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of the doublet and quartet multiplicity by ab initio calculations. In all sixteen cases studied, the
permanent electric dipole moment points in opposite directions for the two spin states. This pecu-

liarity can be explained by molecular orbital theory. We further discuss dissociation energies and
bond distances. We analyze trends and provide an empirically motivated model for the prediction
of the permanent electric dipole moment for combinations of alkali and alkaline earth atoms not

studied in this work.

1 Introduction

In the last years ultracold molecules have attracted a lot of atten-
tion due to their outstanding properties. 1-® The low temperature
reduces the decoherence, and ensembles of ultracold molecules
can be used to simulate quantum systems’~12 or perform quan-
tum computations. 13 Most degrees of freedom are frozen out at
these temperatures, which allows precise control of chemical re-
actions. 14716 Another advantage is the reduction of the linewidth
and noise in measurements of fundamental physical properties
and constants 7 such as the proton to electron mass ratio, 18-20
the electron electric dipole moment?!-22 or the fine structure con-
stant. 23,24

The first molecules produced in the ultracold temperature
regime were homonuclear alkali-dimers, 2>-28 which do not have
a permanent electric dipole moment. A few years later, ultra-
cold heteronuclear alkali-dimers were produced.29-34 Their per-
manent electric dipole moment gives experimentalists an addi-
tional handle for manipulation via electric fields. In this sense,
the next logical step is the production of ultracold molecules with
a dipole moment plus an additional magnetic moment, originat-
ing from an unpaired electron spin. This magnetic moment causes
additional interactions and enables control of these molecules via
magnetic fields. Currently, the most promising candidates are
alkali (AK)-alkaline earth (AKE) and AK-Yb diatomic molecules
because the involved atoms are well under control in ultracold
atomic physics. Bose-Einstein condensation, for example, has
been achieved for most AK atoms,3> Ca,3¢ Sr37 and Yb.38 In
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1 Electronic Supplementary Information (ESI) available: Several tables regarding
the calculations and their results as well as orbital pictures are available. See DOI:
10.1039/b000000x/
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a series of recent studies combining experimental and computa-
tional efforts3°*3 we found permanent electric dipole moments
(PEDM) with opposite signs in the lowest X states of the doublet
and the quartet multiplicity for AK-AKE molecules. In this work
we analyze this behavior and discuss the trends in greater detail.
The magnitude of the permanent electric dipole moment (PEDM)
is of special importance for future applications. A significant value
is necessary to align molecules in an optical lattice, 444> to control
interactions with an external microwave field, #1146 and it might
even be useful to reach low vibrational levels. 4’

Early on, there has been interest in the prediction of dipole
moments for alkali halides and alkaline earth halides. These two
groups of molecules with predominantly ionic bonding could suc-
cessfully be described by electrostatic interaction models.48-50
The Rittner model 8 for alkali halides assumes a complete charge
transfer of one electron and considers the polarizabilities of
the ions. Torring et al.>1>2 applied a similar model to AKE
halides. More sophisticated computations using ligand field the-
ory were performed for AKE halides®3 and lanthanum containing
diatomics.>*>> A model taking orbital mixing into account was
applied to SrBr in Ref. 56. However, these techniques assume
a transfer of at least one electron and can therefore not be ap-
plied to AK-AKE molecules. Recently, an empirical model for the
relation between dipole moment and vibrational frequencies was
presented.>”

There are a few theoretical and experimental studies con-
cerned with the properties of AK-AKE molecules. Bauschlicher
et al. 8 performed one of the first calculations. Two theoretical
studies examined the ground state of Li-AKE molecules by cou-
pled cluster calculations. 560 The ground states of neutral AK-Sr
molecules and several states of the molecular ions have been in-
vestigated by a configuration interaction method.%2:62 In Ref. 63,
the ground states of AK-Mg diatomic molecules were calculated
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at the coupled cluster level of theory. Using the same approach,
Gopakumar et al. # recently investigated the AK-AKE molecules
(Na, K, Rb)-(Ca, Sr). The combination of barium with an al-
kali atom has also been considered in the ground state.®* Some
older studies analyzed the ground and several excited states of
LiBa®:%6 and NaBa.®” The most thoroughly studied representa-
tive of these diatomic molecules is LiCa, with experimental, 68-70
theoretical”>72 and combined investigations.3%73 The first real-
ization of a combined quantum degenerate mixture of Rb and
Sr74 was followed by a series theoretical and experimental publi-
cations. *0-42.75-77 The excited states of LiSr,”2 RbBa,”® LiMg,”?
and RbCa*? were calculated recently.

