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Abstract

A theoretical study of metal containing diatomic molecules:
Quantum chemical studies on selected systems featuring electric and
magnetic dipole moments

Over the last decades quantum chemical calculations have become a valuable tool in
understanding and predicting the behavior of molecules. In this work, computations
for several metal containing molecules were performed which are relevant in current ex-
periments of our group. Several ab initio methods have been used in the course of the
work, for example multiconfigurational self-consistent field, multireference configuration
interaction, and coupled cluster calculations. This study focuses on diatomic heteronu-
clear molecules, which have a permanent electric dipole moment of varying strength in
their ground state. All molecules treated in this thesis have an open shell with a related
magnetic dipole moment resulting from the unpaired spins of the valence electrons.

The chromium atom has one of the largest magnetic moment of all known elements. In
a benchmark study we investigated how the electronic structure of this atom is influenced
by a weakly interacting noble gas, the helium atom. To this end, several electronic states
in different multiplicities were computed.

The main part of this thesis was concerned with the investigation of alkali-alkaline
earth molecules (AK-AKE). In an earlier work it was shown that LiCa can be analyzed
reliably by a combination of ab initio calculations and helium nanondroplet isolation
spectroscopy. Two other molecules of this group were investigated in detail, RbSr and
RbCa. Our theoretical results could be used to simulate spectra, which were then
compared to experimental data of our group. Additionally, we studied the lowest doublet
and quartet X7 state for 16 AK-AKE molecules. Properties of the bonds and dipole
moments were determined for the whole group and compared to each other.






Kurztassung

Theoretische Untersuchungen an metallischen zweiatomigen Molekiilen:
Eine quantenchemische Betrachtung ausgewihlter Systeme mit
elektrischem und magnetischem Dipolmoment

In den letzten Jahrzehnten haben sich quantenchemische Berechnungen als ein wertvolles
Instrument etabliert, das es uns erlaubt, das Verhalten von Molekiilen zu verstehen und
vorherzusagen. In dieser Arbeit wurden Berechnungen fiir eine Auswahl von Molekiile
durchgefiihrt, die fiir die Experimente in unserer Gruppe relevant sind. Im Laufe der
Arbeit wurden einige ab initio Methoden verwendet, wie zum Beispiel Multiconfigu-
rational Self-Consistent Field, Multireference Configuration Interaction oder Coupled
Cluster Berechnungen. Diese Studie beschrinkt sich auf zweiatomige heteronukleare
Molekiile, welche ein permanentes elektrisches Dipolmoment von variierender Stirke im
Grundzustand haben. Alle betrachteten Molekiile zeichnen sich auferdem durch eine
offene Schale mit einem dazugehorigen magnetischen Dipolmoment aus, das durch die
ungepaarten Spins der Valenzelektronen verursacht wird.

Das Chromatom besitzt eines der grofkten magnetischen Momente aller Elemente. In
der vorliegenden Arbeit wurde untersucht, wie sich die elektronische Struktur dieses
Atoms durch ein schwach wechselwirkendes Edelgas, ein Heliumatom, verandert. Dazu
wurden mehrere elektronische Zustédnde in unterschiedlichen Multiplizitdten berechnet.

Der grofste Teil dieser Arbeit beschéftigt sich jedoch mit der Untersuchung von Alkali-
Erdalkali Molekiilen (AK-AKE). In einer fritheren Arbeit wurde gezeigt, dass LiCa mit
einer Kombination von ab initio Berechnungen und Helium Nanotropfchen Matrix Iso-
lations Spektroskopie zuverlédssig beschrieben werden kann. Zwei weitere Molekiile aus
dieser Gruppe, RbSr und RbCa, wurden im Detail untersucht. Die Resultate dieser
Arbeit wurden zur Simulation molekularer Spektren verwendet, die darauf mit experi-
mentellen Daten unserer Gruppe verglichen wurde. Des Weiteren wurden die niedrig-
sten X Zustidnde der Dublett und Quartett Mutliplizitit von 16 AK-AKE Molekiilen
untersucht. Bindungseigenschaften und Dipolmomente wurden fiir die ganze Gruppe
bestimmt und miteinander verglichen.

Vil






Words bend our thinking to infinite paths of self-delusion, and the fact
that we spend most of our mental lives in brain mansions built of
words means that we lack the objectivity necessary to see the terrible
distortion of reality which language brings.

Dan Simmons, Hyperion
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Chapter 1

Introduction

1.1 Motivation

This work was initiated by the demand for theoretical support of measurements per-
formed in our group. In these measurements, atoms and small molecules were put on
superfluid helium nanodroplets and investigated by multiphoton laser ionization and
laser induced fluorescence. In the course of this work we simplified or neglected the
interaction with the helium environment and computed properties for a selection of ex-
perimentally relevant diatomic open shell molecules. These molecules with one or more
unpaired electrons in the ground state have a magnetic dipole moment which can be used
to manipulate them. In a previous experiment single alkali atoms were put on superfluid
helium nanodroplets and analyzed by optically detected magnetic resonances|14] [15]. A
follow-up project was dedicated to the study of atomic chromium which has one of the
largest magnetic moments of all elements. Its six unpaired electrons in the "X+ ground
state result in a magnetic moment of 6 . Chromium is the first atom for which the auf-
bau principle fails (occupation of [Ar| 3d® 4s!) due to the energetic proximity of the s- and
d-orbitals. The experimental investigation was carried out by Andreas Kautsch|16-19).
In order to understand the experimental results for chromium on helium nanodroplets
we started with a benchmark study of the interaction of a single Cr atom with a single
He atom (chapter[2 [20]). Several excited states with differing multiplicity have been
determined for this molecule. In a further analysis, performed by my colleague Martin
Ratschek, the diatomic interaction was used to predict the behavior of chromium on
superfluid nanodroplets|4], 21].

Later chapters of this work are concerned with the investigation of alkali-alkaline
earth (AK-AKE) molecules. The alkali atom contributes one valence electron, the al-
kaline earth atom two. As a consequence, the resulting molecules possess a magnetic
moment due to the remaining open shell. Additionally, these heteronuclear molecules
have a permanent electric dipole moment of varying strength. This combination of mag-
netic and electric moment makes these molecules interesting for future experiments (see
section. Experiments on these molecules were performed by Florian Lackner and
Giinter Krois[22], 23]. Initially, we studied the LiCa molecule|2]. This molecule was the
benchmark for our approach since it had already been studied in the gas phase[24] 25].
The second molecule under investigation was RbSr, which shows promise for applica-
tions in ultracold molecular physics|26]. Multiphoton laser ionization spectra and laser
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induced fluorescence spectra were obtained by helium nanodroplet isolation spectroscopy
and compared to computations[5H7]. RbCa was the third molecule studied in detail by
experiment and theory[8], with no previous theoretical or experimental data available
for excited states. Here we extended our theoretical investigation towards a whole series
of AK-AKE molecules with the aim to understand and model trends in their proper-
ties. We were particularly interested in the permanent electric dipole moment and its
behavior for the whole group. A simple empirical model was derived for this property
and applied to a selection of molecules not treated in our ab initio computations.

1.1.1 Structure of the thesis

This thesis consists of a general introduction and four chapters that correspond to dif-
ferent publications.

e In chapter [I| we shortly summarize the applied methods and introduce denomina-
tions commonly used for diatomic molecules.

e Chapter |2 contains the results for CrHe with a short discussion of the relation to
the experiment.

e Several electronic states for RbSr are presented in chapter |3| including spin-orbit
interaction. These results are then used to understand laser induced fluorescence
measurements of our group.

e A combined theoretical and experimental analysis of the RbCa molecule is given
in chapter

e Chapter [o| compares the potential energy curves and a selection of other properties
in the lowest X7 states of 16 AK-AKE molecules.

1.1.2 Ultracold molecules

Molecules with a temperature below 1 mK are considered "ultracold”. A selection of
recent reviews discussing the production and applications of these molecules is given in
refs. 27H33. Ultracold molecules can either be produced directly by cooling or indirectly
by the formation of molecules from ultracold atoms. There are several strategies for
the direct cooling of molecules|31], as for example the deceleration of molecular beams,
buffer gas cooling, and laser cooling[34, [35]. However, it is more challenging to cool
molecules than atoms due to the additional degrees of freedom stemming from vibra-
tions and rotations. The indirect production is achieved by the controlled formation of
molecules from ultracold atoms. Common methods for this production are photoasso-
ciation, magnetoassociation (Feshbach resonances|30, 37]), coherent population transfer
(for example stimulated adiabatic Raman passage — STIRAP) and combinations of these
methods|28], [38-41].

The first molecules in the ultracold temperature regime were homonuclear alkali
dimers, specifically Csy[42-45], Ko[46], and Rby[47]. Recently, an ultracold alkaline
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earth dimer, Sry[48], has been produced. These diatomic molecules have neither a per-
manent electric dipole moment nor a magnetic dipole moment. The requirement of a
permanent electric dipole moment for certain applications|32] made the production of
heteronuclear alkali molecules a logical consequence. Among the first ultracold polar
molecules are KRb[49-53], RbCs|54H56], NaCs[57], and LiCs|[58)].

The next step is the production of ultracold molecules with a permanent electric dipole
moment and a magnetic moment originating in an unpaired spin. Candidates for cooling
to ultracold temperatures can roughly be separated in two groups corresponding to their
proposed production. The first group, consisting of AKE halides or Yb halides, might
be cooled down to ultracold temperatures by laser cooling or deceleration in magnetic
or electric fields[59, 59]. The second group, AK-AKE and AK-Yb molecules, might be
formed from precooled atoms in magneto-optical traps. These atoms are good candidates
for this approach, because they can be trapped and cooled efficiently. For example,
Bose-Einstein condensation was already achieved for alkali atoms [60H62], alkaline earth
atoms[63] [64], ytterbium[65] and chromium[66, [67]. One step along the formation of
ultracold molecules are combined traps for two quantum degenerate atomic gases which
has been realized for RbSr|26] and LiYb[68-70].

Ultracold molecules are interesting because decoherence of the systems under investi-
gation is reduced, which leads to an increased importance of quantum mechanical effects.
On the other hand, the cold temperatures reduce the noise and allow for precise measure-
ments and enhanced control in experiments. The quantum nature of ultracold ensembles
can be used simulate quantum mechanical systems and quantum phase transitions with
polar molecules|33, [71H78]. The additional magnetic moment of AK-AKE molecules
would enable the realization of more complex systems|[79]. Another possible future
application is quantum computing[80], maybe using molecules captured on computer
chips[81H84]. At cold and ultracold temperatures, only very few states are thermally
populated, which enables precise control of chemical reactions starting from one or a
few initial states[85-87]. The reduced noise in this temperature regime can also be used
to increase the precision of measurements of fundamental physical properties|88]. One
example is the measurement of the proton to electron mass ration and it variation with
time[89H92]. Also, the invariance of the fine structure constant might be tested[93] [O4].
Ultracold polar molecules without|95] [96] or with a magnetic|97, O8] moment have been
suggested for high accuracy measurements of the electron electric dipole moment. This
is of interest because certain extensions of the standard model predict a higher value
of this property than the standard model[99, 100]. Finally, also the investigation of
the anapole moment or fundamental symmetries have been discussed in the context of
ultracold molecules|101], [102].

1.2 Diatomic molecules

This work is mainly concerned with diatomic molecules. Therefore, a short introduction
in common concepts and notations is given here. The Hamiltonian of a system consisting
of atoms A and B and N, electrons can be written (in atomic units) as:
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~ 1 1 1
A== -v?- —v2_ _— V2
2" 2My 4 2Mp P
N, N,
< 1 < Za Zp ZAZB
+ Y ——=-> | = 5 2 |+ ————= (L1
i j=Tri< |7 — 75 i=1 \ |Rq — 7 Rp — 7, R4 — Rp

R; and r; are the coordinates of the atomic cores and electrons, respectively. The
masses of the atomic cores are given by M, their charges by Z;. The Hamiltonian
consists of following contributions:

. Ne 4
T, (r) = —Zﬁvg, (1.2)
=1

the kinetic energy of the electrons,

~ 1 1

Tn (R) = — Vi — =V} 1.3
N (R) 50, VAT 90, % (1.3)

the kinetic energy of the nuclei,

. Ne 1
Vee (r) = Z [ (1.4)
ig=lii<j 111~ TJ

the energy of the interaction of electrons,
ZaZp
2 (15)

Vi (R) = - - |2
‘RA — Ry

the energy of the interaction of nuclei, and

Ne

Vve(r,R) ==

=1

Z Z
- A 2+ - B
Ba-r|  |Rp-7

| (1.6)

the energy of the interaction between electrons and nuclei.

The whole system is described by its wave function U which can be determined by
solving the time-independent Schrédinger equation (HW = EW). Typically, a separation
of variables is applied to obtain solutions of this equation. With this approach the
problem can be split into two parts. The first part is given by the electronic Schrodinger
equation for a fixed set of nuclear coordinates,

~ ~

(7. (1) + Vee () + Vv (2. R) + Vi (R)) 9, (0. R) = B, (R) 6, (0 R), (L)

with ¢, (r, R) denoting the electronic wave function. The corresponding energy eigen-
value F, (R) for the electronic state n can be determined for different positions of the
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nuclei, which yields the so called potential energy surface (PES). In the case of diatomic
molecules there is only one significant intermolecular coordinate, the separation of the
nuclei. Therefore, the potential energy surface is reduced to a potential energy curve
(PEC). The determination and description of PECs is outlined in section[l.3] The term
\A/NN is only a constant for fixed nuclear coordinates and shifts the energy eigenvalues.
The total wave function can then be expanded in the basis of electronic excitations with
expansion coefficients dependent on the nuclear coordinates:

Vot = Z‘I’ ) - Un (r,R). (1.8)

This wave function allows to calculate properties of the diatomic molecules (e.g. vibronic
transition probabilities) which is described in section[1.4] Using this expression together
with the abbreviations given by equations[L.2] to[I.6] we can write the Schréodinger equa-
tion for the total system as:

(fN (R) + T (r) + Vi (r) + Vye (1, R) + Vi (R ) Z ¥, (R)- ¢, (r,R) = 0
(1.9)

Using equation[L.7] this becomes:

3 (fN (R) + E, (R) — E) U, (R)- ¢, (r,R) = 0 (1.10)

n

We multiply this equation by 1, and integrate over all electron coordinates to obtain:
S [ drvn (o R) (T (R) + By (R) ~ B) 0, (R)- 0, e R) =0 (L1)

Applying the orthogonality of the electronic wave functions ( [ dr ¢, (r,R) ¢, (r,R) =
dmn) following expression is obtained:

3 < / dr i, (r,R) Ty (R) ¢, (r,R) + (B, (R) — E) 5mn) T, (R)=0  (1.12)

n

The nuclear kinetic energy operator yields the following expression if it is applied to the
total wave function:

e e B T () R () = =3 e ([ ) S B
+ / drey, (r.R) 81/1%(;1%) a%”R(IR) +2 a"R(%R) 6mn> (1.13)

The third term on the right hand side of this equation is simply the nuclear kinetic
energy operator applied to the nuclear wave function. The other two expressions contain
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derivatives of the electronic wave function with respect to the nuclear coordinates. Using
this, equation|1.12] can be rewritten as:

(fN (R) + E,, (R) — E) 7, (R)

1 . Y, (r,R) Y, (r,R) 0 B
—anzljz—M]/drwm(r,R)( s PR S n R =0 (11

J/

-~

Amn

In this expression different electronic states are coupled to each other by the non-
adiabatic coupling terms (A,,,). In most cases these terms are small, especially if the
energies of the corresponding electronic states are significantly different for the relevant
nuclear configurations. In this cases the Born-Oppenheimer or adiabatic approximation
is applied and the coupling terms are neglected, which leads to following equation:

(fN (R) + E,, (R) — E) U, (R) =0 (1.15)

The Born-Oppenheimer approximation fails in the case of crossing (e. g. conical intersec-
tions) or nearly crossing potential energy surfaces (e.g. avoided crossing). An example
for avoided crossings is plotted in figure[I.I], which contains a selection of electronically
excited states of RbCa with the same symmetry and spin. In figure[l.]] there is an
avoided crossing close to 10 A for the 52IT and 6211 states and at about 11 A for the 6211
and 7211 states. The PECs approach each other energetically at first but are repelled
eventually. Related to this, a change of the permanent electric dipole moment (PEDM)
can be observed, which is depicted in the last row of the figure. It is also obvious that
the transition dipole moment is influenced by avoided crossings.

Within the Born-Oppenheimer approximation the PECs are continuous and do not
cross, see figure[l.I, However, in regions of close lying electronic states the adiabatic
approximation is no longer valid. With it also the concept of potential energy curves is
lost, especially in the case of crossings or avoided crossings. A good discussion of non-
adiabatic effects and their treatment in diatomic molecules can be found in the book by
Lefebvre-Brion and Field[103]. In larger systems conical intersections become relevant
which are treated in detail in ref. [104.

1.2.1 Hund’s cases

For higher accuracy, the description of diatomic molecules needs to be extended by an-
gular momentum coupling effects. The relevant physical quantities are listed in table[I.1]

mentum (ﬁ in table|l.1) are good quantum numbers, i.e. conserved quantities. The
relative magnitude of the contributions depends on the involved atoms, the bonding
and the actual rovibronic state. The nuclear spin I only contributes a small magnetic
dipole moment and can often be neglected. Other hyperfine interactions, such as the

For the complete Sﬁtem only the total energy, the parity and the total angular mo-
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x10% RbCa - avoided crossings

TDM? [e?al]

PEDM [ea]

R [A]

Figure 1.1: The energies (upper panel), the transition dipole moments with the ground
state (middle panel) and the permanent electric dipole moments of several
excited states in the doublet manifold of the RbCa molecule are shown as
determined by a MRCI calculation. Two prominent avoided crossings can be
observed.

electric quadrupole moment of the cores and the spin-rotation interaction, are also often
omitted. In this approximation, the total angular momentum without nuclear spin J
is a good quantum number and will be used for the discussion of Hund’s cases (see ta-
ble. In this approach fine structure effects are included, as for example interactions
related to the spin of the electrons. In atoms, two cases arise for the coupling of the
spins of the electrons and their orbital angular momentum. The theoretical treatment
of spin-orbit coupling is described in section[I.6] In the case of LS-coupling the total
orbital momentum of the electrons (L) couples to the total spin of the electrons (S).
For jj-coupling, the spin and orbital angular momentum of each electron couple more
strongly. The total angular momenta of the electrons ( j_;) are then coupled to each other.
In the case of molecules, the coupling to the internuclear axis and the molecular rotation
have to be considered as well. This leads to the Hund’s cases listed in table[l.2] which
differ in the relative strengths of their couplings.

For each Hund’s case the dominant couplings are taken into account. This results in a
specific splitting of states and related quantum numbers that are "good”. These quantum
numbers are listed in the second column of table[l.2land can be used to address the states.
In contrast, weak couplings lead to a small splitting, which is completely neglected in
the context of the Hund’s cases. The related states are all degenerate, but there is
a difference in the number of degenerate states as can be seen in the fifth column of
table The third column shows the considered parts of the total Hamiltonian in
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Table 1.1: Angular momenta and spins relevant for molecules. The projection for L and
N, as well as for J and J are the same because the projection of R on the
molecular axis has to be zero for the molecule fixed coordinate system.

Description Symbol and coupling Projection
orbital angular momentum of one electron l; Ai
total orbital angular momentum of the

s L=y A

electrons
spin of one electron S; 0
total spin of the electrons S = Zf\;i 5i >
total angular momentum of the i*® electron ji=l+s Wi
total angular momentum of the electrons J=L+S / Zfii ji Q
nuclear spin of the i*" atom I, -
total spin of the nuclei I= SV [; -
angular momentum of the rotation of the 7 0

nuclear framework
total angular momentum without nuclear .
su e N=R+L A
spin and electronic spin
total angular momentum without nuclear

spin and orbital angular momentum of the O=R+S -

electrons

total angular momentum without nuclear > = o o
8 : J=R+L+S Q
spin

total angular momentum F=R+L+S+1 -

the different cases. These contributions should be significantly larger than the other
parts for the vahdlty of a certain Hund’s case. Solutions for the electronic Hamiltonian
(Hez, equatlon can be obtained by standard quantum chemistry packages. In these
programs, > and S are well defined if spin-adapted configuration state functions are
used. In certain cases, the projection of the orbital angular momentum of the electrons
A can be assigned by symmetry considerations. Methods for molecules with heavy atoms
which have a significant spin-orbit interaction (H,,) are discussed in section. The
Hund’s cases are applicable under following circumstances:

e Hund’s case (a)

This is the most widely used case and describes molecules comprised of light atoms
with small spin-orbit splitting and low rotational quantum numbers. Here, the
projection of the total orbital angular momentum (A), the projection of the total
spin of the electrons (X)), and the projection of the total angular moment of the
electron hull (§2) are good quantum numbers. In the reduced Hamiltonian parts
of the rotational Hamiltonian and the spin-orbit Hamiltonian are neglected. The
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Table

1.2: A summary of Hund’s cases following ref.[103. Good quantum numbers are
used to identify the unique states of a basis set, quantum numbers corre-
sponding to the operators in the second column in table[l.T] are given by the
same symbol without a vector arrow. The quantum number n represents
additional quantum numbers which are not considered by Hund’s coupling,

as for example the vibrational quantum number. C'(...,...) represents the
strength of coupling, M refers to the molecular axis.
case basis Hiag strength of coupling degeneracy
(a) | [nJSQAY) H, + BJ? C EJ\Z[) >C(E,§> >C<E+§7ﬁ) 2 /1
0) | mISNA) | B+ BN | (L) >c(D+5.R)>c(Ld) | P /+ 1)-
(c) c E,§>>O(E,]\7[>>C<E+§,ﬁt> 2 /1

[+8.R)>c(Lai) > c(Ls) | Lt

J’_
InJSNNT) (28 + 1)

InJJ.R) C

(
(
nJQ) | Ha+ Hy,+BJ” | C(
(
(

expression for rotational energy is given by FE,.,, = B[J(J+1) —Q?] (eq. V, 12
in ref.[105)), which is also used in the Level 8.0 program|106].

Hund’s case (b)

This case becomes relevant for high rotational quantum numbers. The coupling
between the orbital angular momentum of the electrons (L) and the rotation (F)
is more significant than the coupling between the orbital angular momentum and
the spins of the electrons(f, S ). It is also the relevant coupling case for all states
with A = 0.

Hund’s case (c)

In this case there is significant coupling between the orbital angular momentum
and the spin of the electron. This is mostly the case for heavy atoms in the lower
rows of the periodic table (for example Rb and Sr). It has the smallest number of
good quantum numbers.

Hund’s case (d)

This Hund’s case describes Rydberg complexes, molecules with highly excited elec-
trons in a large orbital with a small probability density in the core region. The
system is separated in a core part and in the Rydberg electron|103]: L= Ecore +1.
N is the operator for the core that corresponds to N. This separation into core
and Rydberg part also appears in the reduced Hamiltonian in table[1.2]

Hund’s case (e)
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A rare case that describes a Rydberg complex with a core that shows spin-orbit
splitting.

1.2.2 Designation of states

Hund’s cases (a) and (b)

Depending on the Hund’s case there are different notations used to address a state. The
following expression is common for Hund’s case (a):

N 25+1Afgz) 9 (1.16)

Different states which agree in all quantum numbers used in this expression are dis-
cerned by the index N, which labels them either by letters or by numbers. In the first
case, an "X” is used for the ground state. Other states in the same multiplicity are then
addressed by uppercase letters starting with "A”. For states in a different multiplicity
lowercase letters beginning with ”"a” are used. The second and more straightforward
method is to use numbers for the states starting with 71”7 for the lowest state. The
superscript (2S5 + 1) is the multiplicity, which is determined by the total spin of the
electrons. In table[l.3] values of the multiplicity relevant for this work are listed together
with commonly used designations.

Table 1.3: The total spin of the electrons (5), the corresponding value in the designa-
tion of the states (25 + 1) and the commonly used names for the different
multiplicities are given.

S-value | 0 1/2 1 3/2 2 5/2 3
25+1 1 2 3 4 5 6 7
name singlet doublet | triplet quartet | quintet | sextet septet

In the case of A, the projection of the total orbital angular momentum of the electrons,
uppercase Greek letter corresponding to the common lowercase letters used for orbitals
(s i =0,pe l;=1,d& [; =2, ...) are used. The most common A-values and
their assigned symbols are given in table[I.4]

Table 1.4: Symbols used to replace the value of the projection of the total orbital angular
momentum of the electrons (third column in table.
A-value |0 1 2 3
symbol | X IT A o

The superscript sym following the main expression in the designation is related to
the reflection symmetry for a plane containing the internuclear axis (+ for symmetric
and — for antisymmetric wave functions). In Hund’s case (a) it is only used for Y-states

(A =0).

10
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The possibilities for the subscript in expression [1.16] are more diverse. The numerical
value of the projection of the total angular momentum of the electrons (£2) might be
used. For homonuclear molecules the subscripts g or u are used, abbreviations for gerade
or ungerade, respectively. In the case of homonuclear dimers, if the atoms get close the
orbitals interact and are split into two similar orbitals of different parity. For a gerade
parity the system is symmetric for a point reflection at the center, for ungerade it is
antisymmetric.

A similar notation can be used for Hund’s case (b). However, the subscript € is
omitted since the projection of total angular momentum of the electrons is ill defined in
this case.

Hund'’s case (c)

For Hund’s case (c¢) the following notation is used:

N (1.17)

The counting of states with the same symmetry by "N” is done as described above.
The states are addressed by the numerical value of the projection of the total angular
momentum of the electrons (2). Additionally, in the case of 2 = 0 the symmetry of the
states is distinguished by a superscript (sym) that is either + or —. For homonuclear
diatomic molecules the parity can be given again by the subscripts g or w.

Vibrational and rotational states

Electronic states including angular momentum coupling can be addressed with the nota-
tion above. Additionally, they have vibrational and rotational sublevels. These levels are
denoted by using the respective quantum numbers, v for the vibrational states, and J or
N for the rotational states. In figure[l.2] two electronic states including vibrational lev-
els are shown, including some common spectroscopic quantities describing these states.
In general, quantities associated with the ground state are denoted by a double prime
(", i.e. wj / V") and quantities associated with the excited state with a single prime(’).

The subscript e identifies the values at the equilibrium position of the molecules. The
values for the lowest vibrational level are denoted by the subscript 0. The vibrational
constant w, is given by the curvature of the potential at the equilibrium internuclear
separation. The energy difference of the two lowest vibrational levels wy can be estimated
with w, and the asymmetry parameter w.x..

Wo R We — 2WeLe (1.18)

The calculated dissociation energy D, and the observed one D, differ by the zero-point
energy. The zero point energy can be estimated using the vibrational constants:

hw hwe  hwe
D, = Dy + ZPE = Dy + =0 — D 4 Xe _ IXT
2 2 4
The permanent electric dipole moment can either be given for the equilibrium distance
of the molecule y, or averaged for the n'" vibrational level u,; the same can be done for

the rotational constant B,,.

(1.19)

11
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Figure 1.2: Showing the notations for vibronic transitions

1.2.3 Selection rules for molecular transitions

The selection rules for optical transitions for a certain Hund’s case are given in table[l.5]
These rules can be derived from symmetry considerations for the transition integrals.

Table 1.5: Selection rules for transitions if a certain Hund’s case is assumed|L105].

(a) (b) (c) (d)
AJ=0/+1 AJ=0/+1 AJ=0/+1 AJ=0/+1
J=0 4% J=0 J=0 4% J=0 J=0 4% J=0 J=0 4% J=0
AAN=0/+1 AAN=0/+1 AQ=0/+1 AN =0/+1
DIREER7I M DIREER7I D Ve 07 & 0~ AL=0/+1
AS =0 AS =0 AR=0

AY =0 AN =0/+1
for Q=0+ Q=0: for ¥ + > for Q=0+ Q=0:
AJ #0 AN #0 AJ #0

For homonuclear diatomic molecules there is an additional rule, only transitions gerade
to ungerade or ungerade to gerade are allowed (g <> u, g ¥ g, u ¥ u). The first two
rules in table[l.5]hold for all coupling cases, because J is always a good quantum number
if the nuclear spin is neglected. The multiplicity can not change (AS = 0) in Hund’s
cases (a) and (b). These coupling schemes apply to molecules consisting of atoms found
in the upper rows of the periodic table. Similarly, Hund’s case (c¢), with strong spin-
orbit coupling, is rather relevant for molecules containing heavy atoms. More details on

12
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selection rules and how they manifest in spectra of diatomic molecules can be found in
the book by Herzberg[I05] or the book by Lefebvre-Brion and Field|I03]. In the case of
polyatomic molecules and quantum chemical computations similar transition rules can
be derived relying on symmetries and point groups, see section [1.3.10]

1.3 Theoretical Approach

The next sections give an outline of theoretical methods used in this thesis. First, the
description of the electrons and the atomic core in wave function based ab initio compu-
tations is introduced. Next, the Hartree-Fock procedure is mentioned followed by several
methods to obtain the correlation energy. Thereafter, some general considerations con-
cerning these calculations are presented. Finally, the description of electronic states by
potential energy curves is discussed in combination with vibrational considerations.

1.3.1 Description of the electronic wave function

The first part of the problem is to solve the electronic Schrédinger equation (equation
and to determine the potential energy curve E,, (R). In general, this is done by describing
the orbitals of the electrons with a set of localized or non-localized basis functions (x;).
In this work localized, i.e. atom-centered, basis sets were used. The most common
localized basis functions are Gaussian type orbitals, which allow integral evaluations via
analytical expressions. In this case, the basis functions are of the following form:

Xi = ix"‘y"zhf”'(‘rzﬂ/%r%) (1.20)
N

N is the normalization factor, x, y and z are the Cartesian coordinates. The parame-
ters m, n, | and a define the function and optimized values are available for each atom
from different publications and databases such as EMSL[IT] 12], T07]. More information
on basis sets can be found in ref.[108. Localized basis sets are well suited for the de-
scription of molecules. However, an intrinsic problem of their application is the basis
set superposition error (BSSE). If atoms are getting closer, the basis functions of one
atom are used to describe the other. This causes a unphysical lowering of the energy for
smaller internuclear separations in variational calculations. This error can be minimized
by using large basis sets to reduce the impact of contributions from neighboring basis
functions. The counterpoise correction (CP) of Boys and Bernadi[109] can be used to
correct for this error, but requires additional calculations. In the case of a diatomic
molecule, consisting of atoms A and B, the counterpoise correction is done by subtract-
ing the energies of atoms calculated with the basis functions of both atoms from the
energy of the molecule:

E°P (AB) = EAB (AB) — EAB (A) — EAB(B) . (1.21)

13
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General basis functions are non-orthogonal. A set of orthogonal orbitals ¢; is obtained
by a specific linear combination of these functions(LCAO):

Np
¢ = Z Clixi (1.22)

with Np being the number of basis functions. An increase in the number of basis
functions improves the results, although it is more important that the functions are
suitable for the problem, i.e. atom. There are families of basis sets, similar basis sets
with a different number of functions for the valence orbitals. These families can be
used to estimate the results for an infinite or complete basis set. These formulas either
extrapolate the total energy or the correlation energy. In this work we used a formula
that only extrapolates the correlation energy[108] 110]:

3 3
o N Ecorr,N -M Ecorr,]W
ECOIT,OO - N3 M3 ?

(1.23)

M and N denote the largest orbital angular momentum quantum number of the used
basis set, Eqqy,... the correlation energy calculated with the respective basis.

The antisymmetry of the wave function is guaranteed by using Slater determinants,
but a single Slater determinant might be insufficient to describe the electronic wave
function. If the wave function should be an eigenstate of other operators, like the
projection of the orbital angular momentum (Z:) or spin operators (S’:, S2), it often
is necessary to combine several Slater determinants. These symmetry adapted linear
combinations of Slater determinants with the desired properties are called configuration
state functions (CSFs):

q)[ = ZCLHHZ. (124)
!

Such a configuration state function describes the electronic wave function of a certain
electronic configuration. There are cases where it is necessary to consider several configu-
rations. One example are excited electronic states that cannot be enforced by symmetry
restrictions. This is relevant for the current work. Another example are configurations
that are close in energy. They influence each other and an accurate description of one
of these states cannot be achieved without considering the other. In these cases several
configurations are used to describe the electronic wave function:

\Ifel = ZC[(I)[ (125)
1

The corresponding multireference or multiconfigurational computational methods are
outlined in the sections [1.3.5 and [1.3.6l

1.3.2 Effective core potentials (ECPs) and core polarization
potentials (CPPs)

For large atoms many closed shells need to be included in the computations, resulting
in a large computational effort. However, the valence electrons are more significant for

14
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chemical interactions than core electrons. By replacing the inner shells with an effective
core potential (ECP) the computational demand can be significantly reduced. This ap-
proach is mainly applied to heavy elements of the 4" to 7' period. Another advantage
of effective core potentials is the simple and inexpensive inclusion of relativistic effects
(see section, which are particularly important for heavy elements. In order to per-
form calculations with ECPs, the number of electrons described by the wave function is
reduced (changes total energy) and the Coulomb-potential of the corresponding nucleus
is replaced by the following function[IT1]:

Imaz—1 U
Z _ nCOT€ max e max ~ _’A
Vicp = ——— 4+ Vi, + > (Vi-Vi,..) B+ Y AViRI- P (1.26)
=0 =1

r

The first contribution is the Coulomb potential of the remaining positive charge not
included in the effective core potential (Z is the number of protons for the considered
atom and 7. the number of electrons included in the ECP). 131 denotes a projection
operator for the spherical harmonics of the nucleus. The second and third term in
equation[1.26) (Vnee, (Vi — V... )) are the scalar contributions. The fourth part (AV)) is
only important in calculations including spin-orbit interactions and set to zero otherwise.
The different contributions are included by a sum of Gaussian functions (for each [):

Vipao/ (Vi = Vi) [AV =Y~ cjrmi—2e7 07 (1.27)

=1

The coefficients n, ¢;, m;, and ~; are specific for each element and can be retrieved from
publications or online databases, similar to the ones for basis sets. One example is the
collection of ECPs by the Stuttgart/Cologne group[112]. Typically, optimized basis sets
for each effective core potential are also provided.

