground and
Three Lowest Excited States (2 Designation) of RbYb
Calculated at the MRCI S6_(3in8)_SD Level with Nine
Explicitly Correlated Electrons®

R We De Tv Te

state A—3" (bohr) (cm™) (ecm™) (ecm™) (ecm™h)
1 0.5 >t 8.85 29.751 865 0 0
2 05 11 7.40 69.294 7735 7387 5794
1 1.5 11 7.43 69.322 7164 8104 6581
3 0.5 > 8.43 52.789 4423 9431 9326
1 0.5(CP) > 8.88 29.458 844 0 0
2 0.5(CP) 11 7.40 69.441 7688 7441 5819
1 1.5(CP) 11 7.44 69.181 7131 8153 6592
3 0.5(CP) > 8.44 52.284 4388 9451 9339

@ CP-corrected values are given in the lower part of the table.
b leading A—ZX configuration

dissociation energy of 844 cm™! in relation to the CP-CCSD(T)-
SF value of 804 cm™! (Table 4). Typically, CCSD(T) is expected
to result in larger binding energies than CI. A thorough analysis
of the MRCI wave function reveals, however, substantial
multiconfigurational character. The leading configuration con-
sists of a doubly occupied Yb 6s Kramers pair and a bonding
orbital composed of Rb 55 and Yb 6p;,. In addition, large
coefficients are found for single excitations from the bonding
orbital as well as double excitations from the Yb 6s shell. The
simultaneous occurrence of polarizing and correlating excitations
are indicative of the importance of triples as observed in the
CC calculations.

From the benchmark calculations on the molecular ground
state in connection with a balanced description of the atomic
limit (see Table 2) we conclude that with the chosen MRCI
setup high accuracy can be achieved for both ground and low-
lying excited states.

3.3. Excited-State Potentials. We now discuss in more detail
the lower part of the electronic excitation spectrum of the RbYb
molecule. Figure 2 displays the calculated potential energy
curves for the three lowest excited states corresponding to the
atomic Rb 5ps, 1, and Yb 653, dissociation channels. The results
for the spectroscopic constants of these states are compiled in
Table 6 where data are listed with and without a CP correction,
respectively.

The three electronically excited states can be divided into
two classes, as illustrated in Figure 2. The second state with Q
quantum number 0.5 (denoted in the following by 2 0.5) and
the lowest state with Q = 1.5 (1 1.5) display similar shapes
with pronounced potential wells centered around 7.40 bohr (2
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0.5) and 7.44 bohr (1 1.5), respectively, and a harmonic
frequency w, of ca. 69 cm™! derived from the CP-corrected data.
Both states are deeply bound with a D, of 7688 and 7131 cm™!,
respectively, whereas the 3 0.5 excited state has a considerably
lower binding energy of 4388 cm™!. We find for the latter
excited state an equilibrium bond length R, of 8.44 bohr that is
significantly longer compared to the excited states mentioned
before but much closer to the minimum internuclear distance
of the ground state. This geometric shift is furthermore in
agreement with a small difference of ~112 cm™! between the
vertical 7, and adiabatic T, excitation energies compared to the
much larger difference for the other two states.

Comparison of the CP-corrected excited-state spectroscopic
constants with their uncorrected counterparts in Table 6 reveals
that the excited-state bond distances are less sensitive to basis
set superposition errors than the ground-state bond distance. The
RbYb bond in the ground state, e.g., decontracts by 20.03 bohr
upon CP correction whereas the largest shift for an excited state
is found to be around 0.01 bohr. Moreover, the adiabatic
transition energies 7, are hardly affected by the CP correction
with changes of the order of 10—20 cm™".

3.4. Vibrational Overlaps. Nemitz proposed a two-step
mechanism for the production of ultracold RbYb molecules in
the rovibronic ground state.’® Initially, the molecule is prepared
in a highly excited rovibrational level close to the dissociation
limit of the electronic ground state. Interaction of the molecule
with laser light of two different wavelengths promotes RbYb
in a first step to some vibrational level of an electronically
excited state correlating with the Rb(*P) + Yb('S) atomic levels
from which the population is pumped down in a second step to
the rovibronic ground state of the molecule. For experimental
realization of this scheme, knowledge of the vibrational overlaps
between the electronically excited- and ground-state potential
wells is of utmost importance. We expect that the dominating
difference for a transition probability will be the FCF since all
transitions are dipole allowed. We have therefore computed
FCFs between vibrational wave functions of the electronic
ground state and those of the three lowest electronically excited
states. These calculations were perfomed for the 3’Rb and '7°Yb
isotopes since these are favorably employed in experiment.?