In this study, we investigate the energetically lowest electronic
states of neutral AK (Li, Na, K, Rb) - AKE (Be, Mg, Ca, Sr)
molecules in the doublet and quartet manifold. Throughout the
article, the coordinate system is defined such that the AKE atom
is on the negative side of the axis and the AK atom on the posi-
tive side. Therefore, a positive value of the PEDM corresponds to
a dipole moment pointing in axis direction from the AKE to the
AK atom (i.e., the center of the negative charge lies closer to the
AKE atom). This manuscript is structured as follows: In the next
section details of the computational method are given, then an
overview of the results and a comparison to previous results. Af-
ter discussing trends for AK-AKE molecules we give a qualitative
description of the situation for the lowest LT states in AK-AKE
molecules. Finally, we present an empirical model in section 3.4.

2 Computational Details

All ab initio calculations were carried out with the MOLPRO&°
software package. A multiconfigurational self consistent field
calculation (MCSCF81:82) was performed, followed by multiref-
erence configuration interaction including Davidson correction
(MRCI®384), The quintuple-zeta basis set family of Peterson et
al. covers most atoms of our study and was used where possi-
ble. All electrons basis sets8> were applied for Li, Na, Be and
Mg. For the heavier atoms the corresponding effective core po-
tential basis sets8¢ of Peterson were combined with the recom-
mended effective core potentials87-88 of Lim et al. For K and Rb,
however, no Peterson basis sets were available. In these cases,
we fell back on the basis sets provided by Lim, 8788 decontracted
them, and added several diffuse functions to obtain a description
of similar accuracy.* The same strategy has recently been applied
to RbCa,*? yielding excitation energies in good agreement with
experimental measurements.

We further applied core polarization potentials (CPPs) as intro-
duced by Miiller and Meyer® due to their importance for cor-
rect magnitudes of the permanent electric dipole moments %91
(see Fig.1). The parameters of the core polarization potential
are given (see Table 1) and were optimized for our effective core
potentials and basis sets. This approach only allows basis func-
tions with an angular quantum number below 5. Therefore, basis

i the basis sets were completely decontracted and additional basis functions were
added: K[s: 0.0037, 0.0017; p:0.0016, 0.00062; d: 4.34, 0.011; f: 0.0296]; Rb[s:
0.0036, p: 0.0042, d: 0.0116, 2.860, f: 0.0624 g: 0.33]
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functions with higher quantum numbers were neglected. No core
polarization was added for Li and Be due to their small cores and
large energy difference between the core orbitals and valence or-
bitals compared to the other elements. With this approach the en-
ergy difference between the first excited state (Pyx/>Psgr) and
the ground state agrees within 150 cm™~! (1%) with the atomic
values %2 in the asymptotic limit.

Table 1 Parameters of the CPPs used in this study; o, is the dipole
polarizability and p is the cutoff parameter. The CPPs account for the
polarizability of the innermost shells. These parameters have been
adjusted for the best reproduction of atomic excitation energies.
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AK Ceore / AL p /A2 AKE Ceore / AN p/A32
Na 1.00 1.27 Mg 1.20 0.60
K 5.61 0.46 Ca 7.16 0.25
Rb 9.74 0.35 Sr 9.28 0.28

It is known that the correlation or polarization of the core elec-
trons has a significant influence on the dipole moment. ?%°! The
importance of this contribution can be estimated by looking at
Fig. 1, where the results without (a)) and with (b)) core polar-
ization potentials are compared. Typically, the PEDM is overesti-
mated if the polarization of the core is neglected, which agrees
well with the observations of Ref. 90. This error increases with
atomic mass. The largest deviation was found for RbSr, where the
dipole moment is reduced by 1.65 D to about half its value after
inclusion of core polarization. The PEDMs for the computations
including core polarization potentials (see plot b of Fig. 1) were
obtained by finite field calculations,® which we carried out for
different field strengths varying from 10~ to 5-10~3 a.u. for all
16 molecules. For each field the PEDMs and polarizabilities were
computed by three point and five point finite field approximations
and compared to each other to estimate the size of numerical er-
ror. The values were then taken where the smallest deviation was
observed. (The values and the field strengths for their calculation
are listed in the supplementary material.”)