Effective core potentials can be classified by 7o, the number of electrons they com-
prise. If only the valence electrons are excluded, the pseudopotentials are called ’large
core’ ECPs. If additional closed shells are not included in the effective core potential,
which then need to be considered in the computations, it is a ’small core’ ECP. While the
computational effort is larger for small core ECPs, the inclusion of closed shells often im-
proves the accuracy. The pseudopotentials are also distinguished by the manner in which
they have been determined. The parameters of energy consistent effective core potentials
have been determined by comparing excitation and ionization energies to known values
(mostly all electron ab initio results), as was done by the Stuttgart/Cologne group|112].
Alternatively, the effective core potentials can also be determined by adjusting the po-
tential parameter in such a way that there is the best overlap with the all-electron wave
functions except for positions close to the nuclei. An example are the shape-consistent
ECPs by Ermler et al.[I13] 114]. Nevertheless, for both approaches the orbitals change
for small radii and the nodes of the orbitals vanish. The performances of an energy- and
a shape-consistent ECP are compared in chapter[3]

A drawback of ECPs is that no correlation and polarization of the core electrons
is included (The same is true if the core orbitals are frozen and no excitations from

15
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these orbitals are allowed in the calculations). This can significantly alter wave function
properties such as the permanent electric dipole moment (see chapter. This deficiency
can be reduced by applying core polarization potentials (CPPs)|[IT5HIT7], which simulate
a polarization of the cores. A core polarization potential is described by two parameters,
the dipole polarizability of the core («.) and the cut-off radius (p.). The core polarization
is included by a potential of following form|I116]:

1 - o
VCPP = _5 ;&cfc : fa (128)

where fc is the field generated by the other cores and the valence electrons, which act
on the core and can be calculated by:

- Fci _(rei)? 2 Rcc/
fczzﬁ@_e (pc)> _Zé_gzcc,, (1.29)
3 Ccl c’;éc CC/

Tei

2\ 2
The Miiller/Meyer cutoff-function (1 e () ) ensures that there are no divergences|116].

A different cutoff-function can be found in the work of Fuentealba|IT8|. This polarization
contains the static and dynamic contribution. Therefore, the static SCF polarization
needs to be subtracted to avoid double counting.

The description of the core polarization can be further improved by including higher
multipole terms. Another successfully applied method is the use of cutoff radii that
depend on the orbital angular momentum of the electron, as was done for example in
refs. 119 and [120.

1.3.3 Self consistent field (SCF) / Hatree-Fock (HF) method

The Hartree-Fock method is the foundation of molecular orbital theory and includes
the interaction of the electrons with each other by a mean field approximation. If the
interaction with the electrons (equationm, Vee) is neglected, the electronic wave func-
tion is given by a product of orbitals, which are determined by a Schrodinger equation
(h (n) @; () = €p; (x,,)) for the one electron operator h (n):

-~

1, & 7z
h _ - _ E =t 1.

Applying an antisymmetric product ansatz and taking electron-electron interaction into
account, one obtains two additional terms, the Coulomb operator J; and the exchange

operator .f(\] for the spin-orbitals ¢;:

~

30 1) = i o) [y 122 (.31)

o~

E; () i (2a) = 05 () / Az,

(1.32)
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These extra terms lead to a coupling of the single electron operators, which complicates
the evaluation significantly. Three contributions define the Fock operator:

Foy=hm+ (70— %), (1.33)

which leads to the Hartree-Fock equations:

a set of coupled integro-differential equations. The orbitals are in general described by
a linear combination (equation[l.22)) and their coefficients are optimized in the course of
a computation. A self consistent procedure is necessary because the orbitals are already
required for the evaluation of the Fock operator. This operator is then used to set up the
equation that determines the coefficients of the orbitals. After successful convergence,
the optimized orbitals can be used in subsequent computations, for example a coupled
cluster calculation.

Note that spin-orbitals are used in the formulas above. There are different approaches
how to describe the same orbital for different spin of the electrons. In a restricted Hatree-
Fock calculation (RHF) the spatial orbitals for the two possible spin orientations are the
same. The application of this approach for the coefficients in equation[I.22|leads to the
Roothaan equations. The RHF method can only be applied to closed shell molecules
because the approach requires that all orbitals are doubly occupied. Therefore, it is not
applicable to the open-shell molecules treated in this thesis. Instead, an unrestricted
Hartree-Fock computation (UHF) can be used for this class of molecules. In this case,
each spin-orbital is treated independently and two sets of orbitals are obtained, one for
each spin orientation. However, this leads to a non-physical difference in the spatial part
of the orbitals, even for doubly occupied or completely empty orbitals. Since the doubly
occupied orbitals do not completely overlap the spin is not completely compensated.
This results in wave functions that are no longer eigenfunctions of the spin operator
which is called spin-contamination. The restricted open shell Hartree-Fock method
(ROHF) allows to calculate open-shell molecules with identical spatial orbitals for both
spin orientations in the case of double occupation. This method is not applicable to
all systems, but shows no spin-contamination. Therefore, ROHF was preferred for the
molecules in this work.

In a Hartree-Fock computation, the interaction of the electrons among themselves
is considered by an averaged potential (equations[l.31] and[l.32). The probability of
finding an electron depends on the position of the nuclei, but the actual position of the
other electrons is irrelevant, only their averaged distribution is taken into account. The
missing part is defined as electron correlation. Parts of this missing contribution can
be recovered by Post-Hartree-Fock methods which will be presented in the following
sections. The contribution of the electron correlation to the total energy is small (about
1 %), but crucial for the correct estimate of relative energies. It has a significant impact
on chemical bonds and other molecular properties. CrHe, for example, shows no bonding
in the ground state if correlation is neglected.
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1.3.4 Configuration interaction (Cl)

A configuration interaction computation includes electron correlation and is based on
a single CSF or Slater determinant. For example, a single configuration state function
(®g), optimized in a Hartree-Fock computation, may be used. Additional configurations
are generated by moving electrons from occupied into unoccupied orbitals, which yields
the expression

occ wirt occ wirt occ virt

Wy = co- ¢O+chzq>z+223q> + YD e+ (1.35)

a<b z<y a<b<cz<y<z

The sum for the lowercase letters a, b, c,... includes all occupied orbitals, the lowercase
indices z,y,x,... denote unoccupied (virtual) orbitals in the original CSF (®). For
example, a new configuration state function ®? is generated by taking one electron out
of orbital a and putting it into orbital z. This can be done for several electrons yielding
higher terms in the expansion. The restrictions (@ < b,...) ensure that every excited
configuration only appears once. Equation[l.35] can be written in symbolic form as:

|\I’€l> = Cy |CI)0> + Cg |(I)5> + Cp |(I)D> + Ctr |(I)T> + ... (136)

The expression |®g) corresponds to single excitations, |®p) to double excitations and
so on. The coefficient ¢Z, ¢/, ... can be determined by a variational method. In this
case, it corresponds to a diagonalization of the CI-Matrix (|®y) is a vector of all N times

excited configurations):

(@] H|Dy) 0 (@] H|®p) 0
0 (Ps|H|®s) (Ps|H|Pp) (Ps|H[Pr)

(©p|H|g) (®p|H|Bs) (®p|H|p) (Dp|H|Dr) ... (1.37)
0 (Op|H|®s) (®r|H[®p) (Dr|H|Dr)

Note that certain elements in equation|l.37] are zero by construction. More details con-
cerning this method are given in refs.[108| and 121l

1.3.5 Multiconfigurational self-consistent field (MCSCF)

A self-consistent field calculation (section[1.3.3) can be extended to a multiconfigura-
tional self-consistent field calculation by including several CSFs in the optimization pro-
cedure. Instead of a single configuration state function (®g), a sum is used to describe
the total electronic wave function (equation|l.25). The wave function in the equation
describes either the ground state or an excited state. In order to optimize several states
simultaneously, the state averaging technique can be used|122]:

Nst Nef

- ZWmE ZW ch (D7 H| D) (1.38)
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Here, H denotes the Hamilton operator of the electronic system and NN, is the number of
CSFs. The number of states which are optimized simultaneously is Ny and the weight
W, determines the importance of state m during the optimization. Since the orbitals
are optimized to describe several states simultaneously, the accuracy for a single state is
slightly reduced, but all involved states are treated at similar accuracy. This is important
if transition energies and probabilities involving several states are calculated.

The optimization procedure is more involved, since not only the coefficients Cj; of
equation[I.22] but also the coefficients ¢; of equation[l.25] are determined in a MCSCF
computation. This complicates the optimization since the coefficients Cj; (equation
and ¢; (equation[l.25)) are not independent from each other. Details on how such a
calculation can be set up can be found in refs.[122H126.

In general, CSFs are selected by the specification of an active space. The active space
is defined by the number and symmetry of the orbitals and the number of electrons
which can occupy these orbitals. In a complete active space calculation (CASSCF) all
possible configuration state functions for a given number of electrons and orbitals are
used. In contrast, the number of CSFs is reduced in a restricted active space calculation
(RASSCF) by additional restrictions, mostly for orbital occupation. For larger atoms
the computational demand can be reduced by defining a set of closed orbitals. The
coeflicients of these orbitals will be optimized, but no CSFs with partial occupation of
these orbitals will be considered in the calculations. In contrast, an occupation of zero,
one, or two electrons is possible for active orbitals if it is in agreement with the total
number of electrons. In MOLPRO, the closed and active orbitals together are denoted as
occupied. The virtual orbitals are always unoccupied and should have significantly higher
energies. Using point groups and symmetries(see section[l.3.10)) the computational cost
might be reduced. This has to be done with care to avoid restricting the computation
to a faulty or unwanted solution.

1.3.6 Multireference configuration interaction (MRCI)

In a multireference calculation the reference wave function is multiconfigurational, as
given by equation|1.25| The CI wave function (equation|l.35)) then contains an additional
sum, as for example for a MRCI(SD) computation:

occ wvirt occ wvirt
Vo= oo+ > Y it DD Y WPl (139)
I J a z K a<b z<y

Details on the evaluation of the coeflicients can be found in refs.[127 and 128l

1.3.7 Coupled cluster (CC)

Analogous to the CI ansatz a reference wave function is required for a coupled cluster cal-
culation. In most cases a single configuration state function obtained by a Hartree-Fock
calculation is used, but multireference coupled cluster methods are under development
and some programs are already available[I29-131]. In the coupled cluster approach an
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excitation operator (f ) is defined which creates excited configurations. The operator
can be split into contributions of different order:

T=T+To+Ts+Ti+... (1.40)

(1.41)

The first two terms of this series, for example, produce single and double excitations, if
they are applied to a reference CSF:

occ virt
Tijen) =303 o3 (142
occ wvirt
Ty |®o) = Z P AL (1.43)
a<b z<y

The CC wave function is now defined by the application of the cluster operator T to the
reference wave function in the form of an exponential function:

Wee) = el |B,) = Zk'Tk|<I>O
= [1 + T, + (T2 + 5T ) + (T3 + BT+ T ) +.. } D) (1.44)

In the lower line in equation[l1.44] the operators have been sorted according to the exci-
tation which they generate. This makes the difference to the CI wave function (equa-
tion[1.35)) obvious: The coefficients of excited determinants also have contributions from
lower orders in the excitation operator due to products (e.g. the coefficients of the single
excitation operator t2 are included in the coefficients of double excited determinants

~2
via T} ). The coupled cluster equations are now obtained by evaluating the Schrodinger
equation with this wave function. First the energy eigenvalues are split into the Hartree-
Fock energy Ej and the correlation energy E.,..:

H ‘\DCC> = (EO + Ecorr) ’\IJCC> (145)
For simplicity we only consider double excitations (CCD):
~ 1=x~2 1-3
Woon) = {1 + T+ 3B+ B+ } D) (1.46)
With this the Schrédinger equation becomes:
occ virt 1 occ virt
(f-m) [leg+ ;oS e+ S > Emienn .| =
a<b z<y a<b<c<d z<y<z<w
occ wirt occ virt
corr ’(IDO + = Z Zt + e Z Z thcd (ZZZ:;)> + ...
zz<b z2<y a<b<c<d Zy<z<w
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By multiplying from the left with (®¢| one obtains:

occ wvirt

Ey— Ey+ - ZZt (Do| H | D7) = Eory. (1.48)

a<b z2<y

Now we multiply from the left with <<I>Z}“:

occ wirt
(@ o) + 330> e (@ (7 - o) 23
a<b z<y
occ virt
5 O Dt (U H ) =Fent (1.49)
a<b<c<dz<y<m<w

This set of equations is then solved to determine the coefficients of the coupled cluster
wave function and its energy. The two equations describe a large set of coupled equations.
Due to this truncated coupled cluster calculations are size extensive, but the computation
is more demanding than a CI calculation for the same system.

Equation of motion / linear response coupled cluster

Approaches based on the coupled cluster method can also be used to calculate excited
states and to consider multiconfigurational cases. One example is the linear response
coupled cluster method[132]. Another one is the equation of motion coupled cluster
(EOM-CC) approach|[133, 134]. More information is provided in ref.[I35l

1.3.8 Many-body perturbation theory

An alternative way of adding correlation energy is many-body perturbation theory. In
order to apply perturbatlon theory the Hamiltonian of the system is split mto two arts
a simplified system (H®) for which the exact solutions are known (H©® \If( v, )

and a perturbation (HP):
H=HY 4 \H? (1.50)

The parameter A determines the strength of the perturbation. The exact wave function
and energy eigenvalues can be expanded in a Taylor series for small \:

O L ABW + 2EW 4 (1.51)
U, = \1170 A N2 g (1.52)
(1.53)
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These expressions are put into the equation [1.50l By direct comparison of terms of the
same orders in A the following expressions can be derived:

B = (v0|aOe?), v (1.54)
O 77p (o>>
EW — (gO|fr|g© o — <\Ij” " ‘\P g 1.55
n#i i — bn
~ 2
o _ o (28]
E; :; 5O O , (1.56)

The denominator of the correction to the wave function of first order and to the energy
of second order is given by the energy differences of the eigenstates in the simplified
system. If there are states close in energy the corrections become large and many orders
of perturbation theory need to be considered for accurate results. For states with the
same energy the corrections diverge and perturbation theory for degenerate states has to
be applied. In contrast to methods based on the variational principle, where the lowest
energy is obtained for the best approximation to the wave function, the perturbative
corrections can yield energies below the exact results.

The application of perturbation theory to the electronic structure problem can be
outlined as follows. The exactly solved simplified system is the Hartree-Fock solution;
the corresponding operator is the Fock-operator (equation. The perturbation is
the exact interaction of the electrons without the averaged interaction already included
in the Hartree-Fock calculation:

L. 1
p_ 1 P
H? = 5 E —|7‘i — T‘j| JgHF (157)
i/j=1,j#

This leads to the Mgller-Plesset perturbation theory. With this definition, the zeroth
order energy is simply the sum of the energies of the Fock orbitals. The first order energy
corresponds to the Hartree-Fock result. The next order contains the first correction
due to correlation. This is the MP2 method, which is implemented in most quantum
chemistry software packages. It is the most common method of the MP series and shows
a good balance of computational cost and correlation retrieved. However, it tends to
overestimate the correlation contribution in some cases.

1.3.9 Truncation and size consistency

In multiconfigurational or multireference approaches expansions similar to equation [I.35
are used. The highest accuracy is achieved if all possible excitations from occupied
to virtual orbitals are considered for a large set of virtual orbitals, but this is often
not feasible and truncation becomes necessary. The excitations taken into account are
then indicated by uppercase letters, as for example CISD or CCSD for configuration
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interaction or coupled cluster calculation using only single and double excitations. In
the case of CC the triplet excitations are often considered by approximate methods which
is then indicated by a uppercase T in brackets or with a dash in between. Currently,
the CCSD(T) method is considered to be the gold standard of quantum chemistry.

In addition to the reduced accuracy, truncation can also lead to systematic errors.
For example, there is no size consistency in truncated CI computations. The results
are different if two non-interacting systems are computed separately or together. For
small systems with few electrons a full CI calculation can be performed with optimized
software to obtain size consistent results. If there are many virtual orbitals and electrons
this is not possible and ad hoc corrections become necessary. In this work, the Davidson
correction(+Q)[136, 137] was applied, which adds an energy term Ep given by:

2

2
Co

Ep =E. (1.58)
E. denotes the correlation energy and c¢g is the weight of the reference CSF in the CI
expansion (equation[l.39 or[1.35). It was originally designed to estimate the CISDTQ
energy from the CISD energy. It should give a more accurate energy and make the result
approximately size consistent.

A stricter criterion than size consistency is size extensivity. If valid, the calculated
energies scale linearly with the system size. HF, CC, full CI and MBPT are size extensive.

1.3.10 Symmetry

Symmetries are useful to derive general rules, to simplify calculations or to make them
feasible in the first place. In the following, a short introduction into molecular symmetry
of diatomic molecules will be given. In general, a symmetry is an invariance under a
certain transformation. For the description of molecules either point groups or permu-
tation inversion groups are used. The second class is only used in special cases such as
large amplitude motion in polyatomic molecules and will be omitted in the following.
An introduction into permutation inversion groups is given in refs. [138], 139l Our group
recently applied it to the sodium trimer[9].

Point groups

Point groups are commonly applied to molecules and solids. The relevant transfor-
mations for the symmetry groups, which leave at least on point unaltered, are listed
in table In this work mainly diatomic molecules are treated. The relevant point
groups are Do, and C..,. These point groups have an infinite number of symmetry op-
erations since arbitrary rotations about the internuclear axis do not change the molecule.
Homonuclear diatomic molecules belong to the D, point group, heteronuclear to C.,.
We will discuss this second point group in more detail, because all molecules of this work
were heteronuclear. The table is the character table of C,,. The first column lists
the irreducible representations of the point group. For this infinite group there exists an
infinite number of irreducible representations. A few of them are listed in the table. In
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Symbol Transformation

D) identity, no change of the coordinates

Cn rotation by 27“

i inversion, reflection through a single point

o reflection through a plane

Sn rotation by 27” with successive reflection through a plane

perpendicular to the axis of rotation (improper rotation)

Table 1.6: transformations used to define point groups, symbols according to Schonflies

notation

| | E | Cx(¢) | o,(o0) | linear, rotations | quadratic |
Aie Xt |1 1 1 z 22 1 + P
Ay & X 1 1 -1 R,
E <11 1 | 2cos(¢) 0 z,y, Ry, R, Tz, Yz
B, < A 1 | 2 cos(29) 0 xy, v — y?
Es & ® 1 | 2 cos(3¢) 0

Table 1.7: character table for C.,

this special case the irreducible representations can be directly associated with a specific
projection of the total orbital angular momentum of the electron (A). In the following
columns the characters for the irreducible representations are listed for different symme-
try operations. The number of columns depends on the number of symmetry operations.
The last two columns, "linear, rotations” and "quadratic”, list the position, rotation and
quadratic operators which show the same behavior under the symmetry operations as
the respective representations. The set of nuclei belongs to the totally symmetric ir-
reducible representation A; for which all characters have a value of one. There is no
change for any transformation listed in the table. The situation is different for wave
functions, vibrational modes, orbitals or operators. They might, for example, change
sign under a certain transformation. In this case, they would belong to an irreducible
representation with the character -1 for this particular transformation. The previously

| | E | Cy(2) | 0 (22) | 0y (y2) | linear, rotations | quadratic |

Al 1 1 1 1 2 22,2, 22
Ay || 1 1 -1 -1 R, xy
By 1 -1 1 -1 z, R, Tz
By || 1 -1 -1 1 Y, Ry Yz

Table 1.8: character table for Csy,

mentioned infinite point groups are non-Abelian. This and the infinite number of sym-
metry elements makes these point groups problematic for computation. Instead, the
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point group C,, is used most of the time. Table shows the corresponding character
table. The infinite number of rotations C,, are now replaced with a rotation by 180
degree, Cs. This point group is, for example, applied in calculations of linear molecules
with Molpro[140]. Character tables are highly useful for the evaluation of certain ex-

| [ A[A]B][B]
Ay || Ar | Ay | B | By
Ay || Ay | Ay | By | By
By || By | By | A1 | Ay
By || Bo | Bi | Ay | A

Table 1.9: product table for the C,, point group

pressions. An integral can only be non-zero if the function belongs to the completely
symmetric irreducible representation. If this is not the case, the antisymmetry of the
function results in canceling contributions to the integral. Therefore, it is often helpful
to know the irreducible representation of the product of two irreducible representations.
The relevant product table for C,, is given by table

1.3.11 Molecular orbitals

The molecular orbitals (¢;, equation|l.22)) are not uniquely defined. It is possible to
perform a rotation, a unitary transformation, without changing the wave function and
all its related observables:

Nm‘b

¢ =Y uwd; | ¢=Ugp (1.59)
j=1

The unitary transformation produces another set of orthogonal orbitals. In order to
get a specific set of orbitals an additional restriction is required. A selection of common
choices is mentioned below.

Canonical orbitals

Canonical orbitals are obtained by diagonalizing the Fock matrix (equation[1.33). There-
fore, this representation of the orbitals is of advantage in energy computations since the
corresponding eigenvalues are the orbital energies. However, canonical orbitals typically
are delocalized over the whole molecule and respect the symmetry of the molecule (or-
bitals can be assigned to irreducible representations of the point group of the molecule,
see section . The orbital energies from the canonical orbitals of a Hartree-Fock
calculation can be used to estimate the ionization potential. This is referred to as Koop-
mans’ theorem[T08].

In the multiconfigurational self-consistent field approach an effective Fock operator
(equation 21 in ref.[124) can be formulated. The orbitals which diagonalize this operator
are denoted pseudo-canonical orbitals.
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Natural orbitals

Natural orbitals are obtained by a diagonlization of the density matrix|[141} 142], which
yields the natural orbitals as eigenvectors and the occupation numbers as eigenvalues.
The first order reduced density matrix is defined in Lowdin’s normalization as[141]:

D (z1,2]) = Ny /dmg coday, U (21,2, .. an,) U (2], 20, . TN, (1.60)

After its diagonlization the resulting eigenvalues are the occupation numbers (integers)
and the eigenvectors are the natural orbitals. The density matrix can simply be repre-
sented by a sum over all orbitals:

No'rb

plr,w2) = D Nigi (1) ] (w2) (1.61)

The occupation number for states consisting of a single CSF can either be 2 (for a doubly
filled orbital, if spin-orbitals are not considered separately), 1 (for a single electron), or
0 (unoccupied). Such natural orbitals are displayed for a set of AK-AKE molecules in
the appendix in section [A.2]

If canonical orbitals are used, the orbital energies as diagonal elements of the Fock
matrix are meaningful, but the diagonal elements of the density matrix are of limited
value, since the density matrix is not diagonal in this basis. With natural orbitals mean-
ingful occupation numbers are obtained, but the orbital energies have limited physical
meaning, since the Fock matrix has non-zero off-diagonal elements.

Localized orbitals

Natural and canonical orbitals are typically delocalized over the whole molecule. For
this reason, they can not be assigned to a certain part of the molecule (as for example
a functional group) and it is not straight forward to associate them with specific bonds
and their properties. In order to localize the orbitals, the expectation value of certain
two electron operators O can be optimized:

No'rb

(0) =3 (@:6l0l6i0) (169

=1

The following operators have been sugested in the past:[108§]:

O=(r—r)° maximization Boys (1.63)
~ 1
0= maximization Edminston-Ruedenberg (1.64)
1 — T2
. Natoms
0= Z i maximization Pipek-Mezey [143] (1.65)
T

with r; being electronic coordinates and p; partial atomic charges, as for example Mul-
likan charges.
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Natural bond orbitals

This method of orbital localization was developed by Weinhold and co-workers|144], [145].
Natural bond orbitals are localized at a subset of atoms in a molecule and are generated
from natural atomic orbitals. They have been developed to agree with common chemical
concepts, like the Lewis picture.

Wannier orbitals

Wannier orbitals are localized orbitals generated from a non-local plane-wave basis
set[146]. They are used to interpret the results of band structure computations and
as basis functions for further calculations, for example in dynamical mean-field theory.

Brueckner orbitals

Brueckner orbitals are obtained under the condition that a single Slater determinant
has the largest possible overlap with the correlated many-body wave function. For
example, in the CI representation of the total electronic wave function (equation,
the molecular orbitals are sought which minimize the coefficients ¢Z, .7, ... and result in
the largest possible coefficient ¢y. A short discussion of Brueckner orbitals can be found
in ref.[147 and the determination of Brueckner orbitals for coupled cluster calculations

is presented in ref.[148|

Dyson orbitals

Dyson orbitals can be determined by electron propagator theory[147, 149, 150]. These
orbitals are determined by the overlap of the original wave function (U) with a wave
function containing one electron more or less(UN+1 WN=1) They are not necessarily
normalized and form an over-complete set|147].

1.3.12 Description of the potential energy curves and vibrational
energy levels

Ab initio computations result in single point evaluations of the potential energy surface,
but analytical expressions for the potential are often required, for example in order to
calculate rovibrational levels. Besides spline interpolation several analytical expressions
have been applied and will be mentioned in the following sections. Analytical expressions
often allow a direct extraction of spectroscopic parameters. Parameters listed in the
various chapters of this thesis have been determined by fitting a Morse potential to
approximately the lowest 8 points of the potential. These parameters can then be used
to estimate the energy of vibrational levels:

1 1\’
E(n)=—D, + hw, (n + 5) — hwex, (n + 5) (1.66)
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Power series

A rough approximation with the wrong long range behavior is a power series with the
equilibrium distance as expansion center:

V(r):cg+a2*(r—re)2+a3*(r—re)S—i—... (1.67)

with r the distance between the two atoms, r. the position of the minimum of the
potential, c¢g a constant shift and a, a constant related to the bond strength. The
vibrational frequency is then given by

2
W=/ " with the reduced mass = _MATE (1.68)
1 ma + mpg

Mie and Lennard-Jones potential

The models discussed so far show the wrong long range behavior. A diatomic potential
should approach a constant value for » — oo and diverge for » — 0. A simple potential
showing this behavior is the Lennard-Jones potential|[I51] [152]:

V(r) =cs+ D, * {(E)m —9 (Eﬂ , (1.69)

T T

with 7. as the position of the minimum of the potential, cg as a constant shift and
the potential depth D.. This potential form has originally been derived for collision
processes in gases and shows a characteristic long range behavior (r~%). The Lennard-
Jones potential contains only two parameters, the potential depth and the equilibrium
distance, which means that there is no parameter left to determine the force constant
of the bond. A more generalized form is the so called Mie-potential[I52], 53] which
contains two additional parameters:

Vor=esnoe () ()T [G) - () o

with n and m being two arbitrary integer numbers fulfilling the condition n # m.
However, the determination of the vibrational constants from these potentials is not
straight forward.

Morse potential

The Morse potential has only three free parameters, but is a very good approximation.
The well known diatomic potential function is given by[154]

V (r) = cs + Do x [1 — e a0 m)]" = (1.71)
Cy + D x [e720(7m2) — gealr=r2)] (1.72)
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with cg being the shift to the long range energy and ¢ the shift to the potential min-
imum. The vibrational frequency and the asymmmetry parameter can be determined
analytically for this potential with the following expressions:

a 2D w?
. = — = Lo = ——. 1.73
“ 2m W et 4D, ( )

Dunham expansion

The Dunham expansion is based on a description of the potential with a power series in
the variable £ = ==

V(¢ = a0§2 (1 + Z ay, - f") (1.74)
n=123,..

Since it is a power series, the derivatives of the potential are simply given by

V'(r.) =0, (1.75)
2 2 w?
V//(re) :r—e2 . CLO = 71_34367 (176)
I _(n+ 2)!
Vi (re) = iz 0 o (1.77)

Spectroscopic parameters can be calculated from the coefficients a, as determined by
Dunham|I55] and Varshni[156]:

h
B =—F7+— 1.78
8m2mr2e (1.78)
we =+\/4B.ag (1.79)
B, 7
ng :§ (3&2 - Zaf) (180)
B2 95 67 459 1155
YiO =We |:1 + 4&)662 (25&4 — 7&1&3 — ZCL; + ?be(lg — 6—4@{1):| (181)
Be2 21 2 3
Yor =B |14 =5 ( 15+ 14a1 — 9az + 15a5 — 23a10> + — (af +a}) (1.82)
we
B2 B2 335 225
Y()l == 6 (1 + al) + ¢ 175 + 285&1 — —Aag — 190(13 — —aq4 + 175@5
We w? 2 2
2295 1425 795 1005 , 715 1155 4
a; — 459a;as + (103 — ——0104 + g 2 T 5 0203 + e
9639 5145 4677 14259 31185
_Wafag + Tafag + TCMCLQQ + 1—60,13(12 + W (CL14 + af’))} (183)
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Dunham denoted the spectroscopic constants with Y;;, which allow the calculation of
energy levels with the rotational quantum number N and the rotational quantum number
v

E(N,v) :Z}gj- (u+%) - NI(N + 1) (1.84)

Relations of this set of constant to commonly used spectroscopic parameters are listed

in table[L.10l

Table 1.10: Assignment of Dunham coefficients to spectroscopic parameters.

YE)O ~ Te leO N We Y20 R —Wele Y‘TSO N —Wele
YE)l ~ Be lel — Qe }/'21 ~ —Ye
YE)2 ~ _De Y712 _ﬁe
YE)B ~ He

AR

LEVEL and BETAFIT programs

Other examples for analytical expressions, for example the Morse/long-range potential
function, are available in software packages such as LEVEL 8.2[157] and betaFit|[158].
In both programs, it is possible to fit these functions to a set of ab initio data points.
In the course of this work the betaFit package was used extensively for potential fits.
Afterwards, surface parameters were extracted and used in the LEVEL software package
to calculate the rovibrational energy levels and Frank-Condon factors between them.
This program uses the Numerov shooting method to determine the nuclear wave function
for diatomic molecules. A one-dimensional grid is set up for the radius and the values
of the wave function are fixed at the boundaries. Then, the wave function is propagated
according to the Schrodinger equation from one to the other boundary. A possible wave
function has been found if it fulfills the boundary condition. In the analysis presented
here only the first rotational sublevel was considered since only the vibrational structure
was resolved in the experiments.

1.4 Properties of diatomic molecules

1.4.1 Atomic constituents

The properties of atoms can be used to estimate the behavior of these atoms in a bound
molecule. An example is the calculation of the long range behavior of alkali-alkaline
earth molecules by Jiang et al.[I59] from static dipole and quadrupole polarizabilities.
In order to understand the behavior of the atoms in a diatomic molecule we list several
atomic properties in table [I.11]
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Table 1.11: Atomic properties of the elements used in this work. Explanations of prop-
erties and abbreviations are given in the text. The sources of the values are
listed in the header 'Ref.” and their units in the header 'un.’.

1P EA EN EN n a vaw | Teow | a(PP)
Ref. 13 160 160 160L 161 162 163 here?
un cm ™! cm ™! Paul. Mull. eV a.u. A A a.u.
Li 43487 4985 0.98 3.00 2.39 164.2 2.12 1.28
Na 41449 4419 0.93 2.84 2.30 162.7 2.50 1.66
K 35010 4045 0.82 2.42 1.92 290.8 2.73 2.03
Rb 33691 3919 0.82 2.33 1.85 318.8 3.21 2.2
Cs 31406 3804 0.79 2.18 1.71 401 3.48 2.44
Fr 32849 3710 0.70 2.27 1.81 313.7 2.6
Be 75193 | not st. 1.57 4.66% 4.66% 37.7 1.98 0.96 | 38
Mg 61671 | not st. 1.31 3.82¢ 3.82¢ 71.7 2.51 1.41 | 130
Ca 49306 198 1.00 3.07 3.04 169 2.62 1.76 | 301
Sr 45932 387 0.95 2.87 2.82 186 2.84 1.95 | 542
Ba 42035 1166 0.89 2.68 2.53 268 3.03 2.15
Ra 42573 807 0.90 2.69 2.59 248 2.21
He 198311 | not st. - 12.29¢ 12.29¢ 1.384 1.43 0.28
Cr 54576 5380 1.66 3.72 3.05 78.3 2.45 1.39

% ..An electron affinity of zero was used for the calculation of these values since there is no
bound state with an additional electron.

b . .In the course of this work the polarizabilities of the excited 3P states were calculated for
a selection of atoms.

The first column of table contains the ionization energy or ionization potential
(IP). Helium with its closed shell has the highest value and its excited states have
also a larger separation from the ground state than in other atoms, which makes it a
good matrix for spectroscopic investigations[164]. In general, the ionization potentials
decrease for heavier atoms. This can be observed for the series of AK and AKE atoms.
Similarly sized alkaline earth atoms have a larger ionization potential due to the closed
subshell. This closed subshell also makes it more difficult to attach an electron, which
explains the small electron affinities (EA) of the AKE atoms. The electron affinities
of the alkali atoms are also significantly smaller than their ionization potentials. Both
values, IP and EA, can be used to calculate the electronegativity|[165]:

EN(Mulliken) = 121V ZEA vl
These values are listed in the 5™ column of table [L11] and are an estimation of the
pull on the electrons in a molecule. Thermodynamically, this is described by the chem-
ical potential (u) for the electrons, which can roughly be estimated by the negative
electronegativity (equation . In contrast to the Mulliken values, the Pauling elec-
tronegativity (4'® column in table is derived from dissociation energies. For helium,

(1.85)

31



Chapter 1 Introduction

no value can be found in the literature because it rarely forms a stable molecule. The
highest value in the Pauling scale is about 4 which is obtained for fluorine. In the
Mulliken scale used in the table, fluorine has a value of 10.4, a smaller value than the
one listed for helium in table [[.II] In addition to this rough estimation, the chemical
potential can be determined with density functional theory as the first derivative of the
energy with respect to the number of electrons. The second derivative gives the chemical
hardness (n):

oE 0*E

et = 1.
The latter can again be estimated from the IP and EA via
IP — EA
S —5 (1.87)

and is listed in the 6'" column of table

The electronegativity (Pauling scale) will be used in chapter to model the permanent
electric dipole moment. Another atomic property which is relevant for the model, is the
atomic polarizability (a, 7 column of table . This quantity gives the magnitude of
the induced change of the electron density by an external field, as for example caused by
another atom. In general, the size of the orbitals and the related polarizability increases
within the same group in the periodic table. An exception to this behavior are Fr and
Ra, see table [[.11}

The 8™ and 9" column of table[L.11] contain the estimated van der Waals and covalent
radii. In chapter o] they will be compared to bond distances determined by ab initio
methods.