In Table 7 selected FCFs between the rovibronic ground state
(1 0.5, v =0) and vibrational levels of the electronically excited
states are listed. (Complete tables of the FCFs are available upon
request.) As may be expected from the small geometrical shift
between the 1 0.5 and 3 0.5 potential energy wells (see section
3.3), large Franck—Condon overlaps for the lowest vibrational
levels of the 3 0.5 state are obtained. For the first excited 2 0.5
as well as the 1 1.5 state significant FCFs are observed for a
wide range of vibrational states due to the large spatial extent
of the electronic ground state as the maximum amplitude of
the v = 0 wave function coincides approximately with the outer
turning points of these excited-state vibrational wave functions.

FCFs between the calculated highest vibrational state (v =
69) of the electronic ground state were found to be on the order
of 107* to 107 for the 2 0.5, 1 1.5, and 3 0.5 electronic states,
as shown in Table 8. Contrary to the situation for the 2 0.5 and
1 1.5 states, none of the vibrational levels of the 3 0.5 state has
non-negligible FCFs with the v = 0 and v = 69 levels of the
electronic ground state at the same time. This is, however, a
requirement for an effective experimental excitation/deexcitation
process.

Our findings thus support a postulated two-step scheme
mentioned before aiming at reaching the lowest rovibrational
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TABLE 7: Selected Franck—Condon Factors between the
Rovibronic Ground State and Vibrationally Excited States
(v) of the Electronically Excited States of ¥Rb!’°Yb

state v AE (cm™) FC factor
10.5-20.5 0 5839 34D—11
10.5-20.5 1 5908 7.8D—10
10.5-20.5 2 5976 8.9D—09
10.5-20.5 14 6777 7.1D—03
10.5-20.5 15 6842 1.1D—02
10.5-20.5 16 6907 1.7D—02
10.5-20.5 23 7357 7.5D—02
10.5-20.5 24 7421 7.8D—02
10.5-20.5 25 7484 7.7D—02
10.5-20.5 35 8105 1.2D—02
10.5-20.5 36 8165 8.1D—03
10.5-20.5 37 8226 5.6D—03
105-11.5 0 6612 1.0D—10
105-11.5 1 6681 2.2D—-09
105-11.5 2 6749 2.4D—08
105-11.5 13 7483 6.4D—03
105-11.5 14 7549 1.1D—02
105-11.5 15 7614 1.6D—02
105-11.5 22 8063 7.6D—02
105-11.5 23 8127 7.9D—-02
105-11.5 24 8190 7.8D—02
105-11.5 34 8810 1.2D—02
105-11.5 35 8870 8.1D—03
105-11.5 36 8931 5.5D—03
10.5-305 0 9350 1.5D—-01
10.5-305 1 9403 2.3D—01
10.5-305 2 9454 2.3D—01
10.5-30.5 3 9506 1.7D—01
10.5-30.5 4 9557 1.0D—01
10.5-30.5 12 9964 1.2D—04
10.5-305 13 10014 3.9D—-05
10.5-30.5 14 10064 1.3D—05
10.5-30.5 20 10359 8.0D—09
10.5-30.5 21 10407 2.2D—09
10.5-305 22 10456 5.7D—10

TABLE 8: Selected Franck—Condon Factors between the

Highest Excited Vibrational State (v = 69) of the Electronic

Ground State and Vibrationally Excited States (v) of the

Electronically Excited States of 3Rb!’°Yb

state v AE (cm™h) FC factor
10.5-20.5 0 5007 1.7D—04
10.5-20.5 1 5076 4.9D—05
10.5-20.5 2 5144 3.1D—05
10.5-20.5 14 5945 1.2D—05
10.5-20.5 15 6010 1.5D—05
10.5-20.5 16 6075 4.3D—05
10.5-20.5 37 7394 3.4D—05
10.5-20.5 38 7454 3.5D—06
10.5-20.5 39 7515 1.4D—05
105-11.5 0 5780 1.9D—-04
105-11.5 1 5848 1.5D—05
105-11.5 2 5917 7.1D—05
105-11.5 13 6651 2.8D—05
105-11.5 14 6716 4.1D—06
105-11.5 15 6782 4.5D—05
105-11.5 37 8159 3.4D—06
105-11.5 38 8219 1.4D—05
105-11.5 39 8279 3.7D—05
10.5-30.5 0 8518 9.6D—15
10.5-30.5 1 8570 5.8D—14
10.5-30.5 2 8622 5.1D—16
10.5-30.5 12 9132 2.7D—05
10.5-30.5 13 9182 3.3D—05
10.5-30.5 14 9231 7.9D—06
10.5-30.5 20 9527 1.4D—04
10.5-30.5 21 9575 2.0D—05
10.5-30.5 22 9623 6.3D—05