The PEDMs for the lowest =" state of the quartet multiplicity
were also changed significantly by the core polarization potential,
especially for heavy molecules, but without a clear trend. An im-
provement of the potential depth of LiCa was achieved by a new
set of recently adjusted core polarization parameters. The poten-
tial depth for LiCa obtained in this work (2613 cm~!) now agrees
better with the experimental value (2605 em~1) % than our previ-
ous calculation. 3° However, part of the improvement might orig-
inate also from the slightly different basis set. On average, the
equilibrium distance was reduced by the core polarization poten-
tial, although some minor deviations occurred, especially for the
quartet states.

In the MCSCF and MRCI calculation the same active space was
applied, but it was necessary to adapt it to the different basis
sets and effective core potentials. Details on the size and defini-

§ This was necessary because the dipole moments determined by the MRCI routine
in MOLPRO do not include the dipole moment of the polarized core. However, the
difference between the dipole moments determined by the routine and the finite
field calculations are smaller than 0.05D in all cases.

This journal is © The Royal Society of Chemistry [year]



Page 3 of 10

35

25

15

0.5

0

Fig. 1 The permanent electric dipole moment of the doublet ground
state at its equilibrium distance, obtained at the MCSCF+MRCI level of
theory, without (a)) and with (b)) the inclusion of core polarization
potentials.

tion of the active space for the various diatomics can be found
in the supporting information.” Note that the lowest £t state in
the quartet multiplicity is an electronically excited state accompa-
nied by several exited states of the doublet manifold. Therefore,
several excited states were calculated in both spin configurations
to obtain a meaningful description of this state. In a combined
MCSCEF calculation 16 to 32 states of doublet multiplicity and 3
or 8 states of quartet multiplicity were optimized. The number
of states was kept the same in the MRCI calculation for the quar-
tet multiplicity, but the number of doublet states was reduced to
12-17 states. With this setup for the state-averaged calculations
we obtained smooth potential energy curves up to an internuclear
separation of 10 A. At this distance, the deviation for the ground
state from the asymptotic value is only 10 cm~' for light atoms
and about 25 cm~! for heavy atoms. "

3 Results

3.1 Overview

The properties of 16 AK-AKE molecules have been calculated by
MCSCF+MRCI and the values for the ground state are listed in
Table 2. Results for the lowest £+ state in the quartet multiplicity
are given in Table 3. Besides the ab initio calculations performed
in this work, several other theoretical predictions as well as three
experimental studies are listed in Table 2. Overall agreement be-
tween the various studies is good except for significant differences
in dissociation energies. LiCa, the best studied molecule in the
literature, with data available from 8 different sources, shows a

This journal is © The Royal Society of Chemistry [year]
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Table 2 Results for the 2" ground state, obtained at the MRCI level of
theory, including core polarization potentials. Where available, values
from the literature are given for comparison.