The values listed in the last column of table were computed in the course of this
work by a finite field method. The same approach was used to calculate polarizabilities
for the ground state. Differences of less than 20 a.u. from the values presented in the
table were obtained. The excited P state of Be has a similar polarizability as the ground
state; for the heavier AKE atoms the excited state values are significantly higher.

1.4.2 Permanent electric dipole moment (PEDM)

The permanent electric dipole moment of a molecule is given by the following formula
for fixed nuclear coordinates:

Ney Ny
U= el —+ UN = Z / w* (I‘i) (—ef‘) 1/) (I‘i) dI‘i -+ Z Z[RI. (188)
i=1 I=1

For a specific vibrational state the PEDM is determined by averaging over different
nuclear coordinates using the vibrational wave function. A non-zero electric dipole
moment is obtained, if the center of the positive charges (atomic nuclei) and the center
of the negative charges are not the same, as shown in figure[l.3] This sketch depicts the
situation for AK-AKE molecules in the 2X* ground state. The core orbitals and nuclei
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1.4 Properties of diatomic molecules

are combined because they have the same center. Only the charge of the remaining
valence electrons and the remaining charge of the cores are shown. The positive charges
are centered at the position of the nuclei, one positive charge representing the alkali core,
the other two representing the alkaline earth core. The valence electrons are distributed
over the molecule. Additionally, the center of mass, of negative and positive charge are
indicated by arrows. In this case, the center of negative charge is closer to the alkaline
earth than the alkali atom. For our choice concerning the coordinate system (axis
pointing from the AK atom to the AKE atom) the permanent electric dipole moment
is positive. In addition to the permanent electric dipole moment an induced electric

p>0

Figure 1.3: center of charges for the ground state of an AK-AKE molecule.

dipole or quadrupole moment might arise in an external field, as for example produced
by another atom or molecule. The total electric dipole moment is given by:

1
M:,up—ozE+§EﬁE—l—..., (1.89)

with the permanent dipole moment p,, the dipole polarizability «, and the quadrupole
polarizability £ in an external electric field E.

In appendix |B| some models predicting the permanent electric dipole moment are
mentioned. These models are mainly concerned with molecules showing a large charge
transfer, like AK halides or AKE halides.

lonic character - Pauling criterion

The Pauling criterion is a simple parameter to estimate the ionic character of a molecule.
This is done using PEDM (p) and the equilibrium distance (), either obtained exper-
imentally or from ab initio computations.

|1

.’r‘e

fron = (1.90)

The fron value gives the fraction of ionic character in %. However, this crude approxi-
mation does not work for strong deformations and highly ionic systems.

Experimental relevance of the PEDM

In the following experimental observations relying on the PEDM and applications of it
are listed.
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A)

Stark effect

The Stark effect or Stark shift is the shift and splitting of spectral lines of atoms
and molecules in external electric fields. The linear Stark effect is observed if the
molecule or atom has a permanent electric dipole moment. In this case, the energies
change linearly with the electric field. Depending on the orientation of the dipole in
the electric field the energies are different. This leads to an additional splitting of
the levels in discrete number of states due to the limitation of quantized alignments.
The permanent electric dipole moment can be determined from observed spectral
splittings. The quadratic Stark effect, described by second order perturbation
theory, is relevant for atoms and molecules without a permanent electric dipole
moment. For such systems the electric field induces a dipole moment, which leads
to a splitting of the states with a quadratic field dependence.

Rotational spectroscopy

Rotational energy differences correspond to microwave and far-infrared electromag-
netic waves. Direct transition between rotational states are only possible if there is
a non-zero permanent electric dipole moment. This means rotational spectroscopy
is not possible for molecules with symmetries that forbid permanent electric dipole
moments, as for example in homonuclear diatomics.

Alignment of molecules

The permanent electric dipole moment leads to an alignment of molecules in an
electric field because an energy is associated with the orientation of the dipole
moment. Both, the permanent electric dipole moment and the polarizability, are
relevant for the alignment of ultracold molecules|I66], 167].

Coupling of molecules in optical lattices

It was suggested to use adjustable couplings of molecules for experiments in optical
lattices[31]. Such couplings can be realized by microwave radiation, which can only
interact with the molecules if there is a permanent electric dipole moment.

Finite field calculations

Certain molecular properties in this thesis have been determined by the response (change)
of the molecular energy to a small electric field. This approach|168] [169] is particularly
useful since it requires energy evaluations only and can be applied to any ab initio
method. The energy E of a molecule shows following dependence on a uniform external
electric field F:
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1.4 Properties of diatomic molecules

Using this definition, the dipole moment and the polarizability can be determined in the
following manner:

O (F)
== ’ 1.92
It F |p, (1.92)
0*FE (F,, F;

with ¢ and j standing for the three Cartesian components (x, y, z). These properties can
now be determined by the influence of a small field (AF) on the undisturbed molecule:
The derivative is then approximated by finite field differences (3 point formula):

E(AF) - E(-AF)
Mi|F:0 = IAF, ’

E(AF;) + E(-AF;) —2E(0)
)

(1.94)

(1.95)

More accurate approximations are available but need additional energy calculations
(5 point formula):

_E(2AF) + 8E (AF,) — 8E (—AF)) + E (—2AF)

—E (2AF)) + 16E (AF;) — 30E (0) + 16E (—AF;) — E (—2AF))
Qijl g = — AR? . (1.97)

1.4.3 Transition dipole moment

In section the calculation of the energies of vibronic levels was outlined. This de-
termines the position of the spectral lines, but does not give information on intensities.
One quantity describing the intensity is the line strength between an initial and final
state (S;f). It can be calculated as a sum over the squared transition dipole moments of

all degenerate states:
S =" il (1.98)
if

The transition dipole moment for a transition from an initial state ¢ to final state f takes
the following form:

,U/lf = /\Iltot,i (X) ,EL \Ptot,f (X) d)(7 (199)
with a dipole moment operator that comprises electronic and nuclear contributions:
N¢; Ny
i=fa+in=)» —efi+Y ZRy (1.100)
i=1 =1

This operator is relevant for electric dipole transitions which are the strongest and only
transitions treated in this work. Weaker transitions, such as magnetic dipole or electric
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quadrupole transitions, have been neglected. More details on the derivation of the
transition probabilities and the treatment of higher moments (magnetic dipole, electric
quadrupole) can be found in ref.T70.

Within the Born-Oppenheimer approximation, the wave function can be written as a
product of an electronic and a nuclear part and the transition dipole moment splits into
two parts:

pif = //\I'z (r,R) Un,; (R) [fter + fin] Ve s (r,R) ¥ s (R)drdR (1.101)
= / { / Wi (r,R) Uy (r,R) dr} Ui (R) iy U s (R)dR (1.102)
+ / |:/ \Ijel,i (I‘, R) /TL; \I’QZJ (I‘, R) dr} \IJNJ (R) \I/NJ (R) dR (1103)

The first part (equation[l.102) is zero if the initial and final electronic wave function
(Weri, Ve ) are not the same, because the electronic wave functions are orthonormal.
This means in such a transition the electronic state stays the same, but the vibrational
state changes. This term is relevant for pure vibrational spectroscopy in a single elec-
tronic state. The second term (equation is relevant for this work, since it treats
transitions between different electronic states. The expression for an electronic transi-
tion can be simplified assuming that the electric dipole moment remains more or less
constant for the range of the vibrational wave function. This approximation is suitable
for deeply bound initial states with a well localized wave function, as for example the
lowest vibrational level of the ground state. Such a situation is encountered for the
majority of the experimental measurements discussed in this work because helium nan-
odroplets cool the molecules efficiently. Following approximation was used for the total
transition dipole moment:

Mif = / {/ Uei (r,R) ftag Ve r (r,R) dr} Uy, (R) Uy (R)dR (1.104)
~ / lllel,i (I’, Re) IL/L; \Del,f (I‘, Re) dr / \IINJ- (R) \IINJ (R) dR, (1105)

with R, being the equilibrium internuclear separation of the initial state: The first part
forms the electronic transition dipole moment (TDM) and can be calculated from the
involved electronic wave functions:

TDM;; = /\Ifel,i (r,Re) ftet Yer r (r, Re) dr. (1.106)

The square of the vibrational part of equation|1.105]is the so called Franck-Condon (FC)
factor:

2

FCiy = ‘/ Uy, (R) Uy (R)dR (1.107)
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1.5 Relativistic effects

1.5 Relativistic effects

The Schrodinger equation (equation is not Lorentz invariant and violates the laws of
special relativity. The corresponding relativistic equations are the Klein-Gordon equa-
tion for spin 0 particles and the Dirac equation for spin 1/2 particles like electrons. The
time-dependent Dirac equation is given as:

ov

[ca-p+ﬁch+V]\IJ:i§,

(1.108)

with o and 8 denoting the following 4 x 4 matrices:

(0 ouy (01 (0 (10
g /y/z = (O-x/y/z 0 ) Og = (1 O) Oy = (’L O) g, = (0 _1> (1109)
I O 10
3= (0 I) I— (0 1) (1.110)

The wave function describing the system W now has four components, two spin states
for electrons and two spin states for positrons. p is the 4-component momentum vector,
m the mass of the particle and V the matrix of potentials for interaction with other
particles. In the more accurate treatment of quantum electrodynamics the potential is
no longer a simple Coulomb potential as in equation because new effects such as
retardation have to be considered. A software package which solves the Dirac equation
(equation[1.108) for small molecular systems is the DIRAC code[171]. Tt determines both
spinors and includes spin-orbit interaction by default.

One relativistic effect is the velocity dependence of the mass of the particle. In the
case of molecules and atoms this becomes relevant for strongly bound electrons with
a probability density close to the core. By including the relativistic contributions, the
corresponding orbitals are contracted and the binding energy is increased. Another rel-
ativistic effect is the spin-orbit coupling, which is discussed in section Typically,
relativistic contributions become increasingly important for heavy molecules. The Dirac
equation is more complex than the Schrédinger equation and finding a solution is com-
putationally costly. Under this aspect, several approximations have been developed to
include relativism.

One widespread and simple method for the inclusion of relativistic effects are effective
core potentials (see section . In this case, the inner core orbitals, which experience
the largest influence of relativistic effects, are replaced by an effective potential. In
the current work this approach was used in many cases concerning multiconfigurational
configuration interaction calculations for heavy AK or AKE atoms.

Another method is to add corrections to the Hamiltonian. One example is the Douglas-
Kroll-Hess Hamiltonian[I72HI75], which can be applied in one component computations.
In the current work this was done for the CrHe molecule.

Further information on relativistic computations and effects can be found in refs. [176
and [177.
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1.6 Spin-orbit coupling

The spin is an important property of elementary and composite particles, which mani-
fests in two ways. Firstly, depending on the spin, the particles show different statistical
behavior. For an integer spin the Bose-Einstein statistic is relevant, for a half-integer
spin the Fermi-Dirac statistic. Secondly, the spin also corresponds to a magnetic dipole
which interacts with the environment. One example of magnetic interaction between
the spin and an external magnetic field is the deflection of atoms with an unpaired spin
in an inhomogeneous magnetic field as was demonstrated by Stern and Gerlach|178].

This magnetic moment interacts in relativistic quantum mechanics with the magnetic
field generated by the movement of the electrons within the orbitals, which is known
as spin-orbit coupling. In the beginning, empirical formulas were used to describe this
interaction, see section As has been stated, the Dirac equation allows to compute
this effect directly (equation [I.108), but obtaining solutions for this equation is rather
expensive. Therefore, several approximations have been derived. One example is the
Breit-Pauli Hamiltonian presented in section [1.6.2]

1.6.1 Empirical approach

For this approach the interaction energy of the two magnetic dipoles (spin and orbital
angular momentum) is calculated by:

Ho=AL-S (1.111)

where A is an effectlve spin-orbit constant, which can be adjusted to the atomic spin-
orbit splitting, L is the total orbital angular momentum and S is the total spin of the
electrons. This can now be applied to the lowest states of alkali-alkaline earth molecules
using the correct angular momentum coupling. This was done in ref.[179 and yielded
the following results:

For the 2 P-asymptote of the alkali atom in the non-relativistic case one 2X* and two
degenerate 2II states can be obtained. They couple via their spin (S = %, doublet state),
and three spin-orbit states with values of [ = 1 and |Q| = 2 for the projection of the
total angular momentum are obtained by matrix diagonlization:

Hyg_s = E (°IL R) + 244k (1.112)

:(E@E*,R) V2Auk )

Higj=y V2Aux  E(CILR) + Aug

(1.113)

E (..., R) are the distance-dependent energies of the respective non-relativistic state,
and A, is the effective spin-orbit constant of the alkali atom in this state.

The 3 P-asymptote of the alkaline earth atom corresponds to one 2X%, one *X*, two
degenerate 2I1, and two degenerate *II states. The nine spin-orbit coupled states can be
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determined by the following matrices:

Hg_s = E ("IL R) + 2Aaxp (1.114)
E(ILR) + 2Auks \/%AAKE _\/?§AAKE
— 2 A kp \/7 AAKE (‘11 R) + 3 AakE
E(?S*,R) \/%AAKE 0 _*AAKE \/%AAKE
\/%AAKE E(*ILR) — tAaxke  3Aake fAAKE
ﬁ\m:% = 0 $AAKE E(*3F, R) [AAKE \/gAAKE - (1.116)
—+AAKE fAAKE \/>AAKE E(*ILR) — $AakE
\/%AAKE 0 \/7AAKE 0 E (YILR) — AakE

1.6.2 Breit-Pauli Hamiltonian

Approximate expressions can be derived from the Dirac equation in quantum electrody-
namics. One example is the Breit-Pauli Hamiltonian (taken from ref.[I80):

Hso = QmQCQZZZKr‘KXp D gy on Sy P 5 3) 23 ()

2m?2c? re.
1,5,0#] K

(1.117)

with the spin-operators § and orbital angular momentum operators r X p. It can be eval-
uated using the wave functions and orbitals of a non-relativistic calculation. Each doubly
occupied orbital is then split up into two spin-orbitals. The Breit - Pauli Hamiltonian
has been used as implemented in MOLPRO by Berning and Schweizer|I8T].
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Chapter 2 A weakly bound system — CrHe

Abstract

The interaction between He and Cr is investigated by means of post-Hartree-Fock molec-
ular orbital theory. We analyze the influence of the van der Waals forces on the complex
electronic structure of the chromium atom, starting with its septet manifold and cover
the first few electronically excited states up to 30000 cm~!. For the sake of a direct
comparison to ongoing experiments on Cr-doped helium nanodroplets we extend our
analysis to selected states of the quintet manifold in order to explain a non-radiating

relaxation from y "P° to z°P°.

2.1 Introduction

Small transition metal clusters have gained much attention in recent years due to the
vast amount of their potential applications|[I82HI84]. The partial occupation of the nd
and (n + 1)s shells in transition metal (TM) atoms, which results in outstanding mag-
netic properties and high densities of low lying electronically excited states, makes a
theoretical treatment of systems containing TM atoms particularly challenging. Among
them, the chromium atom may be considered as one of the most demanding cases: the
half-filled 3d and 4s subshells give rise to a septet ground state with a huge magnetic
moment of 6 pg[I85]. From this configuration it is already obvious that any quantum-
chemical treatment of electronically excited states must be based on a comprehensive
multi-reference approach to properly account for the statical part of electronic correla-
tion. Since the calculation of electronic excitations of a single Cr atom is still a challeng-
ing task for the available methods, the appropriate description of larger Cr-clusters and
their numerous spin manifolds, especially the spin-parallel configurations, is beyond the
scope of current simulation techniques. Much effort is undertaken, theoretically|[186-188]
as well as experimentally[I89-HI9T], to at least understand the basic magnetic proper-
ties of the mostly antiferromagnetic Cr clusters, which strongly depend on the shape
and size of the investigated nanostructures. The magnetic state of bulk chromium at
room temperature and atmospheric pressure was experimentally determined to be the
spin-density-wave antiferromagnetism|192].

Hence, from a theoretical point of view, but also from the experimental, as will be
explained below, it makes sense to tackle the problem of finding a suitable description
for the formation and the electronic excitation of high-spin clusters of TM atoms on a
much simpler route: We suggest a basic analysis of the van der Waals forces, which keep
the atoms of high-spin systems together, and the effect of these weak interactions on the
electronic structure of a Cr atom in the smallest possible system — the CrHe diatomic
molecule.

It is the aim of this article to provide potential curves for the first few electronically
excited states of the CrHe diatomic molecule in its septet manifold. Furthermore, we
include selected states of the quintet manifold for a direct comparison to recent experi-
mental results of our group on Cr-doped helium nanodroplets. This is the second reason
why we choose the CrHe diatomic system: Helium Nanodroplet Isolation Spectroscopy
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(HENDI)|164, 193] offers this unique chance to study small metal clusters exclusively in
their high-spin states, as has been shown in the past for K, Rb and Ag clusters[164, 194
197]. This selectivity is based on the fact that the helium nanodroplet, acting as an al-
most inert and extremely cold environment of about 0.37 K[198], is more likely to survive
multiple dotations[199, 200], e.g. with Cr atoms, if the binding energies released into
the droplet are low. While the low-spin cluster formation of metal atoms, which may
be interpreted as growth of metallic complexes, necessitates the dissipation of binding
energies in the range of several thousands of wave numbers, the binding energies of van
der Waals bound, spin parallel clusters are significantly lower. This makes HENDI a
promising method for the generation of high-spin clusters of chromium atoms. Although
practically inert, the helium environment does affect the electronic structure. This be-
came particularly evident in recent experiments of our group on photoinduced ejection
of Cr atoms from the droplet[I7, 18]. The whole process, a two photon excitation, is
supposed to contain a nonradiative relaxation from the y'P° to the z°P° state. We
discuss this phenomenon of an intersystem crossing between the septet and the quintet
manifold on the simplified model of a Cr-He diatomic molecule.

Charged chromium-helium systems have been extensively analyzed in the past|20T-
204] . The inelastic collision rates and elastic cross sections for Cr and He were de-
termined in experiments using He buffer gas cooling for loading a magnetic trap with
chromium[205]. The ground state of the chromium dimer was investigated by several
authors, using a wide range of theoretical methods|206-209]. Excited states of the
chromium dimer and the heteronuclear diatomic molecules of V, Cr, Mo, and W are dis-
cussed in refs.210/ and 211] respectively. The high magnetic moment of chromium raises
its prospects for atomic traps[66], 185, 212]. To our knowledge, this article contains the
first theoretical study of electronic excitations of the neutral CrHe diatomic molecule.

2.2 Computational aspects

We start our computational approach with a series of benchmark calculations on the
ground state of the charged CrHet diatomic molecule and the excited states of a single
Cr atom. Both systems are well studied and allow a direct comparison to experiment.
In a second step, we calculate the potential energy curves for the neutral CrHe di-
atomic molecule in its lowest electronic states of the triplet, quintet and septet spin
manifolds. We use the basis set families aug-cc-pVNZ-DK and aug-cc-pVNZ (with
N=T,Q,5) which were provided by Balabanov and Peterson[2I3] for Cr and by Woon
and Dunning[214] for He. The Douglas Kroll (DK) optimized basis sets were only used
in ground state calculations and benchmark calculations for excitations of the Cr atom
using the Douglas-Kroll-Hess Hamiltonian for relativistic corrections|174] (marked DK).
All calculations were performed with the MOLPRO software package[140]. Orbitals and
state-averaged wave functions (CSFs) are presented in the program-specific internal or-
dering for the Cy, point group (A;/B;/By/As), which was used for all systems. For the
lowest state in each multiplicity two different molecular-orbital based post-Hartree-Fock
methods were compared: a) a single-reference restricted open-shell variant of the coupled

43



Chapter 2 A weakly bound system — CrHe

cluster method with single, double and non-iterative triple excitations (CCSD(T))[215]
based on a restricted open-shell Hartree-Fock reference function (ROHF), and b) a state-
averaged multiconfigurational self-consistent field method, the complete active space
SCF (CASSCF) approach of Werner and Knowles[122] [123] 125, 216], followed by a
multi-reference configuration interaction calculation (MRCI) of second order[217]. Scalar
relativistic effects were taken into account by applying the Douglas-Kroll-Hess correction
of the 8" order. To improve the accuracy of the lowest state in each spin manifold we
extrapolate to the basis set limit via the formula[T08] 110]

NgEcorr,N - M3Ecorr,]\/[
N3 _ M3 ’
with M and N denoting the largest angular momentum quantum numbers of the two
basis sets used for the extrapolation. This formula yields an estimation for the correlation
energy itself, which has to be added to the Hartree-Fock result to obtain the estimated
total energy. The energies were further corrected for the Basis Set Superposition Error
(BSSE) before extrapolation to avoid artificial oscillations. The method of choice was
the counterpoise (CP) correction suggested by Boys and Bernardi[109]. Excited states
in the different multiplicities were treated within CASSCF /MRCI theory. In these cases,
neither an extrapolation to the basis set limit, nor CP corrections were applied.

AEﬂcorr,oo =

(2.1)

2.3 Results and discussion

2.3.1 Benchmark results for CrHe™ and atomic Cr

In tablel2.1] we compare our results for the X 6¥F ground state of the CrHe™ cation to
previous calculations|203] and available experimental datal218, 219]. The equilibrium
distance and the vibrational constant agree better with experimentally observed values
than previous theory using a MRCI-approach|203]. Especially the coupled cluster results
reproduce the experimental results, which also holds for the potential depth, while the
MRClI-results underestimate the potential depth.

Table 2.1: Comparison of different results regarding CrHe™

Source R. /A D, / cm™! we / cm™!
Kemper et al.|218] 2.25 £ 0.15 430 £+ 30 185 4+ 30
von Helden et al.[219] 2.18 +£ 0.30 490 + 160 210 4+ 42
Wilson et al.[203] 2.363 476 138
MRCI 2.328 373 149
MRCI+DK 2.290 396 156
CCSD(T) 2.260 427 173
CCOSD(T) + DK 2218 458 183

The PES obtained with the two methods described above are shown in figure[2.1] For
internuclear distances larger than 3.5 A the potentials are nearly identical. The coupled
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cluster curves show a slightly steeper repulsive wall and a deeper potential than the
MRClI-results.

50}
-100¢t
-150}
=200}
=250t

E (cm™1)

=300}

=350}

MRCI
— — — MRCI+DK
—400} ccsD(T)
—450} \/ — — — CCSD(T)+DK]|

2 3 4 5 6 7
r (A)
Figure 2.1: PES of the CrHe™ cation in its X ST ground state, calculated at the
CASSCF/MRCI and CCSD(T) level of theory. Equation2.1] has been used

to extrapolate the results obtained with quadruple- and quintuple-zeta basis
sets to the basis set limit.

In the next step we calculate the first few electronically excited states of a single Cr
atom at the CASSCF /MRCI level of theory. The ground state of Cr (a”S3 ) is a septet
state with the occupational scheme [Ar]4s! 3d°. The active space for the first 19 states
of the septet manifold includes all occupied orbitals as well as the virtual 4p and 4d
orbitals. To reduce the computational expense, the orbitals of the [Ar| configuration are
optimized, but kept doubly occupied in all calculations. This leads to an accessible, yet
representative active space consisting of 14 orbitals (6/3/3/2) and 6 electrons, comprising
772/ 752/ 752/ 727 state-averaged wave functions (CSFs) for the symmetries ][]

Table[2.2] compares our results for the aug-cc-pVTZ, the aug-cc-pVQZ and the larger
aug-cc-pV5HZ basis set with experimental data taken from the NIST database[I3] . The
states were identified using symmetry and energetic position. Although the multiplicities

I The active space for the other multiplicities was chosen differently to obtain a similar accuracy and
computational effort. For the same active space the quintet and triplet multiplicity would give many
more CSFs, since the Pauli Exclusion Principle only forbids electrons of the same spin to occupy
the same orbital. For the quintet multiplicity an active space of 9 orbitals (4/2/2/1) and 6 electrons
has been used, for the triplet multiplicity the active space contained 14 orbitals (6/3/3/2) and 4
electrons. This resulted in 270/ 260/ 260/ 260 and 932/1032/ 1032/ 1038 CSFs for the quintet and
triplet manifold, respectively.
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Table 2.2: Transition energies (cm™!) obtained for the Cr atom for differrent multiplic-
ities. The NZ column headings refer to the aug-cc-pV NZ basis sets, whereas
57-DK denotes the aug-cc-pV5Z-DK basis set

Transition NIST [13] TZ QZ 57 5Z-DK
z P« a 'S 23415 21458 21828 21844 21773
z "F°«a’S 25432 23665 24256 24279 23054
z "D a’S 27607 26030 26603 26623 25413
y "P°«a’S 27848 26168 26771 26787 26444
a’S+ a’s 7593 6435 7071 7037 7440
a’D<«a’S 8090 9443 10181 10177 8487
a’G+a’sS 20251 22389 22869 22688 22554
a’P«+ a’s 21846 23744 24125 23936 23762
b5D <+ a’S 24292 26770 27220 27056 26863
2 P°« a S 26793 25582 26301 26299 27110
a’P <+ a’S 23796 25778 26219 25615 23776
a’H <+ a’S 24080 26118 26733 26104 24274
a3F +a’S 25177 27378 27962 27236 25372

were treated with different active spaces they show similar deviations, indicating that a
similar amount of electron correlation was included. The numbers correspond to energy
difference between the lowest state in the septet multiplicity and the respective states.
The last column contains the results obtained with the Douglas-Kroll correction and
basis sets. For the excited states in the septet multiplicity the order of the states is
reproduced correctly. Relative energy deviations for the largest basis set are below 8 %
for the septet states. On average, the discrepancy between TZ and QZ energies is about
600 cm ™!, but shrinks to about 20 cm™! between QZ and 5Z. Such a convergence with
basis set size could not be observed for atomic excitations within the quintet multiplicity.
The changes between the aug-cc-pVTZ and the aug-cc-pVQZ basis set are similar to
the changes between the aug-cc-pVQZ and the aug-cc-pV5Z basis set. The order of
the states z °P° and b °D was found to be wrong for all tested basis sets except aug-cc-
pV5Z-DK after inclusion of the DK-correction. The triplet states have an error of similar
magnitude as the other states. By including the DK-correction the results for the triplet
multiplicity were improved. While the inclusion of the Douglas-Kroll (DK) correction
increased the error in the septet multiplicity to at most 10 %, the results for the quintet
multiplicity were improved, especially for the second transition. Since problems with
convergence arose after including the Douglas-Kroll correction in calculating the excited
states of the diatomic molecule CrHe and no significant improvement was observed for
the atomic transitions, no DK correction was applied to the excited diatomic states.
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2.3 Results and discussion

2.3.2 The neutral CrHe diatomic molecule: method comparison
and relativistic corrections

Figure[2.2]shows a comparison of the CC and the MRCI potential energy curves obtained
for the electronic X7 X ground state of the CrHe molecule. The CCSD(T) potential is
deeper and the minimum is found at a smaller equilibrium distance of 5.04 A (5.24 A for
MRCI). We explain this discrepancy by a lack of dynamic correlation in the case of the
MRCI approach, which seems to be essential for a correct description of the weak van
der Waals interaction. The CCSD performance is comparable to MRCI, which under-
lines the importance of the (in both cases missing) triple excitations correction. MRCI
calculations are not size consistent, but can be corrected e.g. by a multiconfigurational
analogue to the Davidson method (MRCI+Q). The corrected potentials show a deeper
well depth than the CCSD results. The Douglas-Kroll correction increases the potential
depth for all methods. However, these changes are smaller than those introduced by
triply excited amplitudes or the Davidson correction. The inclusion of DK corrections
caused similar changes in the other manifolds: It reduces the Cr-He bond length by
0.2 A on average, and increases the potential energy depth by about 0.54 cm™!.
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Figure 2.2: PES of the CrHe diatomic molecule in its X "XF ground state, calculated at
the CASSCF/MRCI and CCSD(T) level of theory, after basis set extrapola-
tion according to equation

The same methods were applied to determine the lowest electronic states in the quintet
(a®S) and the triplet (a®P) manifold (see figuresf2.3] and 2.4). Here we obtain huge
qualitative differences for both methods, indicating the breakdown of the single-reference
assumption for these spin manifolds. Technically, this can be derived from the T; and
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Chapter 2 A weakly bound system — CrHe

D, values of the CC approach, which are above the recommended threshold for states
of the quintet and triplet manifold|220] 221]. It is obvious from a simple orbital picture
that a single reference approach must fail: The possible distribution of the electrons
over the available energetically close s- and d- orbitals leads to several configurations
of similar energies in the case of the quintet and triplet multiplicity. Note that the a°S
potential curve is almost congruent with the X"X T curve. This indicates a severe mixing
of septet character into the quintet wave function through a double excitation.

0 L
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_2 L
o 3
|
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E -4
€a|
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— — — MRCI+DK
-7t CCSD(T)
— — — CCSD(T)+DK
_8 i i
4 6 8 10

r (A)

Figure 2.3: Comparison of the CASSCF/MRCI and CCSD(T) results obtained for the
lowest electronic state in the quintet manifold (a®S) of CrHe.

We note further that all PES shown in figures[2.1}2.4 have been corrected for BSSE by
application of the counterpoise correction method of Boys and Bernardi[I09]. As can be
seen in figure[2.5] this correction turns out to be essential for an appropriate description
within the CC approach, while the MRCI results are far less affected. For the lowest
states of the neutral system the error is below 0.2 cm™!, whereas the results for CrHe™
cation show a difference of about 5 cm™!, which, however, is also small compared to the
potential depth of the system (see table. Hence, no BSSE correction is applied to
the MRCI-derived excited states in the next section.

Table[2.3] summarizes the potential parameters in each multiplicity determined with
different methods. Relativistic corrections are considered within the Douglas-Kroll for-
malism. In general, CASSCF/MRClI-calculations underestimate the potential depth and
overestimate the equilibrium distance. As can be seen in table[2.3] the state averaged
(SA) CASSCF/MRCl-calculations give values closer to the CC results. The MRCI-
calculations for the ground state were improved by applying the Davidson-correction to
correct, for size inconsistency (MRCI+Q).
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2.3 Results and discussion

Figure 2.4:

Figure 2.5:
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Comparison of the CASSCF/MRCI and CCSD(T) results obtained for the
lowest electronic state in the triplet manifold (a®P) of CrHe.
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PES of the CrHe diatomic molecule in its X7 X ground state, calculated at
the CASSCF/MRCI and CCSD(T) levels of theory, after basis set extrapola-
tion according to equation[2.1] The figure displays results with and without
counterpoise correction (CP)
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Chapter 2 A weakly bound system — CrHe

Table 2.3: Potential parameters of the lowest states of CrHe in the different multiplicities

M Method R,/ A D, / em™! we / em™!
Septet CCSD 5.235 3.58 9.1
CCSD-+DK 5.170 3.81 9.5
CCSD(T) 5.100 4.59 10.4
CCOSD(T) + DK 5.038 4.88 10.9
MRCI 0.301 3.35 8.8
MRCI+DK 5.235 3.56 9.1
MRCI+Q 5.211 4.01 9.7
MRCI+Q+DK 5.145 4.27 10.0
MRCI - SA 5.203 3.96 9.6
Quintet CCSD(T) 5.176 4.59 11.0
CCSD(T)+ DK 5.146 4.88 11.1
MRCI 6.125 1.42 5.2
MRCI+DK 6.067 1.49 9.3
Triplet CCOSD(T) 4.953 7.42 14.9
CCSD(T)+ DK 5.164 4.30 11.1
MRCI 5.224 4.35 10.9
MRCI+DK 5.189 4.48 11.1
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2.3 Results and discussion

2.3.3 The neutral CrHe diatomic molecule: electronically excited
states in the quintet and septet manifold

In this section we extend our CASSCF/MRCI approach to the first electronically ex-
cited states of the neutral CrHe diatomic molecule. The active space schemata used
for the single Cr atom are extended by the helium contribution, which consists of one
additional, doubly occupied orbital in A; symmetry. PES for the septet manifold are
shown in figure2.6] All calculations were performed with the aug-cc-pV5Z basis sets.
Interestingly, of all the states considered, only the 1 7II state shows a noticeable poten-
tial minimum. However, this somewhat unusual finding can also be observed in other
heteronuclear diatomic molecules including He (see table[2.4))[222-228)].

2.9

2.8
2.7

2 26

XX

m 2.5

2.4

2.3

TDM (age?)

Figure 2.6: The first 11 electronically excited states of CrHe in the septet manifold.
Zero energy is set to the asymptote of the X "SF ground state (not shown).
Excited states are asymptotically corrected based on atomic energies taken
from the NIST database|I3]. Additionally the non-zero transition dipole
moments from the X7 X+ ground state are shown.