J. Phys. Chem. A, Vol. 113, No. 45, 2009 12613

T T T T T T T
[+
1k o+ |

u [Dlo.7
0.6

0.5 B
{: CCSD -+
04 +:CCSD(T)
0.3 1 1 1 1 1 1 1 1
7.5 8 8.5 9 9.5 10 105 11 115 12

R [Bohr]

Figure 3. CCSD(T) and CCSD dipole moment curve in Debye with
23 explicitly correlated electrons. The vibrationally averaged dipole
moment for CCSD and CCSD(T) is found to be 0.761 and 0.985
Debeye, respectively.

TABLE 9: Dipole Moments at R, (#.) and the Vibrationally
Averaged Dipole Moment u, for the CCSD and CCSD(T)
Levels of Theory with 23 Explicitly Correlated Electrons and
with CP Corrected Values

Method u. (D) u, (D)
CCSD-SF 0.763 0.761
CP-CCSD-SF 0.751 0.747
CCSD(T)-SF 0.987 0.985
CP-CCSD(T)-SF 0.977 0.974

level of the electronic ground state.® However, we propose to
use either the 2 0.5 or 1 1.5 state as intermediate for this process.

3.5. Dipole Moment. Besides having a magnetic dipole
moment from an unpaired electron, RbYb also exhibits an
electric dipole moment of around 1 D, as illustrated in Figure
3. A fit of the CCSD and CCSD(T) dipole moment curves results
in an electric dipole moment of 0.763 and 0.987 D, respectively,
at the equilibrium bond distance. A slight decrease of around
0.01 D is observed if the CP correction is added to the ground
state, as reported in Table 9. It should be noted that in these
cases the dipole moment has not been CP corrected but has
been evaluated at the CP-corrected equilibrium bond distance.
In Table 9 we have also listed the vibrationally averaged dipole
moment, which is only sligthly lower despite the large variation
shown by the dipole moment across the rovibrational ground
state.

4. Summary and Conclusions

In this study we demonstrate the capability of our relativistic
all-electron quantum-chemical methodology to yield accurate
ground and excited states on this new and challenging system
by approaching the problem in a systematic way. We show that
with our chosen MRCI model we are not only able to obtain
excellent atomic data but also able to get close to the accurate
CCSD(T) data around the equilibrium bond distance of the
ground state. We furthermore report spectroscopic constants and
Franck—Condon factors for ground and excited states.

Our coupled cluster calculations indicate that RbYb possesses
a substantial dipole moment of almost 1 D, thus making it an
excellent candidate for the study of dipole—dipole interactions
and considering its magnetic dipole moment, making it acces-
sible to magneto-optical trapping. The strongest candidates for
reaching the rovibronic ground state via a two-step procedure
(after the initial photoassociation), judging from the determined
Franck—Condon factors, appear to be the two lowest excited
electronic states. For these two states we find reasonable
Franck—Condon factors both for the absorption and for the
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emission simultaneously. We therefore propose the following
two-color process. The longer wavelength laser should excite
the molecule to levels with vibrational quantum numbers in the
range of v = 15—35 in either the 2 0.5 or 1 1.5 potential wells
followed by stimulated emission to the rovibronic ground state.
This mechanism will give the largest combined Franck—Condon
overlap. This picture can, however, change depending on how
well the ground state is determined. For example, a shorter
equilibrium bond distance for the ground state would favor the
first two excited states, whereas a longer one would favor the
third excited state. We have therefore performed high-level
coupled cluster benchmark studies using a varying number of
correlated electrons to calibrate our results.

The inclusion of higher excited states in this molecule
necessitates core polarization from Yb 4f5p as these correlate
to the atomic Yb6516p1(3P2,1,0) channels, thereby dramatically
increasing the computational demand of the problem. Moreover,
an accurate description of the Rbygi(*Ds/2.32) atomic limit, which
will lie between the Ybesie!(*P1o) and Ybegyiep!CP2) channels,
would require additional higher angular momentum functions
to be included in the basis set on Rb. Furthermore, Yb 4f—5d
excitations need to be taken into account that are extremely
difficult to compute properly. From the methodological aspect
one would here also come to the limit of CI because with 31
explicitly correlated electrons size-extensivity errors would likely
become sizable. A change to a size-extensive method would
then be desirable. Such an approach is currently being inves-
tigated by extending the newly implemented general-order four-
component multireference coupled cluster® to allow for the
treatment of excited states.
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