mol. Ref. Ue/D r./A D,/cm~! ®,/cm ™! o ?/a.u.
LiBe this work 3.47 2.60 2427 313 365
60 3.58 2.58 2406 300
58 2.61 2339 300
93P 2.59 295
LiMg this work 1.18 3.10 1538 181 470
79 1.22 3.10 1395 174
63 1.02 3.10 1445 180
59 0.86°¢ 3.12 1332 187 482
60 1.12 3.11 1432 206
58 3.11 1613 183
94" 1331 190
LiCa this work 1.19 3.39 2613 200 588
39 3.34 2883 203
72 3.40 2131 206
59 1.10¢ 3.40 2260 210 599
60 1.12 3.36 2607 207
73 3.40 2178 204
71 3.30 2355 196
69 b 3.36 2605 202
LiSr this work 0.28 3.57 2471 181 653
72 3.58 2074 181
59 0.31¢ 3.53 2223 196 640
60 0.24 3.55 2401 184
61 0.34 3.48 2587 185
NaBe this work 2.33 297 1291 173 397
58 3.05 1129 164
NaMg  this work 0.86 3.47 946 90 432
63 0.72  3.53 825 83
58 3.56 887 85
NaCa this work 1.18 3.67 1792 103 577
45 1.01 3.72 1453 97 594
NaSr this work 0.51 3.84 1728 87 636
45 0.49 3.89 1441 82 633
61 0.62 3.82 1597 85
KBe this work 2.22  3.51 920 122 628
KMg this work 1.08 3.99 779 64 656
63 0.83 4.09 647 58
KCa this work 2.12 4.20 1455 71 869
45 1.67 4.32 974 61 892
KSr this work 1.52 4.39 1358 57 925
45 1.27 4.53 964 48 942
61 1.52 4.41 1166 52
RbBe this work 1.97 3.70 816 104 631
RbMg  this work 1.04 4.17 744 54 664
63 0.79 4.29 586 47
RbCa this work 2.19 4.37 1337 57 922
43 2.54 4.37 1406 58
45 1.75 4.53 921 49 961
RbSr this work 1.64 4.56 1279 43 972
42 1.80 4.59 1274 42
77 4.67 1041 38
76 4.67 1018 36
45 1.41 4.72 916 36 1009
61 1.54 4.60 1073 32

a ...polarizabilities along the internuclear axis for the diatomic
molecules

b ...experimental results

c...dy values are given

large variation of the dissociation energy. Our value and the value
of Ref. 60 agree best with recent experimental findings.% Two
older experimental results %94 are also listed in Table 2. A recent
experiment of our group*? yielded a vibrational constant (@,) of
(42+5) em™! for RbSr, which is in good agreement with the the-
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oretical results in Table 2. The calculated PEDMs are all positive
and differ on average by 0.16D (13 %) from previous computa-
tions, with the largest difference observed for the PEDM of KCa
in Ref. 45. Note that the PEDM values listed in Table 2 were eval-
uated for the respective equilibrium distance. When zero-point
motion is considered, the PEDM is on average reduced by 0.03D
for the doublet states and by 0.06 D for the quartet states (details
are provided in the supplementary materials’). The difference to
other equilibrium distances is on average 0.05A (1%) with the
largest deviations occurring for RbSr and RbCa when compared
to Ref. 45. This deviation in the latter cases also explains the
slight difference in the PEDM as the listed values are taken at the
equilibrium separation. A small disagreement can also be found
between the parallel polarizabilities (along the internuclear axis)
listed in Table2. Note that only the polarizabilities (ocH) at the
equilibrium distances along the internuclear axis are given here.
A more detailed treatment of polarizabilities and their experimen-
tal significance is provided in Ref. 45 for AK-AKE molecules or in
Ref. 44 for AK-AK molecules.

A similar compilation of data for the lowest “ZF state is given
in Table 3, although fewer theoretical and experimental values
are available.! In general, the equilibrium radius is larger and the
potential depth and vibrational constant are smaller than corre-
sponding quantities for the ground state. For the polarizability no
clear trend can be observed.

Table 3 Results for the lowest “X* state, obtained at the MRCI level of
theory, including core polarization potentials. Where available, values
from the literature are given for comparison.

mol. Ref. /D r./A Dyem™'  w./cm™! oy?/a.u.
LiBe thiswork  -0.61  5.51 59 25 223
LiMg this work -2.52 4.72 222 32 423
LiCa this work  -4.58  4.59 522 55 1031
39 4.33 608 67
72 5.01 265 30
LiSr this work  -6.61  4.59 692 61 1340
72 4.60 401 47
NaBe thiswork  -0.45 5.84 50 18 229
NaMg thiswork -0.99 5.71 131 21 326
NaCa thiswork -1.62  5.74 237 24 686
NaSr this work -2.00 5.81 287 23 1200
KBe this work  -0.72 5.99 48 16 300
KMg this work -1.58 5.73 157 20 338
KCa this work  -2.50 5.73 343 26 950
KSr this work -2.99 5.95 376 22 1523
RbBe this work  -0.79 6.03 47 15 363
RbMg this work -1.66 5.84 170 18 645
RbCa this work  -2.13 6.05 316 19 922
43 5.98 336 19
RbSr this work  -2.66  6.15 343 16 1491
42 6.17 390 16
77 6.25 329 15
77 6.15 336 15

a ...polarizabilities along the internuclear axis for the diatomic
molecules

q Note that this is not the lowest state in the quartet multiplicity. The 1*IT state has
the same asymptote but is more strongly bound than the 1L+ state.
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3.2 Trends for AK-AKE Molecules