It seems that a weakly bound X X" and a more strongly bound 111 state is typical for
these systems. The binding strength for the first excited state is especially strong for
elements where the first electronic transition excites an electron from a singly occupied
s-orbital into a p-orbital. This effect can be observed for the alkali metals, the coinage
metals and, as we found for chromium. In general, the binding strength decreases with
increasing period in the periodic table. The d-orbitals also influence the interaction,
which can be seen for the fourth period. Potassium with no occupied d-orbitals shows
the weakest bonding, copper is in between with completely filled orbitals, and chromium
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Chapter 2 A weakly bound system — CrHe

Table 2.4: Comparing the potential parameters of the two lowest states of several het-
eronuclear diatomic molecules including He.

X ¥t 111
Element R./ A D, / cm™! R,/ A D, / cm™!
LiHe 227] 6.09 1.50 1.80 1015
NaHe [222] 6.56 1.20 2.33 125
KHe [223] 7.78 0.45 2.90 163
RbHe [224] ~ 7.40 ~ 1.50 3.30 134
CsHe [224] 7.94 1.30 3.49 112
MgHe [225] 5.06 5.84 3.82 10
CaHe [226] 5.85 4.20 4.76 10
CrHe 5.04 4.88 1.98 629
CuHe [227, 228| 4.59 6.23 2.03 461
AgHe [227, 228] 4.60 7.42 2.52 272

shows the strongest bond with its half-filled d-orbitals. Overall copper shows the greatest
similarity with chromium for the elements included in table[2.4]

The potential parameters of the states in figure[2.6| were determined by fitting a Morse-
potential and collected in table[2.5]

For the ground state the potential depth is slightly underestimated and the bond
length is slightly overestimated, but it compares well with the above coupled cluster
results. Only the states 1711, 2711 and 17X~ show a significant binding. These three
states are the only ones with an equilibrium position below or around 4 A. This becomes
important when looking at the transition dipole moments (TDM) (see figure[2.6)) .

The TDM values (figure[2.6) for large internuclear distances approach the atomic
values, see last column of ta Down to 4 A the TDM remain nearly at the atomic
values. If no relaxation in the states 1711, 2711 and 17X~ is considered, the atomic
dipole moments should be a good approximation. Taking this into account, the states
with the atomic limits y “P° and z "P° are of interest, since they can be reached from
the ground state by excitation. The diatomic states corresponding to the y “P° level
are similar in shape, showing weak binding and long equilibrium distances. The states
corresponding to the z "P° atomic asymptote, on the other hand, differ considerably in
shape. While the 27%% state is only weakly bound, the 17II state shows a potential
depth of 629 cm™!. This strongly bound state could lead to the formation of a CrHe*
excimer, but this becomes less likely if spin-orbit coupling is included (see section.

The results for the quintet states are summarized in table[2.7] and figure2.7] No
strongly bound states occur in the quintet manifold. The levels are well separated
and only cross each other for internuclear distances smaller than 2 A. A closer look at
table[2.7 reveals a correlation between binding strength and electronic configurations.

02



2.3 Results and discussion

Table 2.5: Potential parameters of the excited states of CrHe in the septet-multiplicity

At. limit Term R,/ A D,/ cm™! we / cm™!
a’s X "yt 5.20 3.96 9.6
z 'P° 2 T%t 7.87 0.57 2.8
111 1.97 638.38 321.7
z "F° 378t 6.46 1.58 5.3
2 11 4.03 16.36 234
17A 5.97 2.24 2.5
17® 6.32 1.67 5.6
z 'D° 172~ 4.00 19.91 25.1
37 5.53 2.64 6.7
27A 6.77 1.23 4.5
y P° 47T 7.86 0.66 2.9
4711 6.00 1.99 5.8

The states belonging to the a®D asymptote show the strongest binding. This electronic
state is the only one with an electronic configuration of [Ar|3d*4s?. The configuration
which led to the strongest bond in the septet multiplicity, [Ar|3d® 4p (z "P° state), shows
intermediate bond strengths (the z°P° atomic limit). The remaining states correspond
to the configuration [Ar]3d54s, like the ground state in the septet multiplicity. The
configuration [Ar| 3d* 4s 4p gives rise to most calculated states in the septet multiplicity
(zF°, z"D°, y"P° limits), but no states with this configuration were calculated in
the quintet multiplicity. In general, the potentials in the quintet-multiplicity show less
variation with the projection of the total orbital angular momentum than septet states,
but this seems unrelated to the different orbital occupations that are possible for quintet
states.
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Chapter 2 A weakly bound system — CrHe

Table 2.6:  Comparison of MRCI transition dipole moments (J-averaged, TDM?) to
experimental data obtained from Younger et al.[229] for selected Cr transitions
in the septet manifold. Experimental line strengths (Si¢) are divided by the
number of degenerate final states (g;).

transition Si¢ / a. u. g (Sie/gr) / a. u. (TDM)? / a. u.
z "P° + a 'S3 6.10 5 1.22 1.20
z "P°3 < a "S5 8.25 7 1.18
z "P°y < a"S;3 10.80 9 1.20
z "D° + a 'S; 0.01 9 0.00 0.00
y P° ¢ a ’S; 18.70 5) 3.74 3.67
y P°3 ¢ a ’Ss 24.00 7 3.43
y "P°y + a 7S 30.20 9 3.36

Table 2.7: Potential parameters of the excited states of CrHe in the quintet-multiplicity

at. limit Term R. /A D, / cm™! we / cm™!
a°S 1°%F 6.00 1.60 5.4
a D 2597 5.29 4.38 10.7
1511 5.23 4.69 11.2
1°A 5.15 5.03 11.5
a °G a 5.37 - 547 2.81 - 3.03 ~ 8.0
a °P 1°%- 5.37 2.99 8.1
3 511 0.45 2.88 8.1
b °D 4 59F 5.32 3.17 8.6
4 511 5.29 3.28 8.5
35A 5.55 2.67 7.6
z °P° 5°%T 5.60 2.51 7.4
5 °I1 5.40 3.04 8.2

@ .The 3°5%%, 2°II, 2°A,15®, 1 °T states belong to the a °G limit.
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2.3 Results and discussion

Figure 2.7: The first electronically excited states of CrHe in the quintet manifold. Ex-
cited states are asymptotically corrected based on atomic energies taken from
the NIST database[13].
¢ ... The 355, 2°II, 2°A, 15®, 1 °T states belong to the a °G limit.
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Chapter 2 A weakly bound system — CrHe

2.3.4 The neutral CrHe diatomic molecule: spin-orbit coupling

To allow for a direct comparison to experimental data we further consider spin-orbit
coupling in our analysis of the electronically excited states in the septet manifold. This
is achieved via an effective correction based on the Breit-Pauli-Hamiltonian[I8T], as it
is included in the MOLPRO software package[140]. Including the spin-orbit-coupling
leads to extensive state splitting as it is expected for Cr. For higher energies a unique
identification of states is only possible down to an internuclear distance of 5 A due to
the high density of states.

Table 2.8: Comparing experimental transition energies for Cr[13] and calculated asymp-
totic values for the J-substates of CrHe

Transition A E|13] / em™? AE*/cem™ AE’ /ecm™!
z "P° + a’S3 23305 21642 23302
z "P°3 < 7 "P°% 81 87 85
7 "P°y + 7 TP 112 116 112
z 'F° 2z "P° 1472 1755 1497
z "F°) + 2 TF° 39 37 36
z "F° 2 "F° 79 73 73
7' F°3 < 7 "F°, 117 111 109
7 "F°y 7 "F°4 154 146 146
2 TF°s « 7 TF°, 189 182 182
2 TF°g < 7 TF°, 993 920 218
z 'D° + z "F°% 1529 1701 1555
z D% « 7z D% 82 73 72
7 D% 7 D% 118 110 109
z D% + z "D°% 149 152 146
7 "D° < z D% 176 184 187
v 7P° « 7 D% .97 -39 -107
y TPy < y TP, 91 97 90
vy TP° v TP° 115 128 132
¢ ...This work

b ..This work, corrected by a shift of the asymptotic MRCI energies to atomic

values|T3].

The level splitting of the different states is well reproduced, as can be seen in table[2.§]
and figure2.8) The mean of the energies of mj-sublevels was used to determine the
energy of each J-state. For J-states belonging to the same term the error of the level-
differences is smaller than 10 cm™!, which indicates an appropriate description of the
SO-coupling. Larger deviations are obtained for differences between different terms due
to inaccuracies in the electronic energies. As a consequence the order of two sublevels
deviates from experimental observation[13] . In the second column in table[2.§ the
state y "P°;3 lies energetically above the state z7D°;, not below. This is related to the
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2.4 Comparison with experiment

deviation in the transition y "P°, < z7D°5, where instead of a value of -97 cm™!a value
of -39 cm™lis determined (table2.8)). In an additional step, the results were improved
by shifting the Cl-energies at 100 A to the experimental values. The modified values are
shown in figure2.§ and in the fourth column of table[2.§

2.37 x10°
2.36“
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2.34 1

2.33
2.32}
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2.31¢

2.3t
2.29}

2.28}
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Figure 2.8: The electronically excited states of CrHe corresponding to the z "P° atomic
excitation of Cr in the septet manifold after inclusion of SO-coupling. Zero
energy is set to the asymptote of the X7 X+ ground state.

2.4 Comparison with experiment

Up to now there are no experimental verifications of the CrHe diatomic molecule, but
spectroscopic studies of Cr in He droplets shall be compared in the following. In re-
cent beam depletion measurements of chromium doped superfluid helium nanodroplets
blueshifts of about 200 to 300 cm™! were observed for the transitions z "P°«a’S and
y "P°«a’S[18]. A shift for the state y "P° can already be seen in calculations for CrHe
at the MRClI-level. Vertical excitations in the diatomic molecule from the ground state
to the 47%% or to the 4 Il state are blue shifted by about 70 cm~tand 15 cm™!, re-
spectively, with respect to the corresponding atomic transitions. An enhancement of
this effect by having the Cr atom surrounded by helium might be an explanation of the
larger shifts as they occur for nanodroplets. A similar extrapolation for a shift of the
atomic z "P° excitation energy on a droplet based on the corresponding CrHe states is
less straightforward. While the 27X T state is also blue shifted by 80 cm™?, the 1711
state shows a slight red shift at the MRCI level. However, after inclusion of spin-orbit
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coupling it becomes obvious that a simple extrapolation of trends is no longer sufficient:
For the z "P° asymptote strongly and weakly bound potentials were determined, which
differ significantly in the onset of the repulsive part of the potential. The phenomenon
of blue shifted atomic excitations for Cr is even more pronounced in matrix isolation
spectroscopy, where the atoms are embedded in a less inert argon or krypton environ-
ment. Significantly larger blue shifts of 1600 cm™* and 2200 cm™~! were reported for the
2™ P°«a’S and y "P°<-a’S transitions in Kr and Ar matrix, respectively[230].

While atomic Cr excitations are shifted in HENDI experiments, the fluorescence is
not. This interesting finding indicates that chromium atoms leave the droplet after
excitation[I8]. A possible explanation for such an ejection could be the population of
more weakly bound states (y "P°, z °P°) during the relaxation process after the initial
excitation. The interaction of superfluid He droplets with single atom dopants has been
investigated by Ancilotto et al.[231]. In short, the behavior of a single atom X on helium
droplets correlates with simple parameters of the X He potential. In general, increased
potential depth or X-He bond length raises the probability for a full immersion into
the droplet. However, the ground state of chromium is a borderline case. It has a
slight tendency to favor a position inside the droplet[17, 18], but a minimal reduction of
the potential depth would already suggest a position on the surface of the He droplet.
Applying the above argumentation to the CrHe potentials, our tentative explanation
may be summarized as follows: the deeper CrHe ground state potential suggests that the
chromium atom is residing in the center before excitation. The sublevels corresponding
to the y "P° state on the other hand are weakly bound and their population would
therefore favor a position on the surface of the droplet. Hence, the supplied excitation
energy might be sufficient for a complete detachment from the helium droplet simply
due to a reduced attractive interaction. We note that in the z "P° state the formation
of an excimer might be a possible scenario (17II), but SO-corrected results indicate a
potential barrier for certain states which makes such a formation less likely.

Fluorescence emissions from the z°P° state to the a®S state have been observed in
HENDI-experiments[17, [18]. The transitions a°G — a’D and a®P — a’D appear in
matrix isolation spectroscopy|[230], and their difference corresponds to the gas phase level
difference of a°P and a®G. This indicates a similar interaction of these states (which
share the same electronic configuration) with the matrix environment. Pellin et al.[230]
determined a strong matrix dependence of the level difference of a®S and a 5D, two states
with different configuration, and that the state a®S is a trapped state with long lifetime.
These findings are also reflected in our calculated potentials (see table and ﬁgure:
The curves related to a°S differ more strongly from the potentials corresponding to the
a’P state than the potential curves with the a®G atomic asymptote.

HENDI as well as matrix-isolation spectroscopy experiments report transitions into the
quintet multiplicity for embedded Cr atoms, which indicates the presence of a mechanism
for populating quintet-states enabled by the rare gas environment. Our CrHe model
approach reaches a limit in this regard since there is no level crossing between the
relevant states. The states corresponding to z°P° are lower in energy and more strongly
bound than those belonging to y "P°. However, considering more pronounced effects due
to the helium environment, we offer the following suggestion: the states corresponding to
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2.5 Conclusion

the y "P° atomic limit have a smaller potential depth and a larger equilibrium distance
than the ground state. The same is valid for the states corresponding to z °P°, although
not to the same extent. The differences in binding strength can be understood by taking
a look at the configuration: The z°P° has the same configuration as the strongly bound
state z "P°( |Ar|3d°4p ), whereas the state y "P° has a configuration of [Ar|3d* 4s4p.
The chromium atom will be most likely ejected in the state y “P°, while it might even
reside inside the droplet in the state z°P°. For the excitation a’S — y "P° the chromium
atom needs to create a large ‘bubble’ within the helium droplet. A change of the bubble
size in the liquid helium would be much smaller for the transition a’S — z°P°, which
includes a spin flip. This indicates a pressure-induced spin-flip as it is also observed for
bulk chromium|232], which undergoes a first order phase transition at 122 K between
two different spin-density-wave antiferromagnetic states. The pressure dependence of
the magnetic properties of bulk chromium is well known and has been used to study the
quantum critical point, see ref.233| and references therein. In theoretical approaches an
accurate lattice constant has proven essential to determine accurate magnetic moments
and states of bulk Cr, see ref.234 and references therein. Our results suggest that even
non-magnetic atoms like helium affect the magnetic properties of chromium noticeable,
simply due to Pauli repulsion. Pellin et al.[230] also observed a strong system crossing
via the a3P — a®D transition. It shows a line shift of less than 80 cm™!, which can
be considered minimal for this type of spectroscopy, and independent of the rare gas
matrix. Again, this is to be expected since both states share the same configuration
(|Ag] 3d* 4s?), so the effects of the matrix should be similar to both states. In our case,
this similarity is apparent in the potential parameters for the lowest state in the triplet
multiplicity in table[2.3] and the quintet states listed in table[2.7]

2.5 Conclusion

The interaction of a single Cr atom with He has been analyzed at the CCSD(T) and
CASSCF /MRCI level of theory. We validated our computational approach by compar-
ison to experimental data available for the charged CrHe™' system and the well-known
atomic excitations of a single Cr atom. Our CCSD(T) results for the ground state poten-
tial curve of CrHe™ are in good agreement with experiment and lie within the reported
experimental uncertainties. Deviations in relative energy for the first few electronically
excited states of Cr up to 3.36 eV obtained with MRCI are less than 10 percent in the
septet manifold and somewhat higher for quintet and triplet states.

The X"SF ground state of CrHe shows a binding length of 5.04 A and a binding energy
of about 4.9 cm™! with CCSD(T). MRCT on top of a moderately sized CASSCF(8,14)
gives comparable results, but slightly underestimates the strength of the van der Waals
binding. Our MRCI analysis of excited states reveals a strongly bound state (1711,
D.=638cm™!) in the septet manifold. This somewhat unusual finding is in line with
previous results for heteronuclear diatomic molecules of helium and alkali or alkaline
earth metals. Spectroscopically, the 17II and the 27%% state are of particular interest
due to their z "P° atomic asymptote, which has a high dipole transition moment for an
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excitation from the atomic ground state of Cr. In the quintet manifold all excited states
of CrHe up to our energy threshold of 3.36 €V show a weak bonding of about 5 cm~! or
less.

Looking at the CrHe diatomic molecule as a highly simplified toy model for the com-
plex interactions of Cr with larger He-nanodroplets we find agreement between vertical
excitations from the ground state at R, and the experimentally observed blueshifts with
respect to energy differences tabulated for the corresponding transitions in free Cr atoms
(z™P°+a’S and y "P°<a’S). Transitions between the septet and the quintet manifold
as reported in HENDI and matrix-isolation spectroscopy experiments are not accessible
within our CrHe model due to the lack of intersystem crossings in this system for the
relevant states (z°P° and y "P°). However, we find that CrHe states corresponding to
the z5P° asymptote are slightly stronger bound than those with y "P° asymptote. Sec-
ondly, their [Ar|3d®4p electronic configuration is assumed to be less interfering with the
helium droplet. Thirdly, the latter configuration is identical to the configuration of the
strongly bound 1711 state. We believe that the combination of these three factors is the
driving force for the intersystem crossing as it occurs in larger Cr-Hey systems.

2.6 Remark

The solvation of Cr atoms in He-nanodroplets and the induced shift of energy levels was
further investigated in ref.l4 and quantitative results were obtained. This study used the
so-called Orsay-Trento functional for the He density. This bosonic density functional
has been optimized to describe the properties of liquid *He[235237]. However, the
calculated diatomic potential energy curves of CrHe can not be directly applied in the
DFT computation, because there are many He atoms and the potential energy curves
are only given for one direction. Therefore, the potentials were mixed by the diatomic in
molecules approach[4]. The potentials were then used in DFT calculations for droplets
of 10 to 2000 helium atoms. The interaction of Cr with Hey was investigated and for the
ground state the Cr atom prefers a position inside the helium droplet with a solvation
energy of 40-50 cm~!. Several experimentally relevant excited states (4 TII, 4 72T, 1 55T,
6 °TI, 6 °2T) of Cr were also considered and in these cases Cr attaches to the surface
with binding energies of about 20 cm~!. Additionally, the line shift introduced by the
helium environment was studied.
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Chapter 3

Electronic structure and spin-orbit
coupling of RbSr

This chapter corresponds to the publication:

Ab initio Study of the RbSr electronic structure: Potential energy curves,
transition dipole moments and permanent electric dipole moments

by Johann V. Pototschnig, Giinter Krois, Florian Lackner, and Wolfgang E. Ernst

in Journal of Chemical Physics, 2014, 141, 234309,

which was written by the author of the thesis.

The author of the thesis was responsible for:

author of the publication

realization and implementation of the ab initio calculations

determination of the vibronic spectra based on the ab initio calculations

interpretation of the result, comparison to experiments

The contributions of the co-authors are listed below:

e G. Krois: experiment and data acquisition
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Abstract

Excited states and the ground state of the diatomic molecule RbSr were calculated by
post Hartree-Fock molecular orbital theory up to 22000cm~!. We applied a multirefer-
ence configuration interaction calculation based on multiconfigurational self-consistent
field wave functions. Both methods made use of effective core potentials and core polar-
ization potentials. Potential energy curves, transition dipole moments and permanent
electric dipole moments were determined for RbSr and could be compared with other
recent calculations. We found a good agreement with experimental spectra, which have
been obtained recently by helium nanodroplet isolation spectroscopy. For the lowest
two asymptotes (Rb (5s 2S) + Sr (5s4d *P°) and Rb (5p 2P°) + Sr (5s® !S)), which ex-
hibit a significant spin-orbit coupling, we included relativistic effects by two approaches,
one applying the Breit-Pauli Hamiltonian to the multireference configuration interac-
tion wave functions, the other combining a spin-orbit Hamiltonian and multireference
configuration interaction potential energy curves. Using the results for the relativistic
potential energy curves that correspond to the Rb (5s 2S) + Sr (5s4d ®P°) asymptote,
we have simulated dispersed fluorescence spectra as they were recently measured in our
lab. The comparison with experimental data allows to benchmark both methods and
demonstrate that spin-orbit coupling has to be included for the lowest states of RbSr.

3.1 Introduction

The recent years have seen a considerable growth of interest in polar molecules with
unpaired electrons because of the intriguing applications, which have been proposed for
these molecules in the ultracold temperature regime. With their permanent electric
dipole moment (PEDM) and magnetic dipole moment, they offer many opportunities
for a controlled manipulation. Possible applications range from the realization of quan-
tum simulations|80] and lattice spin models|[79] to precise measurements of fundamental
physical constants with high resolution spectroscopy[90].

Especially alkali (AK) atoms and alkaline earth (AKE) atoms are promising con-
stituents for such diatomic molecules, because these elements can be cooled efficiently
and quantum degenerate systems were already produced[61) 63, 64, 238]. Up to now
several homonuclear and heteronuclear diatomic molecules were investigated consist-
ing either of two AK atoms or two AKE atoms, especially in the ultracold tempera-
ture regime[28, 29]. In contrast to homonuclear dimers, the heteronuclear molecules
can posses a significant PEDM|[239], however they have no unpaired electron. Mixed
AK-AKE molecules have one unpaired electron, which gives rise to a magnetic dipole
moment in the 2XF ground state. Among the AK-AKE molecules, RbSr is the most
promising candidate for the production of ultracold molecules, because the production of
spatially overlapping quantum degenerate systems has recently been demonstrated|26].
Theoretical calculations of the ground state of RbSr have been performed by several
groups|119, 167, 240]. For excited states of RbSr only two theoretical studies are known
to the authors. Zuchowski et al[I79] compared two methods: A full configuration
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interaction calculation (FCI) was performed with the CIPSI method (configuration in-
teraction by perturbation of a multiconfigurational wave function selective iteratively)
applying large effective core potentials (ECPs) and core polarization potentials (CPPs).
They compared their results to equation of motion coupled cluster theory (EOM-CC)
using small ECPs. Chen et al.[241] applied Kramers restricted multireference configu-
ration interaction (KR-MRCI) and determined the ground state as well as three excited
states corresponding to the Rb (5p 2P°) + Sr (5s? 1S) asymptote within their all-electron
approach.

So far, excited states of RbSr have only been investigated experimentally by helium
nanodroplet (Hey) isolation spectroscopy[dl [6], an approach that has recently been intro-
duced for the characterization of AK-AKE molecules|2]. This work extends the previous
calculations[I79, 241] to higher states up to an asymptotic energy of 22000cm™! and
utilizes a different method. Our results will be compared to recent experimental results
for RbSr formed on Hey|[3, 6].

Furthermore, we include spin-orbit interaction for the lowest states, which correspond
to the Rb (58 2S) + Sr (5s4d *P°) and Rb (5p 2P°) + Sr (5s? 'S) asymptotes by using two
different approaches. The two sets of relativistic potential energy curves (PECs) and
their transition dipole moments (TDMs) were calculated (i) by evaluating the Breit-
Pauli Hamiltonian as implemented in the MOLPRO software package[140] and (ii) by
extending the MRCI results with a spin-orbit Hamiltonian as described in ref.[179.

As will be shown for the states originating from the Rb (5s 2S) + Sr (5s4d *P°)
asymptote, this is essential for a proper simulation of the dispersed fluorescence spectra|)
in the respective energy range. The aim of this study is to provide PECs, TDMs and
PEDMs for several excited states of RbSr in order to explain experimentally recorded
spectralbl 6] and to aid the envisaged experiments with ultracold RbSr molecules|167,
2401-242).

3.2 Methods and computational details

The calculations were performed with the MOLPRO software package[I40]. A multicon-
figurational self-consistent field calculation (MCSCF)[125, 216] in combination with a
second order multireference configuration interaction calculation (MRCI)[128, 217] was
applied. These molecular orbital based methods enable the calculation of the PECs,
PEDMs, and TDMs for several excited states and the ground state. The number of
states as well as the orbitals will be given in the program-specific ordering of irreducible
representations (A;/Bi/Ba/As) of the Cqy point group. According to this notation the
active space consisted of 16/8/8/3 orbitals filled with 19 electrons, whereas the inner-
most 4/2/2/0 orbitals were optimized but kept doubly occupied. The remaining 56
electrons were considered by applying two different ECPs, one for each atom. The 28
inner electrons of Rb and Sr were replaced by the relativistic ECP ECP28MDF provided
by Lim et al.[243], 244]. The corresponding basis sets were used, but modified such that
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they were completely decontracted and several exponentsﬂ were added. This procedure
led to a basis of Rb[14s 11p 7d 4f 2g]|, Sr[15s 12p 8d 5f 2g| elementary functions. The
addition of further d-functions was especially important for higher states. Benchmark
calculations on atomic Rb and Sr in the molecular basis indicate a negligible basis set
superposition error of about ~ 20 cm™! for the given basis set and method. The results
were improved by Miiller/Meyer type[I17] CPPs with cutoff parameters of 0.3238 A2
for Rb and 0.2609 A~2 for Sr. For the static dipole polarizabilities of the atomic cores
replaced by the ECPs, values of 9.215 a.u. for Rb and 9.127 a.u. for Sr show the best
results. These values for the CPPs were obtained by optimizing the energies at large
internuclear separations (table[3.1]). 13/8/8/4 doublet states and 3/2/2/1 quartet states
were calculated with the MRCI approach. With the method described above (in the fol-
lowing this approach which applies the ECPs from Lim et al.[243, 244] will be referred
to as ST) the asymptotic values have been well reproduced, with a deviation of less than
0.8% for Rb and a deviation of at most 6.1% for Sr at the atomic limit (r=30A).

A second calculation was performed with the same basis set, but a different ECP and
CPP. The 28 innermost electrons of Rb and Sr were replaced by the CRENBL ECP[I14].
(This approach is in the following referred to as CR.) In contrast to the ST approach,
an improvement was achieved by applying a CPP of the Miiller/Meyer type[I17] with a
static dipole polarizability of 9.79 a.u. and a cutoff parameter of 0.322 A~2 for the core
of Rb. For Sr, values of 8.92 a.u. and 0.264 A2 were used. These values were again
determined by optimizing the energies at large internuclear separations (table. At
the atomic limit (r =30 A) the energy levels could be reproduced with a deviation of less
then 0.4 % and 4.8 % for Rb and Sr, respectively.

In section[3.3.§| the results of two relativistic approaches will be presented, both based
on the ST MRCI calculation. By including the spin-orbit interaction, Hund’s case (a)
notation as used for the MRCI PECs becomes inappropriate. In the relativistic treat-
ment, Hund’s case (c¢) notation is appropriate for RbSr and will be used in section
In the first approach (SO) the MRCI PECs in Hund’s case (a) notation are transformed
into Hund’s case (c) states utilizing Clebsch-Gordon coefficients and the spin-orbit in-
teraction was included with a spin-orbit Hamiltonian, following the approach outlined
in ref. [179. Upon diagonalization of the resulting matrix the relativistic PECs are ob-
tained. Note that this approach assumes the spin-orbit coupling to be constant and
independent of the internuclear separation. The TDMs were calculated by multiplying
the TDMs determined by the ST approach with the eigenvectors of the diagonalized
states. As a second approach (BP), we used a more sophisticated method for the calcu-
lation of relativistic PECs, which is then compared to the first method. The Breit-Pauli
Hamiltonian was evaluated using the MRCI wave functions, as it is implemented in
the Molpro software package[140, 245]. The calculated states were identified with the
assistance of the corresponding results for the SO method.

2Following functions were added to the basis sets: Rb(s: 0.0036; p: 0.0042; d: 0.0116, 2.860; f: 0.0624;
g: 0.33) Sr(s: 0.0030; p: 0.0035; d: 8.337, 3.257, 0.0116; f: 0.0486: g: 0.45)
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Table 3.1: Comparison of experimentally observed atomic level energies[13] to calculated

transition energies for the diatomic states at an internuclear distance of 30 A

for the two different approaches (ST/CR). Values are given in cm™'.

State NIST|[13] ST CR
Rb (5p “P°) 12737 12507 12355
Sr (5s5p °P°) 14703 14517 14476
St (5s4d ®D) 18254 19292 19043
Rb (4d 2D) 19355 19360 19425
Rb (6s %S) 20133 19952 20051
Sr (5s4d D) 20149 21363 21110
Sr (5s4d 'P°) 21698 21163 21112
Rb (6p *P°) 23767 23514 23616

3.3 Results and discussion

3.3.1 Comparison of asymptotic values to atomic energy levels

In order to estimate the accuracy of the results, the calculated asymptotic values are
compared to atomic energy levels. Table[3.1]shows the asymptotic values for the energies
at an internuclear distance of 30 A as well as atomic energy levels obtained from the NIST
database[13]. As can be seen, the overall agreement is good. Only the Sr (5s4d 'D) «+
Sr (5s% 'S) and Sr (5s4d D) <« Sr (5s* 'S) atomic transitions show stronger deviations
from their calculated counterparts. The energies for these two states are overestimated
by about 1000 cm™!, whereas a slight underestimation of about 500 cm~! is found for Sr
(5s4d 'P°) <« Sr (5s? 'S). All other transitions deviate by less than 260 cm™'. These
deviations result in a wrong energetic order of the Sr (5s4d 'D) and Sr (5s4d 'P°) states,
which lie very close to each other. Similar deviations have been observed for calculated
Sr asymptotes of the SrYb molecule in ref. 242, where the same ECP as in the ST
calculation has been used. It was observed that different values of the core polarization
potential and the cutoff parameter for the CPPs resulted only in minor changes of
the form and depth of the potential. Instead the whole PEC was shifted upwards or
downwards, giving varying agreement between energies at 30 A and the atomic energy
levels. This was only observed for states without avoided crossings, since the locations
of these crossings depend strongly on the energy differences of the involved states and
change the form of the potential. An avoided crossing appears if the PECs of two states
of the same symmetry come close, then the states repel each other and their character
changes.

The calculated TDMs in the atomic limit (at 30 A internuclear separation) agree
well with listed values in the NIST database[13]. The calculated values are shown in
table[3.2] note that only states with non-negligible TDM are shown. Line strengths for
different J-values are listed for the experimental values. In the ST and CR calculations
no spin-orbit interaction was included and therefore only one value is shown in table|3.2)
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Table 3.2: Experimentally obtained line strengths[13] (Si) are compared with calculated
TDMs at 30 A for the two different calculations (ST and CR). The squares of
the TDMs (TDM?) equal the line strengths, if the degeneracy of the excited
states (gx) is considered (fifth column).

State J Slk[l?)] gk[13] (Slk/gk)[lg] TDM2 (ST) TDM2 (CR)

(a3) (a3) (%a3) (%a3)

Rb (5p 2P°) 1/2 179 2 9.0 10.1 10.1
3/2 357 1 8.9

Sr (5s5p 'P°) 1 29.1 3 9.7 10.8 10.8

Rb (6p 2P°)  1/2 0.1 2 0.1 0.1 0.0
3/2 0.3 4 0.1

3.3.2 Overview

The PECs as calculated by the ST approach are plotted in the figures[3.1] B.3]
and An overview plot for the ST calculation can be found in ref.[5. The parameters
of 22 PECs up to an excitation energy of 22000cm™' have been calculated and are
shown in table|3.3] The lower states can be compared to previous results determined by
Zuchowski et al.[I79], where good overall agreement has been found. Some trends can
be observed: The FCI[I79] calculation shows the smallest equilibrium distances. The
potential depths obtained by the EOM-CC[I79] are smaller than those obtained with
the other approaches. The potential depths of the quartet states show the largest value
for calculations performed in this work. The largest differences between the different
methods were found for the 32X+ state. The potential depths have a difference larger
than 20 % and the vibrational constants differ by more than 10 cm™!.

The calculated potentials were fitted by the betafit-program[I58] and the Franck-
Condon factors (FCFs) were calculated with the Level 8-program|[106]. Transition prob-
abilities were determined by multiplying the squares of the TDMs at the equilibrium
position of the ground state with the FCFs. These transition probabilities enabled the
assignment of transitions observed in the excitation spectrum of the RbSr molecule on
Hey (see ref.[f)). Therein, an assignment of states with an energy up to 20500 cm™! was
possible.
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Table 3.3: Molecular parameters of excited states and the ground state of RbSr. Related excited atomic
states are given in brackets.

State Parameters ST® CR? FCI> EOM-CCP Exp.
X*yt R. (A) 4.59 4.58 4.60 4.67
we (em™1) 42.2 42.1 39.0 38.1 42 + 5[5)
D. (em™') 12733 12835 1073.3 1040.5
22yt R (A) 4.53 4.52 4.45 4.50
(Rb, 5p 2P°)  w, (cm™1) 58.5 58.9 58.4 60.2
D. (em™)  5077.5  5144.3  4982.9 4609.6
To (cm™!)  8710.6  8702.7 8837.4 9179.3
1211 R. (A) 3.92 3.91 3.87 3.93
(Rb, 5p 2P°)  we (cm™1) 79.3 79.5 79.5 83.2
D, (cm™! 8704.8  8770.2  8439.8 8038.6
To (em™)  5093.7  5087.1  5391.1 5761.8
RN R (A) 4.18 4.15 4.06 4.13
(Sr, 5s5p 3P°)  w, (cm™1) 52.8 57.4 65.3 62.5
D. (ecm™!)  3609.5 3677.8  3828.0 2892.4
To (em™1) 121864 12089.6 11961.0 12862.9  ~ 12200[6]
2211 R. (A) 4.15 4.13 4.05 4.17
(Sr, 5s5p *P°)  we (cm™1) 65.2 65.8 67.6 63.4
D. (cm™!) 44057  4450.3  4421.2 3303.5
To (em™1) 11396.5 11321.3 11369.0 12452.2  ~ 11800[6]
425+ R. (A) 4.51 4.51
(Sr, 5s4d 3D)  w, (cm™1) 78.0 7.5 86(3)[6]
D. (ecm™') 62824 61388
To (em™1)  14301.2  14205.2 14028(1)[6]
3711 R. (A) 4.36 4.36
(Sr, 5s4d 3D)  w, (em™1) 56.9 56.4
D. (ecm™!)  5596.9 5372.6
To (em™b)  14976.1  14960.8 ~ 149006]
1°A R. (A) 3.93 3.93
(Sr, 5s4d 3D)  w, (em™1) 73.8 73.8
D. (em™1)  7758.8  7637.4
To (em™1) 12822.6 12704.7
525+ R (A) 4.51 4.50
(Rb, 5d ?D) we (em™1) 51.9 52.2
D. (ecm™1)  4466.3  4555.4
To (em™1)  16172.1 16158.0
4211 R. (A) 4.56 4.53
(Rb, 5d 2D) we (cm™1h) 31.7 32.5
D. (em™!) 27580  2939.5
To (em™1) 178704 17764.0 ~ 16600[6]
22A R. (A) 4.58 4.56
(Rb, 5d ?D) we (em™1) 44.7 44.7
D. (em™') 1531.2  1639.6
Ty (em™1) 19103.7 19070.0
6°3F R. (A) 4.55 4.54
(Rb, 6s 2S) we (em™1) 48.0 47.8
D, (ecm™)  1899.1  1996.0
To (em™1) 19328.8 19341.2 ~ 19700[6]
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Table3.3t Continued.