A diatomic molecule formed by a single alkali atom and a single
alkaline earth atom comprises three valence electrons. If excita-
tions of core electrons and ionizations are neglected, these three
electrons can only form a doublet or a quartet state. The AK atom,
providing one unpaired electron, is always in a doublet state in
the asymptotic limit of separated atoms. In contrast, the AKE
atom can be either in a singlet or in a triplet state. A doublet
state of the molecule is therefore either realized by the combina-
tion of a singlet AKE atom with the doublet AK atom, or by the
combination of a triplet AKE atom with an anti-aligned electron
from the AK atom. Quartet multiplicity can only arise if a triplet
state of the AKE atom is combined with an aligned electron on
the AK atom. The ground state of the molecule must be a doublet
state, since the lowest state of the AKE atom is of singlet charac-
ter. Only an excited triplet state of the AKE can result in a quartet
state. For the AKE atoms considered in this study (Be-Sr), this
is a 3P state with excitation energies between 22000 cm~' and
14500 cm~!. For Ba and Ra the lowest excitation has 3D char-
acter. The lowest excitation of the AK atom is a 2P state with
energies ranging from 12500 cm~! to 17000 cm~!. The energy
difference between the lowest excitation of the AKE (3P) and the
AK atom (?P) is plotted in graphics a) of Fig. 2. Note that there are
negative values for combinations of light alkali atoms and heavy
alkaline earth atoms. Rather than the 3D-excitations, which are
the lowest ones, the 3 P-excitations were used in Fig. 2 for Ba and
Ra. In plotb) of Fig. 2 the difference in electronegativities (ENs)
is shown with a behavior similar to the differences in excitation
energies. A positive value of the electronegativity difference in-
dicates that the electron density is pulled towards the AKE atom.
Only combinations of light AK atoms with heavy AKE atoms have
negative differences. Within our test set only LiSr has a negative
EN difference. The difference in excitation energy or electroneg-
ativities characterizes the direction and magnitude of the pull at
the electron density. Additionally, the polarizability is important
as it measures the flexibility of the electron density. The atomic
values for the polarizability range from 37 to 248 a.u. for AKE
atoms and from 164 to 313 a.u. for AK atoms, °> with an increas-
ing value for heavier atoms. The change in the orbital of the AK
atom can be expected to be larger than the change for the AKE
atom if atoms of similar mass are combined. Such a behavior was
observed and is discussed in section 3.3.

Fig. 3 shows the PEDMs (a)) and dissociation energies (b))
for the ground state of the 16 AK-AKE molecules within our test
set. The smallest PEDM was obtained for LiSr, but unlike the dif-
ference in ENs, it still is positive. The largest EN difference for
the calculated molecules is found for the RbBe molecule, but LiBe
shows the largest dipole moment. The increase by going from
light to heavy AK atoms and AKE atoms as seen in the difference
of ENs in plotb) of Fig. 2 is not seen for the PEDMs. For KMg and
RbMg small PEDMs are observable in Fig. 3. The small PEDMs for
Mg containing molecules are probably related to the significantly
smaller electronegativity difference for Mg than for Be, although
they have similar differences in excitation energies (Fig. 2). Also,
the potential depths are different. In plotb) of Fig. 3 the potential

This journal is © The Royal Society of Chemistry [year]
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Fig. 2 Differences between AK and AKE atoms for two atomic
properties are shown in the figure, in the upper plot energy differences
of the first P-excitations °2 and in the lower plot the differences in the
electronegativities according to Pauling’s scale. %

depths are shown and the values for molecules containing Mg are
noticeably smaller than for the other AKE atoms, with no other
trend being obvious for AKE atoms. However, there is a trend
for AK atoms. The potential depth decreases seemingly exponen-
tial in going from light to heavy AK atoms. The largest potential
depth was determined for LiCa (2613 cm™!), the smallest one for
RbMg (744 cm™!). In contrast to the PEDM and the equilibrium
radii, the core polarization potential changes the potential depth
in both directions. In cases where the AK atom is significantly
lighter than the AKE atom the potential depth is reduced. How-
ever, if the AKE atom is lighter, the potential depth is increased.
The equilibrium radii increase with inclusion of core polarization
potentials. This effect is larger for heavier AK atoms, but shows
no recognizable dependence on the AKE atom.