State Parameters ST? CR? FCI> EOM-CCP Exp.
7yt R. (A) 4.37 4.36
(Sr, 5s4d 'D)  w, (em™1) 60.0 60.5
D, (em™1)  2306.6  2246.9
To (em™1)  20139.0 20155.5
5211 R. (A) 4.38 4.37
(Sr, 5s4d 'D)  w, (em™t 54.7 52.6
D. (em™! 1910.5  1856.5
To (em™1) 205325 20541.9
32A R. (A) 4.76 4.77
(Sr, 5s4d 'D)  w, (cm™1) 35.1 34.2
D, (ecm™! 1386.9  1329.1
To (em™t)  21245.3 21060.1
82n+ R. (A) 5.17 5.04
(Sr, 5s5p 'P°)  w. (cm™1) 35.5 33.5
D. (em™! 965.1 821.0
To (em™1) 21667.4 21570.3
6211 R. (A) 4.72 4.70
(Sr, 5s5p 'P°)  w, (cm™1) 40.0 374
D. (em™1) 919.0 970.4
To (em™t) 21715.7 21422.8
s R. (A) 6.17 6.16 6.15 6.25
(Sr, 5s5p *P°)  w. (cm™1) 16.2 16.3 15.4 15.0
D. (cm™! 390.3 396.7 336.3 329.2
To (em™1) 15387.4 15350.2 15427.8 15402.4
11 R. (A) 4.33 4.32 4.27 4.36
(Sr, 5s5p 2P°)  w, (cm™1) 56.9 57.6 57.0 55.0
D. (em™) 3036.1 3053.9 2838.1 2655.7
To (em™1) 12761.9 12713.6 12946.8 13095.8
219+ R. (A) 4.72 4.72
(Sr, 5s4d ®D)  w, (em™1) 38.2 37.8
D. (em™! 1670.6  1630.5
To (cm™1) 18893.0 18693.6
2411 R. (A) 4.78 4.78
(Sr, 5s4d °D)  w, (cm™1) 44.5 43.7
D. (em™! 2098.5  2026.2
To (em™1) 18468.3 18300.9
1*A R. (A) 5.02 5.03
(Sr, 5s4d D) w, (cm™1) 26.1 25.7
D, (em™1) 726.0 707.8
To (em™1) 19831.6 19610.3

a This work

b Values are taken from ref. [[79. Transition energies (T) are derived
from atomic energy levels in the NIST-database[13].



3.3 Results and discussion

3.3.3 Ground state

Due to the high interest in the RbSr molecule, recently several theoretical studies|T19]
167, 179 240], 241] and one experimental investigation[5] have targeted the electronic
ground state. In comparison to the other theoretical results, the approach used in this
work leads to a larger binding energy for the ground state (10 - 20 % deeper than the
others, see table. A similar effect was observed with the same approach for the LiCa
molecule[2]. Slightly higher values were obtained for the PEDM and the vibrational
constant in our calculation than in previous theoretical work. Recently the vibrational
constant was determined experimentally and a value of 42 +£5 cm™! was reported|5],
which is in excellent agreement with the theoretical values in table[3.4l The equilibrium
distance agrees with the result obtained by Guérout et al.[T19], whereas the other authors
found slightly larger values (see table.

Table 3.4: Compilation of different theoretical results for the ground state. The value
for the PEDM is taken at the respective equilibrium position of the ground

state.
Source R. (A) D, (cm~') PEDM (a.u.) w, (cm™')
Gopakumar[167] 4.72 916 0.55 36
Chen [241] 4.67 1018 36
Zuchowski[I79]  4.66 1059 0.61 38
Guérout[119] 4.60 1073 0.61 32
This work 4.59 1274 0.71 42

Figure[3.1 shows the PEC and PEDM obtained for the ground state. The local max-
imum of the PEDM is at about 4.1 A, at a smaller internuclear separation than the
equilibrium position of the ground state. The behavior and position of the PEDM curve
agrees with previous results[119, 167, 179], although the amplitude is slightly larger.
The vector for the PEDM points from Sr to Rb. Consequently, the positive value in
figure[3.T indicates an increased probability density of the electron close by the Sr atom.
This result is reasonable, considering the higher electronegativity of Sr compared to Rb.
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Figure 3.1: PEC and PEDM for the ground state of RbSr as determined by the ST
calculation. The dotted line marks the minimum of the potential energy
curve.
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3.3.4 Diatomic states corresponding to the Rb (5p ?P°) +
Sr (5s® 'S) asymptote

In the non-relativistic picture, the Rb (5p ?P°) state gives rise to two diatomic PECs,
the 22XF and the 1%II doublet states. The 1211 state shows the smallest equilibrium
separation and largest potential depth of all calculated states. The internuclear distance
dependent properties (PECs, TDMs, PEDMs) of these states are displayed in figure[3.2]
The transition Rb (5p 2P°) <= Rb (5s 2S) has the highest line strength of all transitions
for the Rb and Sr atoms, which include the ground state. Consequently, the 223F
and the 12II states have a high TDM at large internuclear separation. The value of
the TDM for the 2?%% state even increases for smaller internuclear separations and
reaches a maximum at 6.5 A. This state has the highest TDM of all calculated states at
the equilibrium distance of the RbSr ground state. The TDM of the 12II state becomes
smaller with decreasing internuclear separation and is small for the equilibrium distance.
The PEDM of the states displayed in figure[3.2| are mainly positive and their amplitudes
are larger than the one for the ground state. This is in agreement with the behavior of
the TDMs and PEDMs reported in ref.[179.

12 14

Figure 3.2: The PECs, PEDMs and TDMs for the lowest excited states of RbSr deter-
mined with ST calculation. The TDMs were calculated for a transition from
the ground state into the denoted excited states.
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3.3.5 Diatomic states corresponding to the Rb (5s ?S) +
Sr (5s4d 3P°) asymptote

Figure[3.3| contains the PECs, TDMs and PEDMs for molecular states approaching the
Sr (5s4d 3P°) atomic state at long distances. The two doublet states, 32X " and 2211, as
well as the two quartet states, 1*X+ and 1%II, show crossings with the strongly bound
12A state (see ﬁgures and . The calculations provide valuable information for
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Figure 3.3: The PECs, PEDMs and TDMs for excited states of RbSr determined with
ST calculation are shown in the figure.

the interpretation of dispersed fluorescence spectra obtained for the free RbSr molecule,
formed on helium nanodroplets[5] .In these experiments RbSr molecules have been ex-
cited initially into the 423% state. The majority of the molecules relaxed into lower
states and a strong fluorescence originating from the 32X* and 2211 states has been
observed. The 12A state, which has the same asymptote as the 42XF state, provides
a relaxation path into the 32X and 2%II states, which is accessed by the interaction
with Hey. Furthermore, the 322% and 2211 states have been experimentally studied for
RbSr on Hex by resonance enhanced multiphoton ionization time-of-flight spectroscopy
(REMPI-TOF), giving rise to a broadened double peak structure. In comparison to
free molecules, transitions of AK-AKE molecules on the surface of Hey[2] [6] are shifted
by a few ecm™!. For the 3?2" state the measured energy (Tp[2]~ 12200cm™') agrees
well with the calculated value (T, &~ 12200cm™!). The accuracy of the experimental
value for the 2211 state (Tp[2]~ 11800 cm™!) is limited, because it is cut off by the end
of the laser tuning range, but it corresponds well to theory (T ~ 11400cm™'). These
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states have a transition dipole moment of zero in the asymptotic limit, as expected
for the Sr (5s4d 3P°) « Sr (5s® 'S) transition. The TDM of the 3?3T state has two
maxima, the 22IT has only one within the calculated distances. Comparing this result
with previous calculations, it can be seen that it agrees better with the EOM-CCJIT9]
calculation than the FCI[T79] calculation, which applies a large effective core potential.
The FCI approach shows a weaker TDM with a maximum at smaller internuclear sep-
aration than the results presented here. The higher TDM obtained with our approach
seems more reliable, because the calculated transition probabilities agree well with the
experiment[6]. A possible explanation for the deviation of the FCI calculation is offered
by the application of larger ECPs. The TDMs of the quartet states are zero for all in-
ternuclear separations, as demanded by the selection rules. The PEDMs for the doublet
states more closely resemble the FCT results than the EOM-CC results[I79]. The quartet
states show a different behavior than reported in ref. 179, The calculations presented
here consider higher quartet states and their interaction with each other. Especially in
the case of the 14X* state this leads to a strong change of the PEDM at 4 A, as can be
seen in ﬁgure The 32XF state has a slightly negative PEDM at about 7 A and the
1*S7 state shows negative values down to 4 A, indicating a charge transfer towards the
Rb atom.

3.3.6 Diatomic states corresponding to the Rb (5s 2S) +
Sr (5s4d D) and Rb (4d °D) + Sr (5s® 'S) asymptotes

Six doublet states (42X+, 3211, 12A, 52%F, 4211, 22A) and three quartet states (14X,
1T, 1*A) correlate to the excited Sr (5s4d 3D) and Rb (4d 2D) atomic states, the
corresponding PECs, TDMs, and PEDMs are shown in ﬁgure. The 42¥F and 5227
states show two avoided crossings, the first at 12 A, the second at 6 A. These avoided
crossings alter the PEC and related properties. The potential depth and the vibrational
states within the potential depend on the avoided crossing, especially if the crossing
lies in a region of the potential well with a strong gradient. The first avoided crossing
was determined with 9.5 A (FCI) and 8.5 A (EOM-CC) by Zuchowski et al.[I79] These
values for the position of the avoided crossing are expected to be more accurate, since the
Rb (5s 2S) + Sr (5s4d 3D) asymptote is better described by the calculations in ref. 179l
The disagreement is related to the small slope of the PECs. The second avoided crossing
appears at ~ 6.8 A (FCI) / 6.3 A (EOM-CC), in agreement with our result. This avoided
crossing leads to a distinct change of the PECs and other electronic properties at 6 A for
the 42XF and 5°%F states (see figure[3.4). The 32IT and 4211 states exhibit an avoided
crossing at 10 A. Zuchowski et al [I79] reported a value of 8.5 A, the deviation is again
linked to the weak slope of the potential.

In REMPI-TOF and laser induced fluorescence (LIF) measurements of RbSr on Hey
the 4?3" state was observed and vibrationally resolved (see Figure 4 in ref. 6). The
energy T, = 14006(4) cm~' and vibrational constant w, = 86(3) cm™' agree satisfac-
torily with our calculations (7, = 14321.8cm™!, w, = 76cm™!). The experimental
and theoretical energy levels for the 32IT state compare well, Ty[2]~ 14900 cm™' and
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Figure 3.4: PECs, TDMs, and PEDMs for diatomic states originating from the Rb (4d
’D) + Sr (5s* 'S) and Rb (5s 2S) + Sr (5s4d ®D) asymptotes as calculated
by the ST approach.

Ty ~ 15000 cm ™! respectively. The 52XF state was not observed experimentally, which
can be explained by its small TDM (see ﬁgure. An energy of Ty[6]~ 16600 cm ™! was
found for the 42II state in REMPI-TOF measurements, whereas the theoretical predic-
tion gives a value of Ty ~ 17900 cm~!. This difference can be understood by the similar
deviation for the asymptote Rb (5s 2S) + Sr (5s4d D) (see table[3.1)), which might be
transferred to this state via the avoided crossing. This assumption is supported by a
value of Ty ~ 17800 cm ™! obtained with the CR calculation, where the deviation for the
Rb (5s 2S) + Sr (5s4d *D) asymptote is smaller.

3.3.7 Higher excited diatomic states

In figure|3.5| several higher excited states are shown. These molecular states correspond
to the Rb (6s 2S) + Sr (5s% 'S), Rb (58 2S) + St (5s4d 'D), and Rb (5s %S) + Sr (5s4d 'P°)
asymptotes, which lie very close to each other (see table. As mentioned above, the
calculated asymptotic energies show the wrong energetic order. The results in figure|3.5
indicate avoided crossings between the displayed diatomic electronic states. Even higher
electronic states influence the results, as can be observed in figure[3.5] for the 72IT and
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92%F states. The four states, 5211, 6211, 7°XF, and 82X, have relatively high TDMs at
the equilibrium position of the ground state and give rise to experimentally detectable
transitions, see Figure 2 in ref.lol

Among the states discussed in this section, the 6?27 state lies energetically lowest and
has the smallest TDM at the equilibrium position of the ground state. However, it gives
rise to a signal in the experiment at Ty[2]~ 19700 cm™!, whereas the theoretical value
is given by Ty ~ 19300 cm~!. For higher excited states the calculation is less reliable
and an unambiguous identification of spectral features is no longer possible, because the
states start to overlap. In figure[3.5] avoided crossings can be observed for the 72X+ and
82% T states as well as for the 5%IT and 6211 states. These avoided crossings vanish if the
order of the Sr (5s4d 'D) and Sr (5s4d 'P°) states would be reproduced correctly. This
provides a possible explanation for the high TDM of the 82X and 62II states which
correspond to the St (5s4d 'P°) atomic state with a high TDM (table[3.2)), if the avoided
crossing is taken into account. The PEDM for the 62X* state has the largest negative
value of all considered states, which is reasonable, because the excited electron resides
in the 6s orbital, the largest one of the considered Rb orbitals.

Figure 3.5: PECs, TDMs, and PEDMs are shown for the higher diatomic states treated
in the MRCT (ST) calculation.
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3.3.8 Relativistic potential energy curves for the diatomic states
corresponding to the Rb (5s 2S) + Sr (5s4d 3P°) and
Rb (5p ?P°) + Sr (5s? !S) asymptotes

In this section we present two relativistic approaches, which include spin-orbit interaction
for the diatomic RbSr molecule. Due to the increased effort of these calculations, only
states correlating to the Rb (58 2S) + Sr (5s4d 3P°) and Rb (5p P°) + Sr (5s? 'S)
asymptotes were treated. As will be shown, this relativistic treatment is necessary for
an accurate description of these states, because Rb and Sr are both heavy atoms with
a significant spin-orbit splitting. For the atoms, the spin-orbit splitting amounts to
238cm™! (?P°;2-?P°)2) for Rb as well as 187cm™" (*P°;-°P°;) and 394cm™! (*Py°-
3Pey) for Sr|13].

The results of the two relativistic approaches are shown in figure[3.6] The PECs on
the left side (SO) were obtained with a spin-orbit Hamiltonian with constant spin-orbit
coupling[I79]. On the right side the findings for an evaluation of the Breit-Pauli Hamilto-
nian are displayed. The PECs and TDMs determined with the two different approaches
are in good agreement. A notable difference can be observed in the proximity of the
avoided crossings, which appears more smoothly for the SO method. The PECs which
correspond to the Rb (5s 2S) + Sr (5s4d 3P°) asymptote show a significant difference for
the two methods in the range from 7 to 8 A. A stronger influence of the PECs onto each
other and changes in the slopes are observed for the BP approach. The inset on the right
side shows results for a Breit-Pauli calculation including states beyond the Rb (5s 2S)
+ Sr (5s4d 3P°) atomic asymptote. An unambiguous assignment of these states was not
possible, but the crossing PECs are related to the 1A state in the MRClI-calculations.

In table[3.5 the spectroscopic parameters of relativistic PECs calculated in this work
are compared to the results of Chen et al[241]. Therein the authors performed a
Kramers-restricted MRCI calculation within a four-component framework. In general
our potentials are deeper, whereas for the equilibrium distances no clear trend is ob-
served.

Dispersed fluorescence measurements for RbSr on Hey have been presented in ref.
5. The RbSr diatomic molecules desorb after excitation and consequently the emission
signal is not influenced by the helium environment. A strong signal was observed at
12400 cm~!, shown in ﬁgure with the label ’exp. data’. The spectrum was simu-
lated by using three different sets of PECs, from the MRCI (ST), the spin-orbit matrix
(SO), and the Breit-Pauli (BP) calculation. The PECs were fitted using the betafit-
program|[158]. With the determined analytical potentials the vibrational states and the
Franck-Condon factors were calculated by using the Level 8-program[106]. Subsequently
the FCFs were summed up and weighted with the square of the TDMs at a internuclear
separation of 4.6 A. Therefore only two states from the MRCT calculation (32X, 2211)
and three states from the spin-orbit calculation (4 (Q = %), 2 (Q = %), 5 (Q = %)) were
taken into account. The relativistic states are denoted according to Hund’s case (c)
notation and numbered starting from the lowest state (see figure[3.6 and table[3.5). All
other states have either a negligible transition dipole moment or their energy levels are
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Figure 3.6: The PECs and the TDMs for the lowest excited states including spin orbit
coupling. The results on the left were obtained by the SO method|I79]
the results on the right with Breit-Pauli calculation as implemented in the
Molpro-Package[I40]. The inset on the right side shows PECs for a Breit-
Pauli calculation including higher states.

far off. For the simulation of the emission spectrum an assumption for the distribution
of occupied excited states is required. The most successful assumption was a normal
distribution with a mean at 12750cm~! and a standard deviation of 100 cm~!. This
distribution of the occupation coincides with the lowest vibrational levels of the 12A
state, assuming a similar shift as for the other states. A maximum of the population
of vibrational levels levels at the minimum of the 12A state strongly indicates that this
state which crosses also the 42XT potential close to its minimum, is responsible for the
experimentally observed population transfer. Note that the relaxation process in ref.
5l is enabled by the helium environment. After a shift of the potentials to the correct
asymptotes the shape of the signal was reproduced, but not the energetic position. An
additional shift of about 280 c¢cm™! to smaller photon energies was necessary, which is
probably related to the overestimation of the potential depth of the ground state. A
similar deviation was found for the transition 42X+ < X 2¥7 in ref. [6, which uses the
results from the ST calculation. Finally the determined intensities are convoluted with
a normal distribution with a width of 6 cm™!, representing the instrument limited line

width.
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Table 3.5: Comparison of the relativistic PECs with previously published results, num-
bering of states as in figure[3.6l The excited atomic states, which the diatomic
states approach for large distances, are given in brackets.

State Parameters SO BP?* Chen et al.[241]
1(Q=1) Re (A) 459 458 4.67
we (cm ) 422 420 36.0
De (em™!) 1274.2 12745 1017.6
2 (2=73) Re ( A) 3.93  3.92 3.85
(Rb, 5p 2P%O) we (em™) 79.6 77.4 85.7
D. (ecm™!) 8569.0 8675.7 7883.1
1(Q=3) Re (A) 3.92  3.93 3.86
(Rb, 5p *P3°)  we (em™) 804  77.3 87.2
D. (ecm™!) 8727.6 8665.4 7957.3
3(Q=1) R. (4) 453 453 144
(Rb, 5p *P3°)  we (em™) 587  57.8 58.4
D. (em™') 5252.3 5158.0 4683.6
1(Q=13) Re (A) 414 414
(Sr, 5s5p *Pp°)  w,. (cm™ ) 64.1  65.8
D. (em™!) 4202.3 4215.9
2(0=23) Re (A) 414 414
(Sr, 585p 3P1°)  w, (em™ ) 64.5 66.1
D. (em™!) 4107.4 4262.5
5(Q=3) R. ( A) 420  4.18
(Sr, 55p *P1°)  w, (em™ ) 52.4 53.7
D. (em™') 3436.2 3419.2

& This work.

Note that the simulated spectrum applying the BP approach has already been pre-
sented in Figure 3 in ref.bl In contrast to the simulation therein, we first shifted the BP
potential energy curves such that the calculated asymptotes match the spin-orbit split
atomic states. This explains the difference in the assumed population maximum as well
as the difference in the final shift between this work and ref.[5. The results for the three
different sets of PECs are shown in figure[3.7] Without considering spin-orbit coupling
the experimental emission is represented poorly, as can be seen from the MRCI (ST)
simulation in figure[3.7] The smaller features are not reproduced at all and the contour
shows an additional peak. The two simulations, which apply the relativistic potentials
resemble the fine structure in the experimental spectra with a spacing of about 10 cm™!.
The overall structure with a spacing of about 60 cm™! is well reproduced, especially with
the PECs obtained by the SO method. The main contribution to the observed emis-
sion originates from the 5 (Q = %) state, which is the state with the largest transition
dipole moment. The vibrational spacing in the region of the assumed maximum of the

vibrational population for the 5 (Q = %) PEC is about 45cm™!. The small structure
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Figure 3.7: Comparison of a dispersed fluorescence spectrum[5] (exp. data) and several
simulated spectra. The non-relativistic simulation (ST) differs significantly
from the measurement. The simulations including spin-orbit interaction (BP,
SO) resemble the experimental structure.

(=~ 10cm™') originates from the difference in the vibrational spacing of the excited state
(~ 45cm™) and of the ground state (=~ 36 cm™!) in the Franck-Condon window. The 4
(Q = %) state contributes significantly to the signal especially for the lower part of the
spectrum.

3.4 Conclusion

We have presented ab initio calculations for the ground and excited states of the RbSr
molecule, encompassing potential energy curves, transition dipole moments and per-
manent electric dipole moments. Our approach utilizes a multireference configuration
interaction calculation based on multiconfigurational selfconsistent field wave functions,
applying ECPs and CPPs. We compared two different sets of ECPs and CPPs, which are
in excellent agreement with each other. The results are compared to available REMPI
excitation spectra, which have been recorded recently for RbSr molecules formed on the
surface of helium nanodroplets|5], 6]. This allowed to draw conclusions on the reliability
of the calculations: while the lower states deviate by less than 250 cm™! from the experi-
mentally observed energy levels, the difference between experiment and theory increases
for higher excited states.

The large spin-orbit interaction in the lowest excited states of Rb and Sr (Rb 5p
2P° and Sr 5s5p 3P? states) calls for a relativistic treatment of the related molecular
RbSr potentials. For the calculation of relativistic potential energy curves and the
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corresponding transition dipole moments, two different methods have been compared:
(i) the Breit-Pauli Hamiltonian, as implemented in the MOLPRO package[140], has been
evaluated, (ii) following the approach of Zuchowski et al[I79] we calculated relativistic
potentials from the MRCI results by diagonalizing the matrices for the respective sets
of Hund’s case (c) states, which include the respective spin-orbit Hamiltonians. The
two different methods are compared to experimentally recorded dispersed fluorescence
spectra. In both cases, the agreement between experimental and simulated spectra
is good. Although the Breit-Pauli method accounts for a variation of the spin-orbit
coupling with the internuclear separation, the spin-orbit Hamiltonian based method
leads to slightly better results, which is attributed to the smoother potentials in the
region of the avoided crossing, which lies in the proximity of the population maximum
of vibrational states in the simulation.

The presented calculations in combination with the experiments[5l [6], which have been
used to benchmark our results, give a thorough description of the electronic structure
of the RbSr system. The presented results may serve as a valuable contribution for the
quest for the production of ultracold ground state RbSr molecules as the first ultracold
molecule with an electric and magnetic dipole moment, thus offering intriguing new
possibilities for its controlled manipulation. As our theoretical approach has now been
successfully applied to RbSr and LiCa, it may easily be adapted in a future work for
the RbCa molecule. Besides RbSr, RbCa molecules may represents another promising
candidate for both, the formation of ultracold molecules (a Ca BEC has already been
reported|[63]) as well as the formation and investigation of RbCa on the surface of helium
nanodroplets.
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3.5 Remark

More comparisons between experimental and theoretical results can be found in refs.[5. [6
and in the PHD thesis of Giinter Krois[23]. Two methods to include spin-orbit coupling
were presented in section and applied to RbSr in section [3.3] During peer review,
the question arose of how these methods compare to each other.

In the SO method, the matrices given in section[1.6.1] are diagonalized applying poten-
tial energy curves obtained by MRCI. The spin-orbit coupling is included via parameters
that are held constant for different internuclear separations. The coupling parameter
Aprp, and Ag, are one third of the level splitting of the related atomic states. For Rb
the value is Ar, = 79.2 ¢cm™!, derived from a splitting of 237.595 ¢m™'[13] between
the 2P% and QP% states. The relevant level splitting for Sr between the 3P, and 3P,

states is given by 581.038 cm™![13]. Therefore, the coupling parameter for Sr amounts
to Ag, = 193.7 cn ™.

In the BP method, on the other hand, the determined wave functions are employed
and the operator presented in section[l.6.2]is evaluated. An better approximation to the
BP result should be given by a matrix diagonlization with the SO method for variable
coupling coefficients. Following this idea we determined the coupling parameters (Agp,
Ag,) for each internuclear separation by minimizing the difference between the SO and
BP energies. The resulting curves are presented in figure[3.8, In ref. 246] a similar
approach was used and the spin-orbit splitting for RbCs was described with distance
dependent coupling parameters which were extracted from experimental data.
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Figure 3.8: This figure displays the distance dependent spin-orbit coupling parameters,
which yield the best agreement between Breit-Pauli results and the SO di-
agonlization. Both of the results are based on the ST approach.
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The asymptotic value of the coupling parameter Ag, in figure[3.§ is 62cm™, close

to the atomic value of 79.2cm™!. For Ag, the calculation yields 122cm™! in somewhat
worse agreement with the atomic value of 193.7cm™!. The strong change in the coupling
parameter of Sr at 5 A is probably related to the crossing of two potential energy curves
in the Hund’s case (a) description. Here, the 32X" and 2211 states cross. It is not an
avoided crossing because the states have different symmetry, but if spin-orbit interaction
is included these states interact and split up. This interaction is differently described
by the two methods, which is probably the cause for the tip in the curve. Since more
Hund’s case (c) states are involved, the description of the spin-orbit interaction with only
one parameter seems to be insufficient, leading to the jumps in the curve. The coupling
coefficients for the Rb and Sr states show a similar behavior. There is a small change
of the coupling parameter for large internuclear separations. For distances smaller than
10 A the coupling coefficient and its associated interaction is lowered at first but increases
again afterwards. A significant change of the spin-orbit parameter, a lowering to about
half its value occurs around 6 A, appears already near the equilibrium distance of most
states.
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Investigation of the diatomic
molecule RbCa
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This chapter corresponds to the publication:
Investigation of the RbCa molecule: Experiment and theory
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Abstract

We present a thorough theoretical and experimental study of the electronic structure of
RbCa. The mixed alkali-alkaline earth molecule RbCa was formed on superfluid helium
nanodroplets. Excited states of the molecule in the range of 13000 - 23000 cm™! were
recorded by resonance enhanced multi-photon ionization time-of-flight spectroscopy. The
experiment is accompanied by high level ab initio calculations of ground and excited
state properties, utilizing a multireference configuration interaction method based on
multiconfigurational self consistent field calculations. With this approach the potential
energy curves and permanent electric dipole moments of 24 electronic states were cal-
culated. In addition we computed the transition dipole moments for transitions from
the ground into excited states. The combination of experiment and theory allowed the
assignment of features in the recorded spectrum to the excited 32X+, 425+, 3211, 52X+,
4211, 622F, 6°I1, and 7211 states, where the experiment allowed to benchmark the calcu-
lation. This is the first experimental work giving insight into the previously unknown
RbCa molecule, which offers great prospects in ultracold molecular physics due to its
magnetic and electronic dipole moment in the 22+ ground state.

4.1 Introduction

Alkali-alkaline earth (AK-AKE) molecules, such as RbCa, are of growing interest in ul-
tracold molecular physics, because they possess a permanent electric dipole moment
in combination with a magnetic dipole moment in their 2X* ground state. These
properties enable new exciting applications and experiments, such as precise measure-
ments of fundamental physical constants|31], 90| or simulations of spin models in optical
lattices[77, [79]. The replacement of the AKE by Yb leads to a class of molecules with
similar features which have been studied theoretically[242, 247-251] as well as exper-
imentally in combined traps of ultracold AK and Yb atoms[68, 69, 252, 253]. AKE
monohalides, such as CaF or SrF[35, 59, 254, 255], also possess a magnetic and perma-
nent electric dipole moment in their X% ground state. While AKE monohalides are
typically produced at elevated temperatures and need to be cooled as molecules, AK
and AKE atoms are individually cooled into the ultracold temperature regime for a sub-
sequent laser assisted formation of molecules. The latter method has been successfully
applied to form ultracold homo- and heteronuclear AK diatomic molecules[53] 256] and
does not require the more difficult cooling of the many degrees of freedom in molecules.
Due to this interest in AK-AKE molecules their ground states have been studied ex-
tensively by theory|89, 119, 167, 240, 257-260]. Experimentally, LiBa and LiMg were in-
vestigated by means of spectroscopy[261-264] also in combination with calculations|265].
LiCa is the best studied AK-AKE molecule including several
experiments|2], 24, 25, 266] and theoretical calculations|2, 266-268]. Among the AK-
AKE molecules, RbSr appears to be the most promising candidate for the preparation
of ultracold ground state molecules. Rb and Sr atoms have been prepared in combined
traps|26l 269] and quantum degenerate mixtures have been obtained|26]. Consequently,
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excited states of RbSr were investigated theoretically|3], 179] 241] and experimentally on
He nanodroplets|d] [].

RbCa represents the other interesting molecule, because Rb and Ca are well un-
der control in ultracold atomic physics. Ultracold Rby ground state molecules[256] as
well as Bose Einstein condensates of Rb[60] and Ca[63] have been reported. Further-
more, a combined trap of Rb atoms and Ca™ cations has been applied in the study of
cold reactive collisions[270]. The electronic structure of RbCa is unknown; to the best
of our knowledge neither calculations nor experimental investigations of excited states
have been reported. The ground state has been addressed in recent calculations|167]
as well as the ground and excited states of the RbCa™ cation|270-272]. Considering
these prospects for RbCa, a spectroscopic investigation of this molecule is of great in-
terest. (Gas phase formation of RbCa is impeded by the very different vapor pressure
curves of Rb and Ca. Here, matrix isolation spectroscopy comes to mind, which has
been the starting point of many free radical studies in the past. Many examples were
reported in a special issue in 2000[273] and we want to draw special attention to the
extensive and pioneering work by Marilyn Jacox[274]. While perfect for the preparation
of radicals in the cold environment of a rare gas host, matrices usually induce some
perturbation and non-negligible spectral line shifts. About 20 years ago, doping helium
nanodroplets with foreign atoms and molecules[198, 275] turned out to evolve as a new
form of matrix isolation spectroscopy, named helium nanodroplet isolation (HENDI)
spectroscopy[276]. As the new nano-matrix is created in a molecular beam apparatus,
most methods of molecular beam spectroscopy, including double-resonance techniques,
can be applied. A detailed survey is given in a recent book chapter[164], which also
addresses the much smaller influence on spectral lines in comparison with conventional
matrix isolation spectroscopy. Helium droplets have a constant temperature of 0.37 K
for 4He[164], 193] maintained by evaporative cooling, which greatly simplifies excitation
spectra because the dopant molecules are in their vibronic ground state. AK and AKE
atoms have been previously investigated with HENDI spectroscopy[277-280] and except
for Mg, were all found to reside on the droplet surface. Besides atoms, several homo-
and heteronuclear diatomic molecules consisting of alkali atoms|[281], 282] as well as AK
trimers|[194] 195 283] have been studied on He nanodroplets. Recently HENDI spec-
troscopy was successfully extended to AK-AKE diatomic molecules|2] (], [6], which were
formed on helium droplets by applying a sequential pick up scheme.

In this manuscript we present an application of the HENDI approach to the RbCa
molecule. The experimental results for the excited states have been obtained by reso-
nance enhanced multi-photon ionization time-of-flight (REMPI-TOF) spectroscopy. In
our theoretical treatment the potential energy curves (PECs), the transition dipole mo-
ments (TDMs) and the permanent electric dipole moments (PEDMs) were determined
for the neutral RbCa molecule with post Hartree-Fock molecular orbital theory. The
combination of experiment and calculations enables the assignment of experimentally
recorded features and allows for an estimate of the accuracy of the calculation. The
knowledge gained from this work is essential for experiments envisaging the creation of
ultracold molecules from quantum degenerated gas mixtures, which is based on the nav-
igation via various potential energy curves with multiple lasers to the molecular ground
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state]28], 29], 31].