In contrast to the strictly positive PEDM for the doublet ground
states the PEDMs for the lowest XT state in the quartet manifold
are negative, as can be seen in Fig. 4. The PEDMs for the quartet
states show a correlation with the difference in ENs ( b) in Fig. 2).
The most negative PEDM is found for the only molecule with a
negative EN difference (LiSr), while small PEDMs are obtained
for strongly positive EN differences. Small PEDMs of the 4+
state are observable in plot a) in Fig. 4 for Na containing diatomic
molecules including NaBe with the smallest value. This seems to
be related to the first excitation energy of Na, which is the largest
of all AK atoms. The large excitation energy leads to the small —
and for some combinations with Na even negative — differences
in the excitation energy, as can be seen in graphicsa) of Fig. 2.

This journal is © The Royal Society of Chemistry [year]
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Fig. 3 The permanent electric dipole moment (a)) and the potential
depth (b)) for several AK-AKE molecules in their ground state (*Z+) are
shown.

The potential depth turns out to be a reliable descriptor for the
magnitude of the PEDM, as is evident by comparing plota) and
b) of Fig. 4, but is less useful for the estimation of PEDMs in the
doublet manifold. For the “Z7 state the dissociation energy and
the PEDM have a correlation coefficient of R = —0.97.

The equilibrium internuclear distances of the lowest LT states
in the two multiplicities are given in the Tables2 and 3. The r,
values for the doublet state are all below 4.57 A, those for the
quartet states lie above this value. The equilibrium distances can
be compared to the tabulated covalent®” and van der Waals®
radii.” The internuclear distances for the ground state minimum
lie in between the covalent and van der Waals values. On average,
they are off by 0.4 A from the covalent radii and by 1.4 A from the
van der Waals radii. Them being closer to the covalent radii indi-
cates a covalent or ionic bond in the lowest state of the doublet
manifold. The lowest “Z+ states have equilibrium internuclear
separations that are on average 0.5 A larger than predicted by the
tabulated van der Waals values, which indicates a weak bond.

48 can be estimated by dividing
the determined dipole moment by the dipole moment obtained
by shifting one electron by the equilibrium distance: f;,, = %
For the ground state, this fraction lies below 21 %, except for
molecules containing Be, where the values are always above
21%. As is obvious from the method of calculation, this quan-

The fraction of ionic character

tity is correlated with the determined dipole moment and should
be interpreted with caution. For the quartet states, particularly
high values are observed for Li containing molecules.

With the finite field calculations, we performed in order to de-
termine the dipole moment, we could also determine the polariz-
abilities of the molecules along the internuclear axis. Graphics a)

Journal Name, [year], [vol.], 1-10 |5
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Fig. 4 The upper plot shows the PEDMs for several AK-AKE molecules
in the lowest quartet state. Note that the axis is reversed so that the
highest bar corresponds to the most negative value. The graphics below
shows the corresponding dissociation energy for a direct comparison.

of Fig.5 shows the polarizabilities for the ground state, which
increase with atomic mass. These values are about 3.7 (with an
variation from 3.4 to 4.0) times larger than the mean of the polar-
izability of the atoms involved. The polarizabilities for the quar-
tet states show stronger variations (from 1.8 to 7.7 of the mean
of the atomic pol.) than for the doublet states, as can be seen in
graphics b) of Fig. 5. Furthermore, there is a pronounced increase
of polarizability for heavy AKE atoms, but no clear trend for the
AK atoms. This dependence is probably related to the lowering
of the first excitation energy when going from light to heavy AKE
atoms. An increased mixing of the s-orbital of the AK atom and
the p-orbital of the AKE atom facilitates a change in the electron
density distribution.