4.2 Theory

We calculated the ground state and the excited states of the diatomic molecule RbCa
with post Hartree-Fock molecular orbital theory applying the MOLPRO software
package[T140]. Potential energy curves and electronic properties of the excited states
were computed by a multireference configuration interaction[127] calculation of second
order based on a multiconfigurational self consistent field calculation[125]. The inner
core of the Rb atom, containing 28 electrons, was described by the relativistic effec-
tive core potential ECP28MDF[243] and the corresponding basis set. The basis set was
slightly modified and a core polarization potential was applied as described in ref.i3l
The 10 innermost electrons of the Ca atom were replaced by the effective core poten-
tial ECP10MDF[244]. The cc-pV5Z basis set[284] was applied with a core polarization
potential following the approach in ref.2l The calculation was performed in the C,,
point group, the orbitals will be given in the program-specific order of the irreducible
representations (A;/ B/ Bs/ Ay). The active space comprised 19 electrons in 37 orbitals
(17/9/9/2). Out of them, eight orbitals (4/2/2/0) were kept doubly occupied at all
times, but were included in the coefficient optimization. In the multiconfigurational self
consistent field calculation (15/9/9/5) states were determined with doublet symmetry
and (3/2/2/1) states for the quartet symmetry. This was necessary in order to obtain
reasonable results for the 37 states calculated with the multireference configuration in-
teraction, including (12/7/7/3) doublet states and (3/2/2/1) quartet states. The states,
determined in the irreducible representations of C,, for computational ease, can be as-
signed to diatomic states by inclusion of additional information, e. g. based on their
energetic order. This approach yielded a good agreement of the results with atomic en-
ergy levels in the asymptotic limit at 30 A, as is shown in table The calculated values
agree within 3.5% with the values reported in the NIST-database[I3]. The excitation
energies of diatomic states corresponding to atomic D-states are slightly overestimated.
For all other states an underestimation of the energies is observed.

TDMs between the ground and excited states were computed by the same level of
theory. At 30 A, the majority of excited states have a TDM of zero in agreement with
the selection rules for the corresponding atomic transitions. For the 82XF and 6211 states
a TDM? of 8.96 e?a? was obtained at 30 A, corresponding to a line strength of Sy /g, —8.13
e?a? for the Ca (4s4p 'P°) <+ Ca(4s*'S) transition as found in the NIST-database[13].
The literature value for the Rb (5p2P°) < Rb (5s2S) transition is Sy./gx=8.94 e?a2|13],
the corresponding 223" and 12T states show a TDM? of 10.12 e*a3. The 9°X% and
7211 states also have a noticeable TDM? of 0.10 e®a? at 30 A. For the corresponding
Rb (6p?P°) < Rb (5s2S) transition a value of Sy, /gx—0.06 e*a2[13] is given.

The ground state of the cation RbCa™ was investigated with the same basis set and
methods. An ionization potential of IP=33482.18 cm~! was determined at 30 A, com-
parable to the Rb atom with an ionization potential of IP=33690.81 cm~! as found in
the NIST-database[13].
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Table 4.1: This table compares atomic energy levels as found in the NIST-database to

calculated asymptotic excitation energies (30 A). The values are given in
-1

cm
State NIST[13] This work
Rb (5p 2P°) 12737 12516
Ca (4s4p°P°) 15263 14849
Rb (4d 2D) 19355 19367
Rb(6s 29) 20133 19962
Ca (3d4s *D) 20357 20721
Ca (3d4s 'D) 21850 21987
Ca (4s4p 'P°) 23652 22843
Rb(6p 2P°) 23767 23525

4.3 Experiment

The following paragraph provides a short overview of the experimental setup. Details
can be found in refs.[194, 285, and 286, A beam of He nanodroplets is generated by
a supersonic jet expansion of He gas at 60 bar through a 5pm nozzle at 15 K. The
obtained droplet size distribution shows a maximum at N60715 = 6000 and a mean value
of N60,15 = 14000, corresponding to radii of 1%60715 — 40 A and R60715 =54 fol, respectively,
assuming spherical droplets[193].

The established He cluster beam is extracted by a 5 um skimmer and subsequently
enters the pickup chamber. There it passes through two resistively heated pickup cells,
which contain the dopant materials Rb and Ca. The probability of a dopant pickup by
the He droplets follows a Poisson distribution and depends on the length of the pickup
cell, the droplet size and the vapor pressure of the dopants in the pickup cells|287].
The molecular beam and pickup conditions for different experiments may vary and the
signals were optimized for the respective conditions. The optimum pickup temperature
to obtain a maximum RbCa signal has been found to be around Tx, = 85°C and
Teo, = 400°C.

An excitation spectrum for RbCa molecules on He nanodroplets was recorded over a
large wavelength range with resonance enhanced multi-photon ionization time-of-flight
(REMPI-TOF) spectroscopy, using a dye laser (Lambda Physik FL 3002) to excite the
molecule and a fraction of the pump laser (Radiant Dyes RD-EXC 200 XeCl laser, 26 ns
pulse duration, 100 Hz) to ionize it. Above an energy of ~14000cm™! only the dye
laser was used for excitation and ionization. A time-of-flight mass spectrometer (Jordan
D-850 AREF) with angular reflectron served to record the ion signal. Laser induced
fluorescence spectroscopy was applied for an investigation of molecular transitions found
in the REMPI-TOF spectrum, however no fluorescence light originating unambiguously
from excited RbCa was observed in the experiment.
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4.4 Results and discussion

4.4.1 Overview

In total we calculated 24 electronic states of the neutral RbCa molecule, corresponding
asymptotically to the ground states of the atomic constituents, four excited states of
Rb, and four excited states of Ca. The potential parameters of the 24 states have
been determined and collected in table[d.2] as well as the values for the ground state
of the RbCa™ cation. There are two strongly bound states with an equilibrium radius
smaller than 4 A, the 12II and 12A states. These strongly bound states as well as a very
weakly bound 1*XT state were also observed for LiCa[2] and RbSr[3]. The PECs of the
electronic states are displayed in figure[d.I} Avoided crossings appear where two PECs
of the same symmetry approach each other, altering the PECs and electronic properties
of the involved states. Within the energy range of figure[d.1, two zones of prominent
avoided crossings are marked by rectangles. The corresponding portions have been blown
up and are depicted together with the plots of TDMs and PEDMs in figures[.5] and
There, strong changes in the TDMs and PEDMs are related to the avoided crossings.

An excitation spectrum of RbCa has been recorded with REMPI-TOF spectroscopy
in a spectral range of 13000 — 23000 cm~!. The experimental spectrum has been divided
in three parts, which will be shown and addressed individually in the following sections.
The energetic positions of the rising edges of the recorded spectral features are given
in table[f.2] Note that for transitions which show a steep rising edge followed by an
extended blue tail (i.e. the potential minima of the ground and excited state have a
similar equilibrium separation), the rising edge can be assumed to coincide with the
potential minimum, because all molecules are initially in their vibronic ground state[2]
5, [6]. For other transitions, the position of the rising edge serves as an upper limit for
the potential minimum. The spectra are comprised of peaks recorded with various laser
dyes. They have been offset-corrected, but not scaled, with laser pulse energies within a
range of 0.5 — 1.5mJ, depending on the laser dye. Therefore, the relative heights of the
peaks shown in the figures can only be tentatively compared to each other.

It can be expected that the line shift introduced by the helium environment is small
for RbCa. Rb and Ca are both heliophobic atoms, like all alkali atoms and most alkaline
earth atoms. They reside on the surface of the helium droplet, which limits the per-
turbations of the electronic states to some extent. Recently, a REMPI-TOF spectrum
of LiCa formed on helium nanodroplets was compared with gas phase measurements|2].
The results show a small line shift of a few cm™! in the REMPI-TOF spectrum in
agreement with a surface location. Additionally, a broad (10-100 ¢cm™') phonon wing
accompanies each vibronic transition resulting in an unresolvable merged structure for
most transitions.

For a more thorough comparison of the theoretical and experimental data, the Franck-
Condon factors (FCFs) have been used. The FCFs for the PECs in figure[d.1] were
calculated using the program Level 8.0 of Le Roy[106]. The corresponding transition
probabilities (FCF*TDM?) were determined by multiplying the FCFs with the square
of the TDMs at 4.4 A (ground state minimum) and are indicated in the figures[d.4]
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4.4 Results and discussion

Table 4.2: Parameters for the calculated PECs of the RbCa diatomic molecule are shown
in the table.

the excitation energy (T) are given in cm™!

The potential depth (D.), the vibrational constant (w. ) and
. The values of the internuclear

distances (1) are given in A. Ty (exp.) refers to the position of the rising edges
of the experimentally observed transitions. The corresponding asymptote for
each state is denoted in the last column.

State re we Do Tg(cale.) Ty (exp.) Asymptote

X 7?5t 437 58 1406 Rb (55 25) + Ca (457 1S)
225t 434 78 5446 8487 Rb (5p 2P°) + Ca (452 'S)
121 375 108 9175 4772 Rb (5p 2P°) + Ca (4s? 1S)
325 402 62 3367 12891 13100 Rb (5s 28) + Ca (dsdp 3P°)
2201 4.02 79 4156 12110 Rb (5s 2S) + Ca (4sdp 3P°)
145+ 598 19 336 15901 Rb (5s 25) + Ca (dsdp 3P°)
140 413 77 3220 13045 Rb (5 2S) + Ca (4sdp *P°)
42T 432 96 5551 15241 15700 Rb (4d ?D) + Ca (4s* 'S)
3201 414 79 5523 15261 15700 Rb (44 ”D) + Ca (45 'S)
12A 374 100 7014 13781 Rb (4d 2D) + Ca (452 'S)
525 434 68 4739 16635 16900 Rb (6s 25)+ Ca (452 'S)
625t 436 63 2492 19638 20100 Rb (5s ?S) + Ca (3d4s ®D)
420 448 35 3405 18712 18750 Rb (5s 28) + Ca (3d4s °D)
22A 439 58 2621 19507 Rb (5s 28) + Ca (3dds D)
24y 452 47 1574 20549 Rb (55 28) + Ca (3dds °D)
241 459 47 2001 20121 Rb (5s 28) + Ca (3d4s D)
14A 492 28 653 21460 Rb (5s 2S) + Ca (3dds D)
TN 420 77T 2498 20906 Rb (5s 2S) + Ca (3dds 'D)
521 421 74 2192 21210 Rb (5s 28) + Ca (3dds 'D)
32N 459 40 1158 229227 Rb (5s 28) + Ca (3d4s 'D)
$2y+ 519 59 1618 22632 Rb (55 25) + Ca (dsdp 1P°)
621 447 59 1843 22406 22100 Rb (5s 2S) + Ca (4sdp 'P°)
925t 500 42 1855 23069 Rb (6p 2P°) + Ca (4s? 1S)
721 480 49 1933 22094 22700 Rb (6p 2P°) + Ca (4s? 1S)
RbCat 424 75 3925 30972 Rb* (1S) + Ca (4s? 'S)
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x 10

IS(Rb*)

Figure 4.1: PECs of electronic states of RbCa and the ground state of RbCa™ are dis-
played, for each multiplicity and symmetry a distinct color is used. Note,
that a few PECs show the same color and line style. At the long range limit
the corresponding atomic energy levels are denoted. All states above the
92%* state have been neglected, except for the 1'XF state of the molecular
ion. The gray rectangles mark the areas that are shown in more detail in

ﬁgures and
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4.4 Results and discussion

and as vertical bars. The calculations allowed to assign the peaks in the experimental
spectra. Generally, the theoretical values for the molecular transitions lie slightly lower in
energy than the experimental values (~ 40 —400 cm™?) for all states below an excitation

energy of 22000 cm™!.

4.4.2 Ground state

The results for the ground state can be compared to previous calculations for RbCa as
well as experimental and theoretical results for similar molecules. The parameters de-
termined for the ground state potential (D= 1406 cm™, r, =4.37 A, w.= 58 cm™") lie in
between the experimental values for LiCa (D,= 2605 cm ™, r.= 3.36 A, w.= 202 cm~*[24])
and the theoretical values for RbSr (D, = 1041/ 916/ 1273 cm™", r,— 4.67/ 4.72/ 4.59 A,
we=38 / 36 / 42cm ™13, [167, [179]). These intermediate values for RbCa are reasonable
because both RbSr and LiCa share one atom with RbCa, paired with a heavier (Sr)
or lighter (Li) atomic partner. In a previous calculation for ground states of several
AK-AKE diatomic molecules Gopakumar et al.[167] found for RbCa a potential depth
of D.=921¢m™!, an equilibrium distance of r,=4.53 A, and a vibrational constant of
we—49cm~!. We determined a larger potential depth, a similar result as in our former
calculations at the same level of theory[2l B3], using the same method (multireference
configuration interaction), basis sets, core polarization potentials, and effective core
potentials. This multireference configuration interaction approach is suitable for the
description of higher states, but at the cost of higher uncertainties for the ground state.
The dependence of the permanent electric dipole moment (PEDM) of the ground state
on the internuclear distance is shown in figure[d.2] The observed behavior is similar to
the one reported in ref.[167. The absolute value differs with d.=1.00 eaq for our calcula-

1.5¢

X 2yt |

Figure 4.2: This figure displays the PEDM of the ground state of RbCa as a function of
the internuclear separation of the atoms.

tion and d.=0.69 eay determined in ref.[I67. RbCa has a larger PEDM than LiCa|2] and
RbSr[3], in agreement with the calculations in ref.[167, where RbCa showed the largest
PEDM of several investigated AK-AKE molecules. Positive electronic dipole moments
refer to a net negative charge on the Ca end and a net positive charge on Rb for our
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Chapter 4 Investigation of the diatomic molecule RbCa

selection of the coordinate system. The PEDM is positive at all considered internuclear
distances, which indicates an increased probability density for electrons around the Ca
atom.

4.4.3 Lowest excited states

The two lowest excited states of the RbCa molecule, 22X and 1%I1, correlate to the
Rb (5p2P°) + Ca (4s%1S) asymptote. They were only treated theoretically, because the
excitation energies (see table lie too far in the infrared for our laser systems. Fig-
ure[d.3| shows the corresponding TDMs and PEDMs. The TDMs between the ground
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Figure 4.3: The upper panel of the figure contains the square of the TDMs for a transition
from the ground state into the excited states of the diatomic molecule RbCa
corresponding to the Rb (5p2?P°) + Ca (4s?'S) asymptote. The lower panel
presents the PEDMs of the same states.

state and these excited states are the highest among all transitions in the asymptotic
limit (at 30 A), which is expected from the transitions of the atomic constituents, i.e.
Rb (5p 2P°) < Rb (5s 2S)[13]. For the 223" state, the TDM even increases for smaller in-
ternuclear separations, resulting in the highest TDM for all treated states. The PEDMs
are positive with a single maximum, the 22X* state has its maximum at larger inter-
nuclear separation. Both states have similar amplitudes of the PEDMs. The same
behavior, at slightly larger internuclear separations, was observed for the two lowest
states of RbSr with similar amplitudes, see figure 2 in ref.l3l This could be interpreted
as a contribution of the 5p of Rb to a bonding orbital. For LiCa, the 222" state shows
only a small positive maximum, but the dent, as seen for RbCa in figure[d.3] is more
pronounced and results in negative values[2]. It is probably related to the much smaller
2p orbital of Li.
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4.4 Results and discussion

4.4.4 Excitation spectrum from 13000 to 16500 cm !

The REMPI-TOF signal in figure[£.4 has been achieved with a two-color two-photon
ionization up to ~14000cm~! and with a one-color two-photon ionization above this
excitation energy. The threshold energy for a one-color two-photon ionization can only be

4%t Xt 1°
125/ 3PN < x%=*

{4
_100¢ QS
2 3% - X 13
= + LL
8 P2 x5t O
T &
> 50 125
(7} &)
g ol

= 251 11

O L L
12000 13000 14000 15000 16000
Wavenumber [cm™ 1]

Figure 4.4: REMPI-TOF excitation spectrum in the range of 13000 — 16500 cm™!, the
original data points are shown in gray, the magenta line shows the data
smoothed by convolution with a Gaussian. The transition probabilities
(FCF*TDM?) are shown as vertical sticks, in blue for transitions into X+
states and in red for transitions into 2II states.

roughly estimated. The ground state potential well depth of the RbCa molecule was only
treated here and in one other publication|[I67] and can be estimated as 1200 cm™!. There
are two publications in which the ground and several excited states of the RbCa™ cation
have been computed. Therein a potential depth of about ~4100cm™! and equilibrium
separation of ~8 ag have been reported|270], 271], in good agreement with our result (see
table. Using these depths, one-color two-photon ionization may become possible
around ~15400cm~!. Additionally, the effects of the helium environment have to be
considered (known to lower the ionization threshold|288|, 289]). We started the one-
color two-photon ionization at 14000 cm ™! in order to detect a possible rise of the signal
in the energy range where the ionization threshold was expected. The slight rise in the
signal around ~14800 ¢cm™~! might be an indicator for this, but cannot be assigned with
certainty.

The small structure at 13000 cm ™! is assigned to the 32XF < X2¥ T transition on basis
of theoretical calculations. The 32X7 state is related to the Rb (5s2S) + Ca (4s4p 3P°)
asymptote. As shown in figure[d.4] the calculations underestimate the position by about
~200 cm~!. This can be explained by the fact that the PEC approaches a value approxi-
mately ~400cm™! below the Rb (5s2S) + Ca (4s4p 3P°) asymptote for large internuclear
separations, see table A comparison with RbSr[2] shows that the 3*LT state of RbCa
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Chapter 4 Investigation of the diatomic molecule RbCa

lies ~600 cm™! higher in energy, which is as expected since the Ca (4sdp *P°) state also
lies ~560 cm~1[I3] above the corresponding Sr state. The 2211 state also has a signifi-
cant TDM at the equilibrium distance (see ﬁgure, but is more strongly bound than
the 322" state. Therefore this state lies below the experimentally recorded wave length
range. The PEDM of the 14X* state becomes negative close to 4 A, whereas the other
three states corresponding to this asymptote show positive PEDMs, see figure[4.5|

425+
321
12A
14%f
..... 1 4H
..... 3 22+
‘‘‘‘‘ 2 ZH

TDM? [e?a?]

Figure 4.5: TDMs, PEDMs and PECs for excited states of the RbCa molecule corre-
sponding to the Rb (5s2S) + Ca(4s4p®P°) and Rb (4d?D) + Ca (4s%'S)
asymptotes are shown in this figure. These states give rise to the signal in
the REMPI-TOF spectrum in figure[d.4]

The structure around ~15900cm™" in ﬁgure shows a steep rising edge on the
low energy side and a broad shoulder to higher energies. The calculations suggest an
assignment of this structure to the molecular states originating from the Rb (4d?D) +
Ca (4s%1S) asymptote. According to the calculated transition probabilities in figure[d.4]
and the PECs in figure[d.I] the transitions into these two molecular states are overlapped.
Hence, the structure at 15900 cm™" is assigned to the superimposed 3%I1/42%+ «+ X?2+
transitions. The 43T state has shown vibrational resolution for LiCa|2] as well as for
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RbSr[6]. There are several reasons for the different structure of the 42X+ <« XX+
excitation spectrum of RbCa compared to LiCa and RbSr counterparts. In LiCa and
RbSr, the 42XF state correlates to a 3D state asymptote of the alkaline earth, which
corresponds to the 62X state in RbCa. The 427 state of RbCa, however, dissociates
into ground state Ca and Rb (4d ?D). Ground and excited state potentials look similar
for this transition in RbCa with the (¢ = 0 — v = 0) band having a Franck-Condon
factor of about 0.9. The single vertical blue bar in figure[d.4] represents this result and is
followed to higher energies by some small structure that stand for the higher v/ levels of
425* and the weaker but strongly overlapping 3%IT + X?“*texcitation bands. In LiCa
and RbSr the corresponding transitions are well separated.

The spectral range between 14450 and 16450 cm ™! was additionally investigated with
laser induced fluorescence spectroscopy in order to find an emission signal of RbCa.
In this wavelength range, both, a Rby (Rby (1)'II, < o'} [194]) and a Ca, (Cay
A'SF « X'ST [290]) transition can be found. The Rb dimer transition overlaps with
a Rbj transition (Rbs 3*E’ « 1*A4} [194]). However, no emission could be found for
RbCa excited around ~15900cm~! in the laser induced fluorescence spectrum. The
complete absence of fluorescence can either be explained by a non-radiative relaxation
of the RbCa molecules into low lying excited states, from which an emission is beyond
our detection limit, or by the transfer of excited RbCa into metastable states. Helium
mediated relaxation into the metastable 12A and further to the 1*II states might be
possible. For free molecules, fluorescence emission from 42X+ and 3211 can be expected.
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4.4.5 Excitation spectrum from 16500 to 19500 cm™!

The REMPI-TOF spectrum for transitions in the range of 16500 — 19500 cm ™! is shown
in figure[d.6f Two peaks at 17000 cm™" and 18800 cm ™! can be identified, which have
been assigned to the molecular 52X+ < X?Y* and 4211 «+ X?2* transitions, respectively.
The assignment is based on the comparison to calculations, which are shown in form of
stick spectra in figure[4.6|
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Figure 4.6: REMPI-TOF excitation spectrum in the range of 16500 — 19500 cm™!, the
original data points are shown in gray, the magenta line shows the data
smoothed by convolution with a Gaussian. The transition probabilities
(FCF*TDM?) are shown as vertical sticks, in blue for transitions into 237"
states and in red for transitions into ?II states.

Both states are underestimated by the calculations (~ 300cm™" for the 52X state
and ~ 40cm™! for the 4211 state). For the 5*Y7" state, this can be explained by an
underestimation of the asymptotic value by the theoretical calculations as can be seen
in table[d.T] which also affects the PEC at smaller internuclear separations. In contrast,
the asymptotic value of the 4211 state is overestimated by a few hundred cm™!, but there
is an avoided crossing between the 42IT and 521 states at 9 A, see the PECs in ﬁgure
This avoided crossing results in a strong change of the PEDM at the same distance, as
can be seen in figure[d.7] The 525" state has a negative PEDM and corresponds to the
Rb (6s2S)+ Ca (4s®'S) asymptote, this negative value was also obtained for the same
state in RbSr. The TDMs in the upper part in figure[d.7]are small beyond an internuclear
separation of 5 A, but become large at the equilibrium distance of the ground state. For
both transitions, the Franck-Condon factors favor (v = 0 — " = 0) transitions. Again,
no fluorescence was detected after excitation of the observed RbCa bands.
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Figure 4.7: PEDMs and TDMs for excited states of the RbCa molecule related to the
Rb (6s2S)+ Ca (4s?'S) and Rb (5s2S) + Ca (3d4s3D) asymptotes. The 4211
and 52T states give rise to a signal in the REMPI-TOF spectrum in fig-

ure .
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4.4.6 Excitation spectrum from 19500 to 23000 cm!

Figure[d.8 shows the excitation spectrum of RbCa above 19500 cm™! as recorded with
REMPI-TOF spectroscopy. Several distinct structures can be identified. Between the
two broad structures at 20400 cm~! and 22400 cm~! several resolved lines appear. The
peaks are Gauss-shaped and have a spacing of ~200(10) cm™!. The series can be followed
from the maximum of the peak of the lower lying structure (20400 cm™') to the onset of
the transition at higher energies (22100 cm™!). These structures have been reproduced
in several experiments, but could not be separated better from the energetically higher
or lower-lying transitions. The peaks only occur for the mass window of the RbCa
isotopologues and a contribution of dimers or triatomic molecules (RbyCa or CasRb)
can be excluded. However, neither the calculations nor the comparison to RbSr indicate
a PEC for such high excitation energies, bound deeply enough to harbor vibrational
lines with a spacing of ~200(10) cm™" (see table[d.2). The 7*°L+ and 5°II states lie in
this range, but their vibrational spacing is significantly smaller and they have negligible
TDMs, see figure[d.9 This structure might be related to the first excited state of the
cation, 13%F [270-272]. Tt lies at about 43000 cm™!, an energy that can be supplied
with two photons in this energy range.
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Figure 4.8: REMPI-TOF excitation spectrum in the range of 19500 — 23000 cm™!, the
original data points are shown in gray, the magenta line shows the data
smoothed by convolution with a Gaussian. Between the two strong transi-
tions around 20400 cm™! and 22400 cm™! a resolved structure can be seen.
The transition probabilities (FCF*TDM?) are shown as vertical sticks, in
blue for transitions into 2%+ states and in red for transitions into 2II states.

The structure at 20400cm~" is tentatively assigned to the 622t <« X*3F transi-
tion, since the peak around 19600cm~! has been found not to originate from a RbCa
molecular transition, vide infra. Theoretical calculations suggest the assignment of the
structure at 22400 cm ™! to the 62I1 < X*%* transition and the shoulder at higher en-
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Figure 4.9: TDMs, PEDMs, and PECs for excited states of RbCa with the Rb (5s2S)
+ Ca (3d4s'D), Rb(5s2S) + Ca (4s4p'P°), and Rb (6p2P°) + Ca (4s%1S)
asymptotes are displayed. The abrupt changes are related to avoided cross-
ings, where the molecular states change their character.

ergies (22700 cm™) to the 72T +— X*X* transition. The TDMs for transitions into 2%+
states above 62X1 are negligible at 4.4 A, see ﬁgure.

The strong interactions of the energetically highest states with each other are obvious
in figure[4.9 The TDMs and the PEDMs change their values, indicating avoided cross-
ings, which are observable in figures[d.I] and The two states corresponding to the
Rb (6p 2P°) + Ca (4s>'S) asymptote (92XF, 72II) show avoided crossings at 11 and 12 A
and corresponding changes in the PEDMs and TDMs. These two states are influenced
by higher states for small internuclear separations.
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4.4.7 Structure at 19600cm™!

Figure reveals the presence of a small peak slightly below the 62X < X2X* transi-
tion with a maximum around 19600 cm™'. A comparison of different ion traces recorded
in the REMPI experiment suggests that this structure is not related to a RbCa tran-
sition. The REMPI spectra for different ions are presented in figure[d.10] the ion yield
originating from RbCa is shown in red, Ca in blue, Rb in black and RbHe in green. The
atomic Rb (4d 2D) <+ Rb (5s 2S) transition is indicated by the vertical black line. Tt is re-
markable that the main feature in figure{.10|can be unambiguously identified in the Rb,
RbHe and the RbCa ion signal. Also, the Ca signal seems to weakly follow the other sig-
nals. The rising edge of the transition coincides exactly with the free atom transition in
Rb, followed by a blue shifted maximum and an extended blue wing. This is the typical
form of Rb-Hey transitions in the lower energy region[291-294]. Following the pseudo-
diatomic molecule notation for alkali doped helium droplets [291] 295], this transition
corresponds to the merged 42D (*II) <— 5S; 5 (*%1/2) and 42D (2X) <= 5251 )5 (*%;2) tran-
sitions in Rb-Hey. These transitions have been previously observed[294] 296] and are in
excellent agreement with the REMPIT spectra in figure[f.10] consequently we assign the
Rb and RbHe ion signal to these transitions.
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Figure 4.10: Close- up of the transition around 19600 cm~! in the RbCa ion yield. The
ion yields for *°Ca (blue), ¥Rb+8"Rb (black), ®*RbHe+* RbHe (green) and
BRb1Ca+8"Rb*Ca (red) are shown, the vertical line indicates the free
atom Rb (4d?D) < Rb (5s2S) transition. It can be seen that the RbCa
signal follows the Rb and Rb-He signal. The peak in the RbCa ion yield is
not correlated to a RbCa transition, as explained in the text.

The observation of this transition in the Rb and RbHe signal is not surprising. Due
to the statistical nature of the doping process, monomers are always present at doping
conditions optimized for RbCa. However, it is remarkable that the RbCa and, very
weakly, the Ca signal follow the Rb-Hey transition. This can only be explained if it
is assumed that a fraction of Rb and Ca atoms are initially found separated from each
other on the helium droplet. The laser excitation and subsequent ionization of the Rb
atom changes the interaction with the helium environment. (Neutral Rb is heliophobic,
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but the Rb ion is heliophilic|297|.) This initiates a dynamic process in which the Rb ion
(or excited atom) finds a Ca atom and forms RbCa, which explains the RbCa signal.
Subsequent fragmentation of a fraction of the formed molecular ions may lead to a weak
signal in the Ca mass window. Similar processes have been observed for Na and K doped
He droplets in ref.281.

4.5 Conclusion

In this manuscript we applied a combined theoretical and experimental approach in
the analysis of RbCa. Ab initio calculations were performed for 24 electronic states of
RbCa and their energies and permanent electric dipole moments were determined. The
combination of the transition dipole moments at equilibrium position of the ground state
and the Franck-Condon factors allowed to calculate a theoretical spectrum, which was
subsequently compared to experimental measurements. In the experiment, the RbCa
molecule was synthesized on helium nanodroplets by a sequential pick up scheme and
then analyzed by resonance enhanced multiphoton ionization time-of-flight spectroscopy.
With the aid of the theoretical results seven spectroscopic bands were assigned to excited
states of RbCa, and one feature to an excitation of the Rb atom.

RbCa is the third AK-AKE molecule in a series of combined He nanodroplet and ab
initio investigations. In contrast to LiCa and RbSr, the relaxation mechanisms seem
to be more complicated and no fluorescence was observed. These mechanisms probably
relate to the He environment.

Besides the current interest of the cold molecule community, there is the need for a
deeper understanding of the bonding mechanisms in this group of molecules. The group
of alkaline earth monohalides was well described in terms of ionic bonding models either
based on mutual polarization of the atomic constituents [298, 299] or on a ligand field
approach [300]. The ligand field theory was also successful in the development of a
model for the electronic structure of alkaline earth oxides, first for CaO[301], B02|, and
later applied to SrO[303]. A large amount of experimental data was available for these
molecules at that time, whereas we are just at the beginning of data collection for alkali-
alkaline earth diatomic molecules. While we are currently working on an analysis of
the common properties of these molecules, we can summarize already a few peculiarities
found in this study of RbCa. If we concentrate on the 2X* and 2II states, the ground
state exhibits the by far smallest bonding energy. Among the excited states, those
correlating to excited states of Ca, show a smaller well depth than those correlating
to excited Rb states. Up to 32+ and 2211, the permanent electric dipole moment at
r, = 4.37 A (ground state equilibrium internuclear distance) are positive irrespective
of their asymptote. From 42YF and 3%II up in energy, the dipole moment of most
states is negative. Our studies have focused on combinations relevant for ultracold
molecular physics. The helium nanodroplet isolation method shows promise for further
investigations of diatomic molecules. Future applications of this approach may envisage
the production of more exotic species, which are not easily accessible by conventional
methods.
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4.6 Remarks

The computational results presented here are sufficient to describe the vibronic spectra
as they can be resolved by HENDI spectroscopy. However, for applications in ultracold
molecular physics a higher accuracy is necessary. One step to increase the accuracy is
the inclusion of spin-orbit coupling as it has been shown in chapter[3] Another possibil-
ity is the measurement of fluorescence spectra using the determined transitions or the
measurement of rovibronic levels with high resolution spectroscopy.
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Chapter 5

Permanent electric dipole moments
of alkali-alkaline earth molecules

This chapter corresponds to the publication:
Electric dipole moments and chemical bonding of diatomic alkali - alkaline
earth molecules
by Johann V. Pototschnig, Andreas W. Hauser, and Wolfgang E. Ernst
Physical Chemistry Chemical Physics, 2016, 18, 5964 which was written by the author
of the thesis.

The author of the thesis was responsible for:

e author of the publication
e realization and implementation of the ab initio calculations

e interpretation of the result, analysis of correlation between dipole moment and
other atomic and diatomic properties

The contributions of the co-authors are listed below:
e A. W. Hauser: supervision, editing, help with the interpretation of the results

e W. E. Ernst: supervision, editing, funding

Reproduced from ref.[10/ with permission from the PCCP Owner Societies. The article
is available at https://doi.org/10.1039/C5CP06598D.
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Abstract

We investigate the properties of alkali-alkaline earth diatomic molecules in the lowest
Y1 states 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 peculiarity 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.

5.1 Introduction

In the last years ultracold molecules have attracted a lot of attention due to their out-
standing properties[28-33]. The low temperature reduces the decoherence, and ensem-
bles of ultracold molecules can be used to simulate quantum systems|71}, [72] [74-77] or
perform quantum computations[80]. Most degrees of freedom are frozen out at these
temperatures, which allows precise control of chemical reactions|85H87]. Another ad-
vantage is the reduction of the linewidth and noise in measurements of fundamental
physical properties and constants|88] such as the proton to electron mass ratio|89-91],
the electron electric dipole moment[97, 98] or the fine structure constant[93], 94].

The first molecules produced in the ultracold temperature regime were homonuclear
alkali-dimers[42-44] [46], which do not have a permanent electric dipole moment. A few
years later, ultracold heteronuclear alkali-dimers were produced[49-51, 54H56]. Their
permanent electric dipole moment gives experimentalists an additional handle for ma-
nipulation via electric fields. In this sense, the next logical step is the production of ultra-
cold molecules with a dipole moment plus an additional magnetic moment, originating
from an unpaired electron spin. This magnetic moment causes additional interactions
and enables control of these molecules via magnetic fields. Currently, the most promis-
ing 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[61] Ca,[63],
Sr[64], and Yb[65]. In a series of recent studies combining experimental and computa-
tional efforts|2, [5H8| we found permanent electric dipole moments (PEDM) with opposite
signs in the lowest X1 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 impor-
tance for future applications. A significant value is necessary to align molecules in an op-
tical lattice[166, [167], to control interactions with an external microwave field |31, [76], [79],
and it might even be useful to reach low vibrational levels|304].

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 successfully be described by electrostatic interaction models[305-307].
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5.2 Computational details

The Rittner model|305] for alkali halides assumes a complete charge transfer of one
electron and considers the polarizabilities of the ions. Torring et al.[298, 299] applied a
similar model to AKE halides. More sophisticated computations using ligand field theory
were performed for AKE halides|300] and lanthanum containing diatomics[308, B309]. A
model taking orbital mixing into account was applied to SrBr in ref.[310. However, these
techniques assume a transfer of at least one electron and can therefore not be applied
to AK-AKE molecules. Recently, an empirical model for the relation between dipole
moment and vibrational frequencies was presented|311].