3.3 Qualitative Picture

Typical potential energy curves and PEDM curves for the low-
est X1 states in the two multiplicities are shown in Fig.6. The
lowest 227 is strongly bound with a positive PEDM. The PEDM
approaches zero for large internuclear distances as expected for
neutral molecules. In contrast, the lowest Tt state is weakly
bound with a negative PEDM. In general, the maximum zh)
or minimum (*T1) of the PEDM curve is found for internuclear
distances smaller than the equilibrium distance. The results dis-
played in Fig. 6 refer to LiBe, but the same behavior was previ-
ously observed for LiCa,3® RbCa,%? and RbSr.%3 In the current
study, all 16 AK-AKE molecules confirm this trend. However, this
behavior is not very pronounced for LiSr, and a different sign of
the dipole moment can be expected in the ground state if Ba or
Ra atoms are combined with Li. In fact, this has been observed
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Fig. 5 Finite-field polarizabilities in the doublet ground state (upper
graphics) and the lowest quartet state (lower graphics), calculated at the
corresponding equilibrium geometry.

by Gou et al..%*

Our findings are summarized in Fig. 7. The ground state, dis-
played in graphics a), shows a smaller bond distance. The dipole
moment is positive, the vector of the dipole moment points from
the AKE atom (++) to the AK atom (+). This is the result of
the center of charge of the electrons being closer to the AKE atom
than the center of positive charge. The quartet state has a larger
bond distance and a negative dipole moment. The center of elec-
tron charge is now closer to the AK atom than the center of pos-
itive charge. We explain this behavior by the orbital occupation
indicated on the right side of Fig. 7. In the ground state (a)) the
15t orbital, mainly an s-orbital around the AKE atom,| is doubly
occupied. The 2™ orbital, mainly a mixture of s-orbitals from the
AK atom and p-orbitals from the AKE atom, is singly occupied.
Because the AKE orbital mixes into it, it is not centered at the
AK atom. Therefore, the center of negative charge is closer to
the AKE atom, and a positive PEDM is obtained in our coordinate
system. This agrees with the situation indicated by the atomic po-
larizabilities. In general, the AK atoms have larger polarizabilities
than AKE atoms. In the ground state, the highest occupied AK or-
bital should deform more easily and mix with AKE orbitals. The
situation is different for the lowest £+ state in the quartet multi-
plicity ( b) in Fig. 7). Since all spins need to be aligned, the Pauli
principle does not allow for a double occupation of the 15t or-
bital. Therefore, one electron is transferred from this orbital into
the 34 orbital, which is a mixture of s-orbitals from the AK atom
and p-orbitals from the AKE atom. For this reason, it has a prob-
ability density close to the AK atom, which changes the direction
of the PEDM compared to the ground state. The 3™ orbital also

|| The isosurfaces of the three orbitals indicated on the left side in Fig. 7 can be found
in the supplementary material.”

This journal is © The Royal Society of Chemistry [year]
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Fig. 6 Potentials and PEDMs of the lowest =" state in the doublet and
quartet multiplicity for the LiBe molecule.

mixes s- and p- orbital contributions in a similar way as the 2"d
orbital does. However, unlike the 27 orbital, it has an additional
node between the atoms, not only at the center of the AKE core.
It corresponds, at least approximately, to the antibonding coun-
terpart of the 2°¢ orbital, which explains the small dissociation
energy of the lowest “T7 state.

st
1+
3p—
=

Fig. 7 A visualization of the charge distribution in our set of 16 AK-AKE
molecules (no absolute scale). The AK (+) atom is shown in red, the
AKE (++) atom in blue. Center of mass, positive and negative charge
are indicated by arrows. On the right side the orbital occupation
discussed in the text is depicted. Calculated isosurfaces of the
corresponding orbitals can be found in the supplementary material.”