There are a few theoretical and experimental studies concerned with the properties of
AK-AKE molecules. Bauschlicher et al.[312] performed one of the first calculations. Two
theoretical studies examined the ground state of Li-AKE molecules by coupled cluster
calculations|257, 260]. The ground states of neutral AK-Sr molecules and several states
of the molecular ions have been investigated by a configuration interaction method|[119]
313]. In ref.258, the ground states of AK-Mg diatomic molecules were calculated at
the coupled cluster level of theory. Using the same approach, Gopakumar et al.[167]
recently investigated the AK-AKE molecules (Na, K, Rb)-(Ca, Sr). The combination of
barium with an alkali atom has also been considered in the ground state[314]. Some older
studies analyzed the ground and several excited states of LiBa|262] 265] and NaBa[315].
The most thoroughly studied representative of these diatomic molecules is LiCa, with
experimental|24], 25] [B16], theoretical[267, 268|, and combined investigations|2] 266]. The
first realization of a combined quantum degenerate mixture of Rb and Sr[26] was followed
by a series theoretical and experimental publications|5H7, 179 240 241]. The excited
states of LiSr[268|, RbBa|317], LiMg[318], and RbCa|8] 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 positive 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 computa-
tional method are given, then an overview of the results and a comparison to previous
results. After discussing trends for AK-AKE molecules we give a qualitative description
of the situation for the lowest X7 states in AK-AKE molecules. Finally, we present an
empirical model in section|.3.4}

5.2 Computational details

All ab initio calculations were carried out with the MOLPRO[140] software package.
A multiconfigurational self consistent field calculation (MCSCF|[125, 216]) was per-
formed, followed by multireference configuration interaction including Davidson cor-
rection (MRCI|128], 217]). The quintuple-zeta basis set family of Peterson et al. covers
most atoms of our study and was used where possible. All electrons basis sets[319] were
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applied for Li, Na, Be and Mg. For the heavier atoms the corresponding effective core
potential basis sets[320] of Peterson were combined with the recommended effective core
potentials[243, 244 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|[243, 244], de-
contracted them, and added several diffuse functions to obtain a description of similar
accuracy.lﬂ The same strategy has recently been applied to RbCalg|, yielding excitation
energies in good agreement with experimental measurements.

We further applied core polarization potentials (CPPs) as introduced by Miiller and
Meyer|[I16] due to their importance for correct magnitudes of the permanent electric
dipole moments|I17, 321] (see figure[.1)). The parameters of the core polarization po-
tential are given (see table and were optimized for our effective core potentials and
basis sets. This approach only allows basis functions with an angular quantum number
below 5. Therefore, basis functions with higher quantum numbers were neglected. No
core polarization was added for Li and Be due to their small cores and large energy dif-
ference between the core orbitals and valence orbitals compared to the other elements.
With this approach the energy difference between the first excited state (2Pax /> Paxr)
and the ground state agrees within 150 cm™"' (1%) with the atomic values[13] in the
asymptotic limit.

Table 5.1: Parameters of the CPPs used in this study; ... is the dipole polarizabil-
ity 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.

AK aere /an. p/ A2 AKE e /au. p/ A2

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 electrons has a significant
influence on the dipole moment|I17, B2I]. The importance of this contribution can
be estimated by looking at figure[5.1] where the results without (a)) and with (b))
core polarization potentials are compared. Typically, the PEDM is overestimated if the
polarization of the core is neglected, which agrees well with the observations of ref.[117.
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 ﬁgure were obtained by finite field calculations,ﬂ which we carried out

“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]

5This 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
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for different field strengths varying from 107 to 5 - 1073 a.u. for all 16 molecules. For
each field strength 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 error. The values were then taken where the smallest deviation was observed.
(The values and the field strengths for their calculation are listed in the appendix|Al

4

0

Figure 5.1: 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.

The PEDMs for the lowest X7 state of the quartet multiplicity were also changed sig-
nificantly by the core polarization potential, especially for heavy molecules, but without
a clear trend. An improvement of the potential depth of LiCa was achieved by a new set
of recently adjusted core polarization parameters. The potential depth for LiCa obtained
in this work (2613 cm™!) now agrees better with the experimental value (2605 cm~1[24])
than our previous calculation|2]. However, part of the improvement might originate also
from the slightly different basis set. On average, the equilibrium distance was reduced
by the core polarization potential, 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 definition of the active space for the various diatomics can be found in

cases.
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appendix[A]l Note that the lowest =% state in the quartet multiplicity is an electronically
excited state accompanied by several excited 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 MCSCF 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 quartet 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 asymp-
totic value is only 10 cm™" for light atoms and about 25 cm™" for heavy atoms[]

3Supplementary information available: Several tables regarding the calculations and their results as
well as orbital pictures. See appendix [A]
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5.3 Results

5.3.1 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[5.2] Results for the lowest ¥T state in
the quartet multiplicity are given in table[5.3]

Table 5.2: Results for the 2X* ground state, obtained at the MRCI level of theory,
including core polarization potentials. Where available, values from the liter-
ature are given for comparison.

Mol.  Ref. pe/D 1./A D./em™' w./em™! o*/a.u.
LiBe  This work  3.47 2.60 2427 313 365
291 3.58  2.58 2406 300
312 2.61 2339 300
322/ b 2.59 295
LiMg  This work 1.18 3.10 1538 181 470
218 1.22  3.10 1395 174
208 1.02  3.10 1445 180
260 0.86° 3.12 1332 187 482
291 1.12 3.11 1432 206
0l2 3.11 1613 183
264 b 1331 190
LiCa  This work 1.19 3.39 2613 200 588
2 3.34 2883 203
268 3.40 2131 206
260 1.10¢  3.40 2260 210 599
291 1.12 3.36 2607 207
266 3.40 2178 204
267 3.30 2355 196
24| b 3.36 2605 202
LiSr This work  0.28  3.57 2471 181 653
268 3.58 2074 181
260 0.31¢  3.53 2223 196 640
291 0.24 3.55 2401 184
119 0.34 3.48 2587 185
NaBe This work 2.33 2.97 1291 173 397
012 3.05 1129 164
NaMg This work 0.86 3.47 946 90 432
258 0.72  3.53 825 83
o012 3.56 887 85
NaCa  This work 1.18 3.67 1792 103 27T
167 1.01  3.72 1453 97 594

109



Chapter 5 Permanent electric dipole moments of alkali-alkaline earth molecules

Tablel3.3t Continued.

Mol.  Ref. te/D 1./A D./em™' w./em™! o*/a.u.
NaSr  This work  0.51 3.84 1728 87 636
167 0.49 3.89 1441 82 633
119 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
258 0.83 4.09 647 o8
KCa  This work 2.12 4.20 1455 71 869
167 1.67 4.32 974 61 892
KSr This work  1.52  4.39 1358 o7 925
167 1.27  4.53 964 48 942
119 1.52 441 1166 52
RbBe This work 1.97 3.70 816 104 631
RbMg This work 1.04 4.17 744 o4 664
298 0.79 4.29 086 47
RbCa This work 2.19 4.37 1337 o7 922
8 254 4.37 1406 o8
167 1.75  4.53 921 49 961
RbSr  This work 1.64 4.56 1279 43 972
1 1.80 4.59 1274 42
179 4.67 1041 38
241 4.67 1018 36
167 1.41  4.72 916 36 1009
119 1.54 4.60 1073 32

2 Polarizabilities along the internuclear axis for the diatomic molecules
b Experimental results
¢ from atomic energy levels in the NIST-database[13].

Besides the ab initio calculations performed in this work, several other theoretical
predictions as well as three experimental studies are listed in table[5.2] Overall agree-
ment between 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 large variation of the dissociation energy. Our value and the
value of ref.257 agree best with recent experimental findings|24]. Two older experimen-
tal results|264, [322] are also listed in table[5.2] A recent experiment of our groupl|f]
vielded a vibrational constant (w.) of (424 5) cm™! for RbSr, which is in good agree-
ment with the theoretical results in table[5.2] The calculated PEDMs are all positive
and differ on average by 0.16 D (13 %) from previous computations, with the largest dif-
ference observed for the PEDM of KCa in ref.[167. Note that the PEDM values listed in
table[5.2| were evaluated for the respective equilibrium distance. When zero-point motion
is considered, the PEDM is on average reduced by 0.03 D for the doublet states and by
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Table 5.3: Results for the lowest X+ state, obtained at the MRCI level of theory, includ-
ing core polarization potentials. Where available, values from the literature

are given for comparison.

mol.  Ref. fte/D 1./A D./em™ w./em™! a)ffau
LiBe  This work -0.61 5.51 59 25 223
LiMg  This work -2.52 4.72 222 32 423
LiCa  This work -4.58 4.59 022 95 1031
2 4.33 608 67
268 0.01 265 30
LiSr This work -6.61 4.59 692 61 1340
268 4.60 401 A7
NaBe This work -0.45 5.84 50 18 229
NaMg This work -0.99 5.71 131 21 326
NaCa This work -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
8 2.98 336 19
RbSr  This work -2.66 6.15 343 16 1491
7 6.17 390 16
179 6.25 329 15
179 6.15 336 15

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

0.06 D for the quartet states (details are provided in appendix. The difference to other
equilibrium distances is on average 0.05 A (1 %) with the largest deviations occurring for
RbSr and RbCa when compared to ref.[167. This deviation in the latter cases also ex-
plains 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 table5.2} Note that only the polarizabilities ()
at the equilibrium distances along the internuclear axis are given here. A more detailed
treatment of polarizabilities and their experimental significance is provided in ref.[167
for AK-AKE molecules or in ref.[166/ for AK-AK molecules.

A similar compilation of data for the lowest X% state is given in table[5.3| although
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fewer theoretical and experimental values are available[f| In general, the equilibrium
radius is larger and the potential depth and vibrational constant are smaller than cor-
responding quantities for the ground state. For the polarizability no clear trend can be
observed.

5.3.2 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 excitations of core electrons and ionizations are ne-
glected, 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 combination 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 character. 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 character. 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
graphicsa) of ﬁgure Note that there are negative values for combinations of light
alkali atoms and heavy alkaline earth atoms. Rather than the ? D-excitations, which are
the lowest ones, the 2 P-excitations were used in ﬁgure for Ba and Ra. In plotb) of
ﬁgure the difference in electronegativities (ENs) is shown with a behavior similar to
the differences in excitation energies. A positive value of the electronegativity difference
indicates 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[I61], with an increasing 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[5.3.3

Figure[5.3|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 difference in ENs, it still is positive. The largest EN difference for the

6Note that this is not the lowest state in the quartet multiplicity. The 1*II state has the same asymptote
but is more strongly bound than the 14X71 state.
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Figure 5.2: 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[13]
and in the lower plot the differences in the electronegativities according to
Pauling’s scale[160)].

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 plot b) of ﬁgure is not seen for the PEDMs. For KMg and
RbMg small PEDMs are observable in figure[5.3 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 (ﬂgure.
Also, the potential depths are different. In plotb) of ﬁgure the potential 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 exponentially in going
from light to heavy AK atoms. The largest potential depth was determined for LiCa
(2613 cm™!), the smallest one for RbMg (744cm™"). 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. However, 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.?
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Figure 5.3: The permanent electric dipole moment (a)) and the potential depth (b))
for several AK-AKE molecules in their ground state (*$7) are shown.

In contrast to the strictly positive PEDM for the doublet ground states the PEDMs
for the lowest X7 state in the quartet manifold are negative, as can be seen in ﬁgure
The PEDMs for the quartet states show a correlation with the difference in ENs ( b) in
ﬁgure. 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 X% state are observable in plota) in ﬁgure 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 ﬁgure. 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 ﬁgure but is less useful for the estimation
of PEDMs in the doublet manifold. For the X7 state the dissociation energy and the
PEDM have a correlation coefficient of R = —0.97.

The equilibrium internuclear distances of the lowest ¥ states in the two multiplicities
are given in the tablesp.2] and[5.3] The r, values for the doublet state are all below
457 A, those for the quartet states lie above this value. The equilibrium distances
can be compared to the tabulated covalent|I63] and van der Waals[162] 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 indicates
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Figure 5.4: The upper plot shows the PEDMs for several AK-AKE molecules in the
lowest 431 state. Note that the axis is reversed so that the highest bar
corresponds to the most negative value. The graphics below shows the cor-
responding dissociation energy for a direct comparison.

a covalent or ionic bond in the lowest state of the doublet manifold. The lowest *X7
states have equilibrium internuclear separations that are on average 0.5A larger than
predicted by the tabulated van der Waals values, which indicates a weak bond.

The fraction of ionic character[305] can be estimated by dividing the determined dipole
moment by the dipole moment obtained by shifting one electron by the equilibrium
distance: fr,, = i 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 quantity 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, which we performed in order to determine the dipole
moment, we could also determine the polarizabilities of the molecules along the inter-
nuclear axis. Graphicsa) of ﬁgure 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 polarizability of the atoms involved. The
polarizabilities for the quartet 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 graphicsb) of
figure[5.5] 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.
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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.
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Figure 5.5: Finite-field polarizabilities in the doublet ground state (upper graphics) and
the lowest YT state (lower graphics), calculated at the corresponding equi-
librium geometry.

5.3.3 Qualitative picture

Typical potential energy curves and PEDM curves for the lowest X1 states in the two
multiplicities are shown in ﬁgure The lowest 2X* is strongly bound with a positive
PEDM. The PEDM approaches zero for large internuclear distances as expected for
neutral molecules. In contrast, the lowest X% state is weakly bound with a negative
PEDM. In general, the maximum (227) or minimum (*X71) of the PEDM curve is found
for internuclear distances smaller than the equilibrium distance. The results displayed
in ﬁgure refer to LiBe, but the same behavior was previously observed for LiCa[2],
RbCal7], and RbSr[8]. 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 by Gou et al.[314].

Our findings are summarized in ﬁgure The ground state, displayed in graphicsa),
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 (+4). 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 electron charge is now closer to the AK atom than the center of positive
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Figure 5.6: Potentials and PEDMs of the lowest X1 state in the doublet and quartet
multiplicity for the LiBe molecule.

charge. We explain this behavior by the orbital occupation indicated on the right side
of figure5.7, In the ground state (a)) the 1% orbital, mainly an s-orbital around the
AKE at 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 polarizabilities. In
general, the AK atoms have larger polarizabilities than AKE atoms. In the ground
state, the highest occupied AK orbital should deform more easily and mix with AKE
orbitals. The situation is different for the lowest XT state in the quartet multiplicity (
b) in ﬁgure. Since all spins need to be aligned, the Pauli principle does not allow
for a double occupation of the 15% orbital. Therefore, one electron is transferred from
this orbital into the 3'¥ 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 probability density close to the
AK atom, which changes the direction of the PEDM compared to the ground state. The
3'¢ orbital also mixes s- and p- orbital contributions in a similar way as the 2"¢ orbital
does. However, unlike the 2°¢ 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 counterpart of the 2" orbital, which explains the small dissociation energy
of the lowest 13T state.

"The isosurfaces of the three orbitals indicated on the left side in ﬁgure can be found in appendix
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Figure 5.7: A visualization of the charge distribution in our set of 16 AK-AKE molecules
(no absolute scale). The AK (4) atom is shown in red, the AKE (++) atom
in blue. Center of mass, positive and negative charge are indicated by ar-
rows. On the right side the orbital occupation discussed in the text is de-
picted. Calculated isosurfaces of the corresponding orbitals can be found in

appendix

5.3.4 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 importance for several applications mentioned
in the introduction. The PEDMs of the lowest ¥ state of the quartet multiplicity are
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:
ue:al-sign(AEN)-\/|AEN|+CL2-P_M+% (5.1)
e
This model requires the difference of electronegativities AEN, the mean of the atomic
polarizabilities P, and the dissociation energy 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 approach. However, it agrees very well with the
available ab initio data, as can be seen from figure5.8 although it only requires three
fitting parameters aj,as 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 explanation 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 from -0.1 to 0.9 other functions
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might also be suitable to capture the behavior. Slightly worse results are obtained for

functions like ag - (AEN - AETNQ) or the bounded as - tanh (AEN). The increase of the

PEDM with increasing mean polarizability is easily understood by the greater spatial
flexibility of the electron distribution. However, an explanation for the third term in
equation[s.I] is less straight-forward. The corresponding fitting parameter as takes a
negative value in the model, therefore reducing the dipole moment proportional 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.
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Figure 5.8: Dipole moment predictions as described in the text (o). The three param-
eters of the model were determined by fitting to the ab initio results of this
work (). The resulting model shows good agreement with results from pre-
vious theoretical treatments (x) listed in table[5.2] Additional values have
been added for the CsMg (ref.119), CsSr (ref.258) and AK-Ba molecules
(ref.314).

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.[160/ and [161], the dissociation energies need to be estimated. For Ba, the
values from ref.[314 have been used. The potential depth of molecules including Cs or Fr
were extrapolated with an exponential function from values for smaller AK atoms, since
an exponential dependence was observed for the dissociation energy in figure[5.3] These
results, together with previous theoretical results for AK-AKE molecules beyond our test
set[119, 258, [314], are shown in figure[5.8] We note that Gou et al.[314] neglected the
polarization of the cores, which might explain their larger amplitudes, similar to what
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we observed without core polarization potentials (ﬁgure. A detailed comparison
between predicted and previous values is given in appendix[A]

5.4 Conclusion

The lowest X7 states in the doublet and quartet manifold for a selection of 16 AK-AKE
molecules were analyzed at the MCSCF+MRCT level of theory. Trends for the PEDMs,
equilibrium internuclear separations, dissociation energies, and polarizabilities along the
internuclear axis were discussed. We find that the PEDMs of the lowest X1 state in
the doublet and quartet multiplicity are pointing in opposite directions for all molecules
under investigation, which is in line with previous calculations. This behavior was ex-
plained in a molecular orbital picture. We further presented an empirical formula which
describes the PEDM in the 22T state as a function of two atomic descriptors (electroneg-
ativity, 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 beyond our initial test set.

The PEDM is important for applications of ultracold molecules, since it is the essential
parameter for the interaction with microwaves, and, in combination with the polarizabil-
ity, for the alignment in electric fields and optical lattices. A high PEDM is favorable
because lower intensities and field strengths are sufficient to manipulate the molecules.
In our study we find the highest PEDM for combinations with Be. However, handling
these molecules might be a problem in the experiment due to the toxicity of beryllium.
Good alternatives with high PEDM are RbCa, KCa, and RbSr, with the latter being
the most promising candidate at present[26]. Our extrapolation formula indicates that
CsCa might also be a promising choice.

5.5 Remarks

Tables containing additionally determined parameters are available in appendix[A] which
also contains pictures of the natural orbitals as determined in the MCSCF calculation.
In order to obtain the results presented above it was necessary to determine several
excited states for the 16 AK-AKE molecules. The potential energy curves as well as
PEDMs and TDMs calculated by the implemented automated procedure are shown in
appendix[C]

In the discussion in the previous sections the changes introduced by the core polar-
ization potential are discussed and the numerical values of the differences are given in
appendix [A] in section If a CPP is included the core is not only described by a
potential or frozen orbitals, but also has an electric dipole moment induced by an exter-
nal electric field. This dipole moment changes the orbitals which leads to the significant
changes in the permanent electric dipole moment (see above), which is reduced to about
half its value. The automatically computed moments include the change of the dipole
moment due to the change in the orbitals. But the dipole moment of the core due to
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Figure 5.9: This figure show the PEDM dipole moment for LiSr in the X 22+ and 14X+
states determined by a finite field calcualtion and the values calculated by
the implementation in Molpro[140].

RbSr

Figure 5.10: This figure show the PEDM dipole moment for RbSr in the X 2X and 14X+
states determined by a finite field calcualtion and the values calculated by
the implementation in Molpro[I40].

the polarization is not included. We can estimate the influence of this contribution by
comparing finite field calculations (which only need accurate energies) to the automated
calculation. For LiBe, both results match exactly, which is expected if CPPs are not
applied. The differences for other molecules are given in appendix[A.1.11]and tend to be
small. The dipole moment curves for two molecules (LiSr, RbSr) have been calculated
by both approaches and are shown in figures[5.9 and[5.10] These small differences have
a similar magnitude as other approximations used in these calculations and are smaller
than the error introduced by a complete neglect of core polarization.
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Chapter 6

Summary and outlook

This thesis presents theoretical studies of several diatomic molecules. The selected com-
pounds have two features in common. Firstly, they have at least one open shell. The
unpaired electron leads to a magnetic dipole moment. Secondly, we only considered
heteronuclear molecules. This results in an often substantial charge transfer between
the atoms leading to a large permanent electric dipole moment in several cases.

The first part of this thesis is devoted to the extension of previous calculations on the
CrHe system|20] to additional multiplicities and contains an analysis in the context of
recent experiments. 12 states of septet manifold and 12 states of quintet manifold were
determined, corresponding asymptotically to the ground state, as well as 5 septet and
6 quintet states corresponding to excitations on the chromium atom. In general, the
states are weakly bound with dissociation energies of a few cm™! except for the 1 7II
state. For potential energy curves with the same asymptote (z "P°) spin-orbit coupling
was included via the Breit-Pauli Hamiltonian.

In chapter |3| we present the results for RbSr, a follow up of our benchmark study
of LiCal2]. This molecule was selected due to the good control of its constituents in
ultracold atomic physics|26]. Details of the experimental investigation can be found in
previous publications|5, [6, 23]. In this thesis, 17 doublet and 5 quartet Hund’s case (a)
states are presented as determined by a multireference configuration interaction compu-
tation. Asymptotically, they correspond to the ground state, three doublet excitations
of the Rb atom and two singlet and two triplet excitations of the Sr atom. A dissocia-
tion energy of about 1273 cm™! was determined for the ground state, which differs from
previous calculations on average by 200 cm~!. The vibrational constant of the ground
state agrees well with the experimental value, both at about 42 cm™!. Five electronically
excited states were identified in the experimental spectrum and their transition energies
deviate by less than 500 cm™! for levels below 15000 cm~!. Additionally, several Hund’s
case (c) states were calculated by two different methods. The spectroscopic parameters
of the seven lowest of these states are listed in chapter [3| These potentials were then
used to simulate an observed laser induced fluorescence spectrum. The envelope of the
signal can be explained without including spin-orbit coupling, but the structure is only
observable after the inclusion of such effects. The Breit-Pauli computation was expected
to be more accurate as it includes a change of the spin-orbit coupling strength, but we ob-
served that the calculation based on a constant spin-orbit parameter and diagonlization
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yields better agreement with the experiment.

In the next step Sr was replaced by Ca, and a similar investigation was performed.
19 states in the doublet manifold and 5 states in the quartet manifold were determined
by multireference configuration interaction for RbCa. They correspond asymptotically
to the ground state, four doublet states of the Rb atom, and two singlet and two triplet
states of the Ca atom. In addition, the ground state of the cation (RbCa+) was com-
puted. Seven features in the measured spectrum up to 23000 cm~! were assigned to
electronically exited states with an error of about 500 cm™! in total. There are some
similarities between the electronic states of RbCa and RbSr: The 1 2II state has the
largest dissociation energy and smallest internuclear separation. The weakest bound
state is the 1 X7, The ground state the smallest dissociation energy among the other
states below 20000 cm™t. The 1 2A electronic state is also strongly bound and shows the
second largest dissociation energy. The equilibrium positions are about 0.2 A smaller
for RbCa than for RbSr.

In chapter [5| we only considered two electronic states, but investigated a set of 16 AK-
AKE molecules. The spectroscopic parameters and permanent electric dipole moments
were extracted for all molecules and trends were analyzed for the lowest X state in the
quartet and doublet manifold. These states show qualitatively different properties. The
doublet ground state is significantly bound with values between 2600 and 700 cm™'. It
has a positive partial charge on the AK atom resulting in a positive PEDM for our defi-
nition of the coordinates. In contrast the quartet state shows a small dissociation energy
and a negative PEDM. The dissociation energies of the *X* states range from 700 to
40 cm~!. They behave inversely to the difference in electronegativities, e.g. for RbBe the
largest electronegativity difference and the shallowest potential can be observed. The
amplitude of the permanent electric dipole moment shows the same trend as the dissoci-
ation energies but with a negative sign. In the case of the 2X7 state, no clear correlation
between the PEDM and a single atomic or molecular indicators could be observed. Three
different quantities were necessary to describe the permanent electric dipole moment of
this state. The mean of the atomic polarizability, the difference in electronegativities,
and the dissociation energy of the doublet state were used to successfully capture the
behavior of the PEDM. Large values of the PEDM, appreciated in experimental appli-
cations, were obtained for combinations with Be. However, the toxicity of Be keeps its
applicability limited. High values were also obtained for combinations of heavy AK and
heavy AKE atoms, as for example RbSr or RbCa. LiSr has the smallest PEDM and
might be used in experiments that rather require a dominant magnetic dipole moment.
The values of the equilibrium radii for the 2>+ state were between the tabulated van
der Waals and covalent radii, but closer to the second ones. Therefore, we assume that
it is a covalent bond with a large ionic character for diatomic molecules consisting of
Be and a AK atom. The equilibrium internuclear separation for the 3% are close to or
larger than the tabulated van der Waals distances. This, in combination with the small
dissociation energies, leads to the conclusion that this is a van der Waals bond.
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Our computations made extensive use of effective core potentials. They were compared
to calculations using all electrons. In general, ECP results were closer to experimental
observations, although this strongly depended on the quality of the effective core poten-
tials used. Further improvement was achieved by the application of core polarization
potentials, which simulate the response of the core to an external electron distribution.
This approximate method was especially important for excitation energies and electric
dipole moments. Equally important is the selection of a meaningful basis set. It should
be sufficiently large and compatible with the atom and effective core potential, although
we observed that several all electron basis sets give good results in combination with
ECPs. Our theoretical results allowed to identify vibronic features in the experimental
spectrum, but with deviations of about 500 cm™! for the transition energies. The dif-
ference between measured and calculated vibrational constants was smaller. In order to
reliably predict optical transitions and transfer schemes the error should be on the order
of GHz (0.03 cm™!) which can currently only be achieved by fitting to experimental
data.

As a next step we want to investigate excited states of several AK-Ca/AK-Sr molecules
in order to estimate the viability of optical transfer schemes with conventional laser
systems. Additional experimental results are important for reliable predictions and
hopefully will be available soon. For photoassociation, weakly bound excited states
with long-range bonding are necessary. So far only the *X* state of the AK-AKE
molecules shows this feature, but this state can not be used because there is no transition
dipole moment. Combinations with Cs might show weakly bound excited states with
a significant TDM due to the low lying electronic excitations, but it is questionable if
they can be accessed with conventional laser systems. Another interesting topic is the
combination of chromium with alkali atoms. The resulting molecule should have five
unpaired electrons like the d-orbitals of the transition metals. This model system might
then be used to study the interesting magnetic properties of transition metals.

There are also several open question concerning superfluid helium droplets and the
interactions with dopants. In the course of this work, several relaxations from one
electronic state to another one were observed or assumed. Examples are the relaxation
from a septet into a quintet state for CrHe molecule, the fluorescence stemming from
a lower state than the excited one in RbSr, and the lack of fluorescence in RbCa. The
energy transfer mechanisms responsible for these observations are yet unclear.
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Appendix A

Additional information for alkali -
alkaline earth molecules

This appendix contains several additional tables providing more detailed information
on the ab initio results. Some of these results are displayed as figures in chapter[p
In section[A.I.1] predicted values of the formula in the text are compared to previous
calculations. Additional orbital pictures are plotted in section[A.2] which support the
explanation in chapter[p}

Section[A.T.2] contains the results of a multiconfigurational self consistent field calcula-
tion (MCSCF) in combination with an multireference configuration interaction (MRCI)
for 16 different alkali-alkaline earth molecules. Details of the calculation can be found in
chapterp] The number of orbitals and states considered in the calculation are given in
section[A.1.6] Tabulated values describing the convergence of the dissociation energies
for large internuclear separations and corresponding distances are listed in section[A.1.3]
Results without using the core polarization potentials (CPP) are given in section[A.1.4]
and for large internuclear distances in section[A.1.5] The finite field values are listed
in section[A.1.7) together with applied field strengths. Section[A.1.§] gives a comparison
between the results for the equilibrium internuclear separations found in section[A.1.2]
and the tabulated covalent and van der Waals radii. The calculated polarizabilities
(section[A.1.7) are compared to the mean of the atomic polarizabilities in section[A.1.9]
The next two sections are concerned with comparisons between calculations with and
without a CPP (section[A.1.10) and between results obtained by the MRCI program
and by finite field calculations (section[A.1.11)). In section[A.1.13] the literature values
for atomic properties are listed.
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A.1 Tables

A.1.1 Predictions obtained with the empirical model and
previous results for additional molecules

Table A.1: In this table the predicted values for the 2XT ground state of several AK-
AKE molecules are listed alongside previous results obtained by ab initio
calculations. The results are depicted in Fig. 8 in the manuscript.

mol.  Ref.  pe/D 1e/A D./em™! w./em™!

LiBa pred. 0.07 3646
260 -0.37  3.67 2871 205.5
314 -0.62  3.73 3646 204.1
265 3.58 3146 200.7
NaBa pred. 0.16 2573
314 0.25 4.12 2573 92.3
315 3.87 1920 89.2
KBa pred. 227 1750
314 1.62 4.65 1750 59.4
RbBa pred. 2.09 1472
314 3.32 493 1472 39.2
CsBe pred. 2.22 776
CsMg pred. 1.45 729
258 0.83 4.54 544 43.2
CsCa pred. 2.55 1282
CsSr pred. 2.22 1205
119 1.91  4.79 1084 33.8
CsBa pred. 2.72 1466
314 4.02 5.19 1466 32.8
FrBe pred. 1.94 764
FrMg pred. 1.25 726
FrCa pred. 2.46 1262
FrSr pred. 2.18 1183
FrBa pred. 2.54 1301
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A.1.2 Multireference configuration interaction

2yt state

Table A.2: Permanent electric dipole moment of the 22+ ground state for the sixteen AK-
AKE molecules in the test set as determined by MCSCF-+MRCI calculations.

te / D ‘ Be Mg Ca Sr

Li 3.460 1.141 1.123 0.175
Na 2.292 0867 1.167 0.462
K 2.230 1.082 2.170 1.555
Rb 2.023 1.0563 2.276 1.705

Table A.3: Dissociation energy of the 2XT ground state for the sixteen AK-AKE
molecules in the test set as determined by MCSCF+MRCI calculations.

D, / cm™! ‘ Be Mg Ca Sr
Li 2427 1538 2613 2471
Na 1291 946 1792 1728
K 920 779 1455 1358
Rb 816 744 1337 1279

Table A.4: Equilibrium internuclear separation of the 2Y* ground state for the six-
teen AK-AKE molecules in the test set as determined by MCSCF-+MRCI

calculations.
r. / A ‘ Be Mg Ca Sr
Li 2.601 3.102 3.388 3.572
Na 2966 3.465 3.665 3.843
K 3.506 3.994 4.196 4.392
Rb 3.704 4.173 4.369 4.564

131



Appendix A Additional information for alkali - alkaline earth molecules

Table A.5: Vibrational constant of the 2X" ground state for the sixteen AK-AKE
molecules in the test set as determined by MCSCF-+MRCI calculations.

We / cm™! ‘ Be Mg Ca Sr

Li 312.9 181.0 199.8 180.7
Na 173.0 89.6 1029 87.2
K 121.7 643 713  56.7
Rb 104.2 54.1  57.0 426

Table A.6: Anharmonicity parameter of the 2X% ground state for the sixteen AK-AKE
molecules in the test set as determined by MCSCF-+MRCI calculations.

Wete / cm ™! ‘ Be Mg Ca Sr
Li 10.15 5.33 3.82 3.31
Na 580 213 148 1.10
K 4.03 1.32 0.87 0.59
Rb 3.32 098 0.61 0.35

Table A.7: Fraction of ionic character of the 22 ground state for the sixteen AK-
AKE molecules in the test set as determined by MCSCF-+MRCI calculations.

(Pauling criterion, equation |1.90))

fron /| % ‘ Be Mg Ca Sr
Li 52 14 13 2
Na 30 10 13 5
K 25 11 20 14
Rb 21 10 20 15
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1Y * state

Table A.8: Permanent electric dipole moment of the lowest X T state for the sixteen AK-
AKE molecules in the test set as determined by MCSCF-+MRCI calculations.

te / D ‘ Be Mg Ca Sr

Li -0.621 -2.537 -4.640 -6.703
Na -0.453 -0.988 -1.593 -2.040
K -0.733 -1.652 -2.612 -3.008
Rb -0.789 -1.628 -2.204 -2.710

Table A.9: Dissociation energy of the lowest 42T state for the sixteen AK-AKE molecules

in the test set as determined by MCSCF-+MRCI calculations.

D./cm™' |Be Mg Ca Sr
Li 99 222 522 692
Na 50 131 237 287
K 48 157 343 376
Rb 47 170 316 343

Table A.10: Equilibrium internuclear separation of the lowest X% state for the six-
teen AK-AKE molecules in the test set as determined by MCSCF-+MRCI

calculations.

r. /A ‘ Be Mg Ca Sr

Li 5.505 4.715 4.593 4.589
Na 5.837 5.713 5.736 5.807
K 5.992 5.731 5.727 5.947
Rb 6.027 5.844 6.054 6.148
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Table A.11: Vibrational constant of the lowest ‘Xt state for the sixteen AK-AKE
molecules in the test set as determined by MCSCF-+MRCI calculations.

we / cm™! ‘ Be Mg Ca Sr

Li 247 319 545 614
Na 18.3 20.6 23.6 229
K 16.2 199 256 216
Rb 153 177 192 16.3

Table A.12: Anharmonicity parameter of the lowest 43F state for the sixteen AK-AKE
molecules in the test set as determined by MCSCF-+MRCI calculations.