3.4 Dipole Moment Predictions

In this section we attempt to describe and predict the behavior of
the dipole moment in the ground state due to its experimental im-
portance for several applications mentioned in the introduction.
The PEDMs of the lowest " state of the quartet multiplicity are

This journal is © The Royal Society of Chemistry [year]
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well correlated with the dissociation energy, which is not the case
for the ground state. However, we find the following empirical
equation to reproduce the dipole moments surprisingly well for
all species under investigation:

as

D. €3]

Ue = ay -sign(AEN) - \/|AEN|+ay - Py +
This model requires the difference of electronegativities AEN, the
mean of the atomic polarizabilities P, and the dissociation en-
ergy D, as input for the evaluation of the dipole moment. We
note that it does not have yet a clear theoretical justification, as it
was derived from an analysis of correlations between the dipole
moment and atomic properties by a simple trial and error ap-
proach. However, it agrees very well with the available ab initio
data, as can be seen from Fig. 8, although it only requires three
fitting parameters a;,a; and az. At least the occurrence of the
atomic descriptors in the formula can be readily justified. The
difference in ENs accounts for the pull on the electron density,
and the corresponding contribution to the dipole moment must
therefore be related to a charge transfer. We do not have an expla-
nation for the square root dependence, which made it necessary
to also introduce the sign function in order to have the sign of
the EN difference correlate with the direction of dipole moment.
Because the value of the EN difference covers only a region form
-0.1 to 0.9 other functions might also be suitable to capture the
behavior. Slightly worse results are obtained for functions like
as - (AEN — AETNZ> or the bounded a3 - tanh (AEN). The increase
of the PEDM with increasing mean polarizability is easily under-
stood by the greater spacial flexibility of the electron distribution.
However, an explanation for the third term in Eq. 1 is less straight-
forward. The corresponding fitting parameter a3 takes a negative
value in the model, therefore reducing the dipole moment pro-
portional to the inverse of the corresponding dissociation energy.
In other words, the weaker the bond, the more effectively this
term reduces the dipole moment. This last contribution is not
fully understood, but both properties are related to the spatial
distribution of the orbitals.

This empirical model allows us to predict the dipole moments
for other AK-AKE molecules. However, while the required ENs
and the atomic polarizabilities can be found in Ref. 96 and 95,
the dissociation energies need to be estimated. For Ba, the values
from Ref. 64 have been used. The potential depth of molecules
including Cs or Fr were extrapolated with an exponential func-
tion from values for smaller AK atoms, since an exponential
dependence was observed for the dissociation energy in Fig. 3.
These results, together with previous theoretical results for AK-
AKE molecules beyond our test set,1:63:64 are shown in Fig. 8.
We note that Gou et al. ®4 neglected the polarization of the cores,
which might explain their larger amplitudes, similar to what we
observed without core polarization potentials (Fig. 1). A detailed
comparison between predicted and previous values is given in the
supplementary material.’

4 Conclusion

The lowest I states in the doublet and quartet manifold for
a selection of 16 AK-AKE molecules were analyzed at the MC-
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Fig. 8 Dipole moment predictions as described in the text (o). The three parameters of the model were determined by fitting to the ab initio results of
this work (x). The resulting model shows good agreement with results from previous theoretical treatments (x) listed in Table 2. Additional values have
been added for the CsMg (Ref. 61), CsSr (Ref. 63) and AK-Ba molecules (Ref. 64).

SCF+MRCI level of theory. Trends for the PEDMs, equilibrium
internuclear separations, dissociation energies, and polarizabili-
ties along the internuclear axis were discussed. We find that the
PEDMs of the lowest XT state in the doublet and quartet multi-
plicity are pointing in opposite directions for all molecules under
investigation, which is in line with previous calculations. This be-
havior was explained in a molecular orbital picture. We further
presented an empirical formula which describes the PEDM in the
2yt state as a function of two atomic descriptors (electronegativ-
ity, polarizability) and the dissociation energy. After fitting three
parameters of the formula to our test set, we used this model to
successfully predict the PEDM of several AK-AKE molecules be-
yond our initial test set.

The PEDM is important for applications of ultracold molecules,
since it is the essential parameter for the interaction with mi-
crowaves, and, in combination with the polarizability, for the
alignment in electric fields and optical lattices. A high PEDM is
favorable because lower intensities and field strengths are suffi-
cient to manipulate the molecules. In our study we find the high-
est PEDM for combinations with Be. However, handling these
molecules might be a problem in the experiment due to the tox-
icity of beryllium. Good alternatives with high PEDM are RbCa,
KCa, and RbSr, with the latter being the most promising candi-
date at present.’4 Our extrapolation formula indicates that CsCa
might also be a promising choice.
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