Wee / cm™! ‘ Be Mg Ca Sr

Li 2.79 1.14 142 1.36
Na 1.68 0.81 0.59 0.46
K 1.37 063 048 0.31
Rb 1.25 0.47 0.29 0.19

Table A.13: Fraction of ionic character of the lowest 437 state for the sixteen AK-AKE
molecules in the test set as determined by MCSCF-+MRCI calculations.
(Pauling criterion, equation |1.90))

f[(m/%‘Be Mg Ca Sr

Li 4 21 40 57
Na 3 7T 11 14
K 5 11 18 20
Rb 5 11 14 17
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A.1.3 Multireference configuration interaction - asymptotic

convergence

Table A.14: Largest internuclear distances calculated to check asymptotic convergence

in the MSCSCF-+MRCI calculations.

I'max / A ‘ Be Mg Ca Sr
Li 11 13 10 10
Na 10 12 11 11
K 10.5 12 30 25
Rb 105 10 11 13

2yt state

Table A.15: Dissociation energy of the 23" ground state for the sixteen AK-AKE
molecules in the test set as determined by MCSCF-+MRCI calculations with
the asymptotic distances given in table

D./cm™ | Be Mg Ca Sr
Li 2429 1542 2613 2470
Na 1291 949 1797 1735
K 921 787 1476 1383
Rb 817 744 1348 1301

Table A.16: Differences in the dissociation energy of the 2X* ground state for the MC-
SCF+MRCI calculations between asymptotic limits of 10 A and the dis-

tances given in table .

AD, / ecm™! ‘ Be Mg Ca Sr
Li 2 4 0 -1
Na o 3 5 7
K 1 8§ 21 25
Rb 1 0 11 22
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Table A.17: Dissociation energy of the lowest X state for the sixteen AK-AKE
molecules in the test set as determined by MCSCF-+MRCI calculations with
the asymptotic distances given in table

D, / cm™! ‘ Be Mg Ca Sr

Li 61 229 522 692
Na o0 138 246 302
K 49 173 381 427
Rb 47 170 334 387

Table A.18: Differences in the dissociation energy of the lowest X+ state for the MC-
SCF+MRCI calculations between asymptotic limits of 10 A and the dis-

tances given in table

Li 2 7 0 0
Na 0 7 9 15
K 1 16 38 51
Rb 0 0 18 44
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A.1.4 Multireference configuration interaction without CPPs

2yt state

Table A.19: Permanent electric dipole moment of the 2XF ground state for the sixteen
AK-AKE molecules in the test set as determined by MCSCF+MRCI calcu-

lations without CPPs.

te / D ‘ Be Mg Ca Sr

Li 3.460 1.297 1.312 0.395
Na 2403 1.090 1.602 0.919
K 2.564 1.596 3.337 2.831
Rb 2.470 1.744 3.807 3.360

Table A.20: Dissociation energy of the 23T ground state for the sixteen AK-AKE
molecules in the test set as determined by MCSCF+MRCI calculations

without CPPs.

D. / em™! ‘ Be Mg Ca Sr
Li 2427 1648 2883 2870
Na 1223 953 1862 1882
K 823 744 1426 1425
Rb 695 659 1299 1288
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Table A.21: Equilibrium internuclear separation of the 2X* ground state for the six-
teen AK-AKE molecules in the test set as determined by MCSCF+MRCI

calculations without CPPs.

r. / A | Be Mg Ca Sr

Li 2.601 3.098 3.385 3.573
Na 3.034 3.547 3.750 3.930
K 3.644 4.162 4.361 4.561
Rb 3.881 4.396 4.578 4.782

Table A.22: Vibrational constant of the YT ground state for the sixteen AK-AKE
molecules in the test set as determined by MCSCF+MRCI calculations

without CPPs.

we / em™ | Be Mg Ca Sr

Li 312.9 187.7 208.7 190.3
Na 163.8 873 1024 89.0
K 1089 595 686 56.1
Rb 90.0 48.1 543 423

Table A.23: Anharmonicity parameter of the 2X" ground state for the sixteen AK-AKE
molecules in the test set as determined by MCSCF-+MRCI calculations with-

out CPPs.
Wele / cm™! ‘ Be Mg Ca Sr
Li 10.10 5.35 3.78 3.16
Na 548 200 1.41 1.0
K 3.60 1.19 0.82 0.55
Rb 291 0.88 0.57 0.33

Table A.24: Fraction of ionic character of the X" ground state for the sixteen AK-
AKE molecules in the test set as determined by MCSCF+MRCI calculations
without CPPs.(Pauling criterion, equation |1.90))

fron / % ‘ Be Mg Ca Sr
Li 52 16 15 4
Na 31 12 17 9
K 28 15 30 24
Rb 25 16 33 28
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Table A.25: Permanent electric dipole moment of the lowest *X* state for the sixteen
AK-AKE molecules in the test set as determined by MCSCF-+MRCI calcu-

lations without CPPs.

pre / D | Mg Ca Sr

Li -2.507 -4.501 -5.286
Na -1.170  -1.956 -2.317
K -2.159  -2.949 -3.511
Rb -2.094 -2.768 -3.258

Table A.26: Dissociation energy of the lowest *X* state for the sixteen AK-AKE
molecules in the test set as determined by MCSCF+MRCI calculations

without CPPs.

D, / cm™! ‘ Be Mg Ca ©Sr
Li 29 215 521 620
Na 48 138 271 320
K 50 181 315 429
Rb 45 183 287 388
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Table A.27: Equilibrium internuclear separation of the lowest X7 state for the sixteen
AK-AKE molecules in the test set as determined by MCSCF-+MRCI calcu-
lations without CPPs.

r. / A | Be Mg Ca Sr

Li 5.506 4.750 4.613 4.773
Na 0.872 5.705 5.675 5.788
K 6.023 5.699 5.906 5.992

Rb 6.189 5.884 6.145 6.244

Table A.28: Vibrational constant of the lowest ‘YT state for the sixteen AK-AKE
molecules in the test set as determined by MCSCF+MRCI calculations
without CPPs.

we/cm™' | Be Mg Ca Sr

Li 25.7 30.1 60.9 589
Na 17.7 209 259 244
K 15.6 21.1 241 23.3
Rb 13.8 189 193 17.7

Table A.29: Anharmonicity parameter of the lowest 3% state for the sixteen AK-AKE
molecules in the test set as determined by MCSCF-+MRCI calculations with-
out CPPs.

Wete / cm™! ‘ Be Mg Ca Sr

Li 2.79 1.056 1.78 1.40
Na 1.62 0.79 0.62 0.47
K 1.20 0.62 0.46 0.32
Rb 1.06 0.49 0.32 0.20

Table A.30: Fraction of ionic character of the lowest 4X* state for the sixteen AK-AKE
molecules in the test set as determined by MCSCF+MRCI calculations with-
out CPPs. (Pauling criterion, equation (1.90)

fl,m/%‘Be Mg Ca Sr

Li 4 21 38 44
Na 3 8§ 14 16
K 6 16 20 23
Rb 6 14 18 21
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A.1.5 Multireference configuration interaction without CPPs -
asymptotic convergence

Table A.31: Largest internuclear distances calculated to check asymptotic convergence
in the MSCSCF+MRCI calculations without CPPs.

I'max / A ‘ Be Mg Ca Sr

Li 11 100 100 100
Na 100 12 100 10
K 13 13 100 100
Rb 100 100 10.5 10

2yt state

Table A.32: Dissociation energy of the 23" ground state for the sixteen AK-AKE
molecules in the test set as determined by MCSCF-+MRCI calculations
without CPPs with the asymptotic distances given in tablem

D, / cm™! ‘ Be Mg Ca Sr

Li 2429 1653 2896 2885
Na 1227 957 1872 1882
K 829 754 1457 1459
Rb 700 671 1307 1288

Table A.33: Differences in the dissociation energy of the 22 ground state for the MC-

SCF+MRCI calculations without CPPs between asymptotic distances of 10
A and the values given in table

Li 2 5 13 15
Na 4 4 10 O
K 6 10 31 34
Rb o 12 8 0
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Table A.34: Dissociation energy of the lowest X state for the sixteen AK-AKE
molecules in the test set as determined by MCSCF+MRCI calculations
without CPPs with the asymptotic distances given in table .

D, / cm™! ‘ Be Mg Ca Sr

Li 61 223 541 644
Na ol 141 294 320
K 52 151 358 488
Rb 35 193 300 388

Table A.35: Differences in the dissociation energy of the lowest X+ state for the MC-
SCF+MRCI calculations without CPPs between asymptotic distances of 10
A and the values given in table .

AD, / cm™1 ‘ Be Mg Ca Sr

Li 2 8§ 20 24
Na 3 3 23 0
K 2 30 43 39
Rb -10 10 13 0
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A.1.6 Technical details of the multiconfigurational calculations

The
calculations were performed in the Cy, point group and the labels Ay, By, By, and A,

In this section we give details about orbital occupation and calculated states.

refer to the irreducible representations.

Table A.36: The number of closed orbitals are listed for the different molecules in the
MCSCF and MRCI calculations.

Be Mg Ca Sr
A1 B1 By AQ A1 B1 By AQ A1 B1 By AQ A1 By By A2
Li 2 4 1 1 3 1 1 3 1 1
Na| 4 1 1 6 2 2 5 2 2 5 2 2
K 3 1 1 5 2 2 4 2 2 4 2 2
Rb| 3 1 1 5 2 2 4 2 2 4 2 2

Table A.37: The number of occupied orbitals are listed for the different molecules in the
MCSCF and MRCI calculations.

Be Mg Ca Sr
Ay By By Ay | Ay By By Ay | Ay By By Ay | Ay By By A
L1 11 4 4 1] 13 5 5 1] 12 5 5 1] 12 5 5 1
Na | 12 5 5 1] 17 7 7 2| 16 8 8 21 13 5 5 1
K 14 6 6 2| 16 7 7 2| 13 6 6 21 13 6 6 2
Rb | 15 7 7 3| 15 7 7 2| 16 8 8 31 13 6 6 2
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Table A.38: The number of states determined in the MCSCF for the doublet multiplicity

are given.
Be Mg Ca Sr
A1 Bl B2 A2 A1 B1 B2 A2 A1 B1 B2 A2 A1 Bl B2 A2
Li 9 5 5 1 9 5 5 1|11 6 6 3|12 6 6 2
Nay| 7 4 4 110 5 5 212 v 7 3|10 &5 5 2
K 0o 5 5 2010 5 5 2 8 4 4 2, 8 4 4 2
Rb | 11 6 6 3|13 8 8 3|11 6 6 3|10 5 5 2

Table A.39: The number of states determined in the MRCI for the doublet multiplicity

are given.
Be Mg Ca Sr
A1 B1 BQ A2 Al B1 BQ A2 Al B1 BQ A2 Al Bl BQ A2
Li 5) 3 3 1 ) 3 3 1 7 4 4 1 9 3 3 1
Na 6 3 3 1 6 3 3 1 7 4 4 2 7 4 4 2
K 7 4 4 1 7 4 4 1 6 3 3 1 5 3 3 1
Rb 7 4 4 1 6 3 3 1 6 5) 5) 1 7 4 4 2
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Table A.40: The number of states determined in the MCSCF for the quartet multiplicity

are given.
Be Mg Ca Sr
A1 Bl B2 A2 A1 Bl 32 A2 A1 Bl BQ AQ A1 Bl BQ A2
Li 1 1 1 1 1 1 3 2 2 1 3 2 2 1
Na 1 1 1 1 1 1 3 2 2 1 3 2 2 1
K 1 1 1 1 1 1 3 2 2 1 3 2 2 1
Rb 1 1 1 1 1 1 3 2 2 1 3 2 2 1

Table A.41: The number of states determined in the MRCI for the quartet multiplicity

are given.
Be Mg Ca Sr
A1 Bl BQ AQ A1 Bl BQ AQ A1 Bl BQ AQ A1 B1 BQ A2
Li 1 1 1 1 1 1 3 2 2 1 3 2 2 1
Na 1 1 1 1 1 1 3 2 2 1 3 2 2 1
K 1 1 1 1 1 1 3 2 2 1 3 2 2 1
Rb 1 1 1 1 1 1 1 1 1 3 2 2 1
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A.1.7 Finite field calculations
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Table A.42: Permanent electric dipole moment of the 2X* ground state for the sixteen
AK-AKE molecules in the test set as determined by finite field calculations
for MCSCF+MRCI results.

fe / D ‘ Be Mg Ca Sr

Li 3.467 1.184 1.192 0.285
Na 2.326 0.857 1.182 0.511
K 2219 1.083 2.122 1.523
Rb 1.970 1.037 2188 1.645

Table A.43: Polarizabilities along the internuclear axis of the ?X* ground state for the
sixteen AK-AKE molecules in the test set as determined by finite field cal-
culations for MCSCF+MRCI results.

oz||/a.u.‘Be Mg Ca ©Sr

Li 365 470 588 653
Na 397 432 577 636
K 628 656 869 925
Rb 631 664 922 972

Table A.44: Field strength for the finite field calculation of the 2% ground state

properties.
field / a. u. ‘ Be Mg Ca Sr
Li 2.50E-04 2.50E-04 5.00E-05 2.50E-04
Na 1.25E-04 2.50E-04 2.50E-04 1.25E-04
K 1.25E-04 5.00E-05 2.50E-04 2.50E-05
Rb 1.25E-04 1.25E-04 5.00E-05 1.25E-04
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Table A.45: Permanent electric dipole moment of the lowest X% state for the sixteen
AK-AKE molecules in the test set as determined by finite field calculations
for MCSCF-+MRCI results.

pe /D | Be Mg Ca Sr
-0.613 -2.519 -4.578 -6.606

Na -0.452 -0.986 -1.619 -2.003
-0.719  -1.581 -2.501 -2.989

Rb -0.790 -1.662 -2.130 -2.661

Table A.46: Polarizabilities along the internuclear axis of the lowest X% state for the
sixteen AK-AKE molecules in the test set as determined by finite field cal-
culations for MCSCF+MRCI results.

o / a. u. ‘ Be Mg Ca Sr
Li 223 423 1031 1340
Na 229 326 686 1200
K 300 338 950 1523
Rb 363 645 922 1491

Table A.47: Field strength for the finite field calculation

of the lowest *X1 state

properties.
field /a. u. | Be Mg Ca Sr
Li 1.25FE-04 2.50E-04 1.25E-04 1.25E-04
Na 1.25E-04 1.25E-04 2.50E-05 1.25E-04
K 5.00E-05 5.00E-05 5.00E-05 1.25E-04
Rb 5.00E-05 2.50E-05 3.75E-05 1.25E-05
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A.1.8 Radii

Table A.48: Covalent radii for the sixteen AK-AKE molecules in the test set as deter-
mined with tabulated values|163].

reov /A| Be Mg Ca Sr

Li 224 269 3.04 3.23
Na 262 3.07 342 3.61
K 299 344 379 3.98
Rb 3.16 3.61 3.96 4.15

Table A.49: Van der Waals radii for the sixteen AK-AKE molecules in the test set as
determined with tabulated values[162].

rvaw / A ‘ Be Mg Ca ©Sr

Li 410 4.63 4.74 4.96
Na 448 5.01 512 5.34
K 4.71 524 535 5.57
Rb 519 5.72 583 6.05
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Table A.50: Difference between the covalent radii (table[A.48)) and the equilibrium in-
ternuclear separation of the ?X ground state (table|A.4)) for the sixteen
AK-AKE molecules in the test set.

TeTeon / A ‘ Be Mg Ca Sr
Li 0.36 041 0.35 0.34
Na 0.35 040 0.25 0.23
K 0.52 0.55 041 041
Rb 0.54 056 041 041

Table A.51: Difference between the van der Waals radii (table|A.49)) and the equilibrium
internuclear separation of the X ground state (table[A.4]) for the sixteen
AK-AKE molecules in the test set.

Tydw-Te / A ‘ Be Mg Ca Sr
Li 1.50 1.53 1.35 1.39
Na 1.51 1.55 146 1.50
K 1.20 1.25 1.15 1.18
Rb 149 1.55 146 1.49
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Table A.52: Difference between the covalent radii (table[A.48) and the equilibrium in-
ternuclear separation of the lowest X% state (table|A.10) for the sixteen
AK-AKE molecules in the test set.

TeTeon | A ‘ Be Mg Ca Sr

Li 3.27 2.03 155 1.36
Na 3.22 264 232 220
K 3.00 229 194 197
Rb 287 223 2.09 2.00

Table A.53: Difference between the van der Waals radii (table|A.49) and the equilibrium
internuclear separation of the lowest X7 state (table[A.10) for the sixteen
AK-AKE molecules in the test set.

Tpdw-Te / A ‘ Be Mg Ca Sr

Li -141 -0.09 0.15 0.37
Na -1.36 -0.70 -0.62 -0.47
K -1.28 -0.49 -0.38 -0.38
Rb -0.84 -0.12 -0.22 -0.10
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A.1.9 Polarizabilities

Table A.54: Mean of the atomic polarizabilities using tabulated values|161].

2yt state

Qatom | a. . ‘ Be Mg Ca Sr
Li 101 118 167 175
Na 100 117 166 174
K 164 181 230 238
Rb 178 195 244 252

Table A.55: Factor between the atomic polarizabilities (table|A.54)) and the polarizabil-

i%* state

||/ Qatom / a- u. ‘ Be Mg Ca Sr
Li 3.62 398 3.53 3.73
Na 3.96 3.69 3.48 3.65
K 3.82 362 3.78 3.88
Rb 3.54 340 3.78 3.85

ities along the internuclear axis of the 2X* ground states as determined by
finite field calculations for MCSCF+MRCI results (table .

Table A.56: Factor between the atomic polarizabilities (table|A.54)) and the polarizabil-

ozH/ozatom / a. u. ‘ Be Mg Ca Sr
Li 221 359 6.19 7.65
Na 229 278 4.14 6.88
K 1.83 1.86 4.13 6.39
Rb 204 330 3.78 5.91

ities along the internuclear axis of the lowest ‘X7 state as determined by
finite field calculations for MCSCF+MRCT results (table .
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A.1.10 Geometry and energy comparisons: with and without
CPPs

2yt state

Table A.57: Differences in the permanent electric dipole moments of the 2% ground
state for the sixteen AK-AKE molecules in the test set as determined by MC-
SCF+MRCI calculations with (table|A.2) and without (table[A.19) CPPs.

fie(no CPP)-ic(with CPP) /D | Be Mg Ca Sr
Li 0.000 0.156 0.189 0.220
Na 0.111 0.223 0435 0.456
K 0.334 0.515 1.167 1.276
Rb 0.447 0.691 1.531 1.655

Table A.58: Difference in the dissociation energies of the 22" state as determined by MC-
SCF+MRCI calculations with (table|A.3) and without (table[A.20) CPPs.

D.(no CPP)-D(with CPP) /cm™' | Be Mg Ca Sr
Li 0 110 270 399
Na -68 70 154
K 97 35 -29 67
Rb 121 -85 -38 9

Table A.59: Difference in equilibrium internuclear separation of the 2X* ground state as
determined by MCSCF+MRCI calculations with (table[A.4) and without
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(table|A.21)) CPPs.

re(no CPP)-r.(with CPP) /A | Be Mg Ca Sr
Li 0.000 -0.004 -0.003 0.001
Na 0.068 0.082 0.085 0.087
K 0.138 0.168 0.165 0.169
Rb 0.177 0223 0209 0.218
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Table A.60: Differences in the permanent electric dipole moments of the lowest X state

for the sixteen AK-AKE molecules in the test set as determined by MC-
SCF+MRCI calculations with (table } and without (table i CPPs.

fie(no CPP)-p(with CPP) /D | Be Mg Ca Sr
Li 0.000 0.030 0.152 1.418
Na -0.056 -0.182 -0.364 -0.276
K -0.189 -0.507 -0.338 -0.503
Rb -0.150 -0.466 -0.564 -0.547

Table A.61: Difference in the dissociation energies of the 4X* state as determined by MC-

SCF+MRCI calculations with (table|A.9) and without (table{A.26) CPPs.

D.(no CPP)-D(with CPP) /cm™' | Be Mg Ca Sr
Li 0 -7 -1 -72
Na 2 7 34 33
K 2 24 -28 53
Rb 2 13 29 45

Table A.62: Difference in equilibrium internuclear separation of the lowest X+ state as

determined by MCSCF+MRCI calculations with (table|A.10) and without

(table|A.27) CPPs.

re(no CPP)-r.(with CPP) /A | Be Mg Ca Sr
Li 0.001 0.035 0.020 0.184
Na 0.035 -0.008 -0.061 -0.019
K 0.031 -0.032 0.179  0.045
Rb 0.162 0.040 0.091  0.096
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A.1.11 Comparison between internally evaluated MRCI
permanent electric dipole moments and finite field results

2yt state

Table A.63: Differences in the permanent electric dipole moments of the 2%+ ground
state for the sixteen AK-AKE molecules in the test set as determined by
the MRCI routine (table[A.2) and by finite field calculations (table|A.42).

11e(FF)-p(MRCI) / D | Be Mg Ca Sr

Li 0.007 0.044 0.069 0.110
Na 0.034 -0.011 0.015 0.048
K -0.011  0.001 -0.047 -0.033
Rb -0.053 -0.016 -0.087 -0.061

1Y+ state

Table A.64: Differences in the permanent electric dipole moments of the lowest 4XF
state for the sixteen AK-AKE molecules in the test set as determined by
the MRCI routine (table } and by finite field calculations (table .

pe(FF)-pe(MRCI) / D | Be Mg Ca St

Li 0.008 0.018 0.075 0.097
Na 0.000 0.002 -0.026 0.037
K 0.013 0.071 0.111 0.019
Rb -0.002 -0.035 0.074 0.049
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A.1.12 Vibrationally averaged permanent electric dipole moment

2yt state

Table A.65: Vibrationally averaged permanent electric dipole moment of the 22+ ground
state for the sixteen AK-AKE molecules in the test set as determined by

MCSCEF-+MRCI calculations.

po / D ‘ Be Mg Ca Sr

Li 3.377 1103 1.104 0.169
Na 2216 0.844 1.153 0.458
K 2150 1.061 2.146 1.544
Rb 1.953 1.037 2.255 1.695

Table A.66: Change of the permanent electric dipole moment by vibrational averaging.

(see table[A.2 and table

te — o / D ‘ Be Mg Ca Sr

Li 0.083 0.038 0.019 0.007
Na 0.075 0.022 0.014 0.004
K 0.079 0.020 0.023 0.012
Rb 0.069 0.017 0.021 0.011
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Table A.67: Vibrationally averaged permanent electric dipole moment of the lowest 43T
state for the sixteen AK-AKE molecules in the test set as determined by
MCSCF+MRCI calculations.

to / D ‘ Be Mg Ca Sr

Li -0.575 -2.421 -4.514 -6.498
Na -0.422  -0.957 -1.558 -2.007
K -0.688 -1.606 -2.500 -2.922
Rb -0.739  -1.585 -2.169 -2.713

Table A.68: Change of the permanent electric dipole moment by vibrational averaging.

(see table and table|A.67))

fe — o / D ‘ Be Mg Ca Sr

Li -0.046 -0.116 -0.126 -0.205
Na -0.031 -0.031 -0.034 -0.033
K -0.045 -0.046 -0.111 -0.087
Rb -0.050 -0.043 -0.035 0.003
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A.1.13 Atomic properties as obtained from literature

Table A.69: The literature values[I3] for differences in the lowest excitation energies are
listed. These values are depicted in Fig.1 in the manuscript. For Ba and

Ra the lowest 3P state was used.

AE.; / cm™! Be Mg Ca Sr Ba Ra
Li 7076 6987 359  -201 -1821 487
Na 5013 4923 -1705 -2265 -3884 -1577
K 8957 8867 2239 1679 60 2367
Rb 9243 9154 2526 1965 346 20654
Cs 10433 10343 3715 3155 1536 3843
Fr 8618 8529 1901 1341 -279 2029

Table A.70: The literature values[160] for differences in electronegativities are listed.
These values are depicted in Fig. 1 in the manuscript.

AEN / Pauling | Be Mg Ca Sr Ba Ra
Li 0.59 0.33 0.02 -0.03 -0.09 -0.08
Na 0.64 0.38 0.07 0.02 -0.04 -0.03
K 0.75 049 0.18 0.13 0.07 0.08
Rb 0.75 049 018 0.13 0.07 0.08
Cs 0.78 052 021 0.16 0.1 0.11
Fr 0.87 0.61 03 025 0.19 0.2
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A.2 lIsosurface plots of molecular orbitals

Isosurfaces of the first three partly occupied orbitals in the irreducible representation A
in the U5, point group are displayed. The natural orbitals were determined by states
averaged MCSCF calculations. The sign of the orbital is indicated by colors (red or
blue).

A.2.1 1% orbital

LiBe LiMg LiCa LiSr

Figure A.1: These plots depict the isosurfaces for the first orbital as denoted in Sec. 3.3
and in Fig. 7 in the manuscript. They are isosurfaces of orbitals determined
by a state averaged MCSCF calculation[I40].
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A.2 Isosurface plots of molecular orbitals

A.2.2 2™ gorbital

LiBe LiMg LiCa LiSr

NaBe NaCa NaSr

KBe KMg KCa

RbBe RbMg RbSr

Figure A.2: These plots depict the isosurfaces for the second orbital as denoted in Sec. 3.3
and in Fig. 7 in the manuscript. They are isosurfaces of orbitals determined
by a state averaged MCSCF calculation[I40].
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A.2.3 3 orbital

LiBe

LiMg

LiCa

LiSr

NaBe

NaMg

NaCa

NaSr

KBe KMg KCa KSr
RbBe RbMg RbCa RbSr

Figure A.3: These plots depict the isosurfaces for the third orbital as denoted in Sec. 3.3
and in Fig. 7 in the manuscript. They are isosurfaces of orbitals determined
by a state averaged MCSCF calculation[I40].
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Appendix B

Models for the permanent electric
dipole moment

In chapter 5| we determined the permanent electric dipole moment of several AK-AKE
molecules and developed an empirical model for them. This appendix provides additional
background information about previous predictive formulas for the permanent electric
dipole moment. Several models can be found in the literature, but were mainly used and
developed for alkali-halides and similar molecules where a strong charge transfer occurs
(the electron of the alkali atom closes the shell of the halides). The chemical bond of
these diatomic molecules can be classified as ionic which simplifies the modeling.

B.1 Electronegativity

The difference of the electronegativities of the atoms involved can serve as a first estimate
of the direction (sign) and the amplitude of the permanent electric dipole moment:

12 = C* (ENl — ENQ) s (B].)

with ¢ being a positive constant. However, this approximation is too crude to give good
values for the dipole moment, although attempts have been made to predict the dipole
moment based on electronegativities, see e. g. ref.[323l

B.2 Rittner model

The Rittner model was developed early on to estimate the binding energy and dipole
moments of alkali halide molecules. It is based on the assumption that the atoms can
be approximated by two ions (AK*, X7), which are polarized by the field of each other.
The dipole moment is then given by the dipole moment of the ionic complex plus the
additional induced moments of each atom:

Pritt =€ Te — (f1 + 12), (B.2)

with 7. denoting the equilibrium distance between the atoms and pu,, the induced dipole
moments of the n*® ion.
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The induced moments can be calculated via:
e
p=arx By = [—2+2M—§]7
r r
_ € 1
M2 = g [ﬁ + 25] ) (B.3)

where the field acting on the n*® ion is given by F, and a,, is its free ion polarizability.
Such polarizabilities and their calculation are discussed in ref.[161.
Solving these coupled equations yields:

rteaq + 2reaqas eqy  2eqqag 4604120@
ILL1 e S ——
r% — 4oy r2 rd r8 ’
_rteay + 2recnan _eqn | 2eaqan | deanas B4
M2 = 6 o3 5 T g T (B-4)
% — 4oy T T T

which results in the following dipole moment:

4
rie (o) + ag) + dreeaiag

i =€+ T¢ B.5
M Ritt (7’) e-r 6 — daas ( )
e(og +ag)  deajan
~e-r, — 2 o (B.6)
The latter approximation is only valid for r® >> 4a;as.
The electrostatic energy for the two polarizable ions is then given by:
e e  pge  2mps | pf o g3
; S et S = B.7
Prin (1) r r? r2 r3 * 2011 * 201y (B.7)
_6_2 _ e® (ay + o) _ 262041042. (B.8)
r 2r4 r?

The second line is obtained using the first two terms in the approximation in equa-
tion[B.4] By adding a repulsive short range and a van der Waals long range interaction
one gets the potential:

= C e e e 2ups  pd o pd
Vain (7) €’ r6 72 72 73 + 200 + 2009 (B.9)
o C e (gt a) 22
Ae p— E — ? — 27,.4 — 7"7 s (BlO)

with parameters A and p defining the repulsive behavior and the Van der Waals coeffi-
cient C. Note that this model uses the polarizabilities of the singly charged ions (AK™,
X7).

B.3 T-Rittner model

The truncated Rittner model can be derived from a quantum mechanical treatment|306]
and gives the expression:
62 62 (Oél + 062) C

VT—Ritt (7’) = A675 — ? — 2—7A — E (Bll)
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B.4 Electrostatic polarization model

It was shown that the term 282;“—71‘12 arises from a higher order in perturbation theory.

The dipole moment can than be calculated via

aq + (0]
2 .
Te

pr—Rit (1) = €re — (B.12)

B.4 Electrostatic polarization model

Torring et al.[298, 299, BT0] developed a model for alkaline earth halides assuming that
one electron is completely transferred from the AKE atom to the halide (resulting in
AKE™ and X7). The distance between the cores AKET" and X~ is denoted as r, the
distance between the center of the AKE*" and the valence electron (completing it to
AKET™) as Ar. The additional dipole moment is introduced by a shift of charge p = e-Ar-.
Using this expression, the polarization of the AKE-part can be calculated as follows:

€ 2px )
—e-Ar =« —+ , B.13
HAKE AKE ((r n AT)Q o+ Ar)g ( )

and the polarization of the halide-part similarly as:

2e e

R . B0

This leads to an equation determining the charge shift

4 2
A — QOAKE S+ OéAKEOéX3 _ OéAKEOé)é (B.15)
(r + Ar) r2(r+ Ar) (r 4+ Ar)

which can be solved self-consistently. The electrostatic potential and dipole moment
take the following form:

2¢? e? 2epy epx (1) | (Hixe)
oerr \I') = ——— + - + + -+ B.16
o W= G A T A T 2x 2o 000

9¢2 2 2 2

r o (r+Ar)  2axy @ 20akE

2eax  e(ax + aakg) deqxOAKE 200 X UAKE
HToerr = €+ Te — 2 2 T 9 3 5 (B18)

T (re + Ar) r2 (r. + Ar) (re + Ar)

This model was developed to describe the strong polarization of the open shell of the
alkaline earth atom, which is not the case in alkali-alkaline earth molecules. In the latter,
the multipole expansion of the AKE™ field at the AKET* center is poorly convergent.
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Extension to excited states: In ref.299 this model was extended to calculate excited
states of alkaline earth halides. Since excited states can not be assumed to render
spherical symmetry, the electrostatic interaction of the point charge with the quadrupole
moment is taken into account and the potential becomes
. O e eqQ
‘/ez:ﬂon‘i‘Ae p—r—6—7+ﬁ+¢pola (Blg)
with Tj,, being the excitation energy of the free ion and Q = [ ¢*r?*(3cos?’© — 1)ydV
as the quadrupole moment of the unpaired electron. Assuming similar short and long
range behavior, the excitation energy can be calculated by:

62@ ground
T="T,,+ F — prol + (I)pol (B20)
tak e and puy can be calculated as described above and the dipole moment is calculated

in the same manner.

B.5 Polarization of AK-AKE molecules

In this section an attempt will be made to apply the above mentioned models to AK-
AKE molecules. The previous models assume a significant charge transfer due to the
high electronegativity of the halogens. For alkali-alkaline earth molecules, in contrast, no
electron is removed from the alkaline earth or the alkali atom. The AK partner is more
strongly polarized, since its polarizability is larger. At first, a simple model applying
atomic polarizabilities yields:

ol = — (pi1 + pi2) (B.21)

with the induced moments

2 2
= al% and py = ag%.
r r
The solution to these coupled equations is, of course, 1 = s = 0. As expected there is
no induced dipole moment if there is no field.
Therefore, we consider a charge shift Ar on the alkali atom due to its higher polariz-

ability:

pax = e+ Ar. (B.22)
The polarization of the AKE atom then becomes
1 1
UAKE = QAKEE ol m ) (B.23)

and the polarization of the AK atom is given by

e 2UAKE
_ + ). B.24
fak = Qak <(r FAE (e Ar)3> (B:24)
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B.6 Ligand field calculations

From this, we obtain

(r+Ar)*  (r+Ar)? \r? (r4Ar?) |

where Ar and the dipole moment are determined by the polarizabilities of the neutral
atoms.

This model yields dipole moments which increase monotonically with increasing po-
larizabilities. This simple picture is not sufficient, as the ab initio dipole moments in
chapter [5| show a different behavior. The simple empirical model for the PEDM pre-
sented in chapter [5| yields a better description of the PEDM. The polarizabilities are
one ingredient of this model, but electronegativities and dissociation energies are used
as well.

B.6 Ligand field calculations

A ligand is an ion, atom, or molecule that binds or interacts with a central atom or
molecule. In the case of diatomic ligand field calculations we have a central ion (C* /
C?*) which is interacting with other atoms or ions (ligands, L~ / L?7). This models deals
with compounds where at least one charge is transferred from one atom to another. The
basic idea is to calculate the disturbance of the central ion by the surrounding charge
distribution (mainly monopole, but higher multipoles might be included). The central
ion is split into a closed shell ion core (C?*T / C*7) and a single valence electron.

Field et al[300], B09] used this method for alkaline earth halides. A more recent
example (LaO) with a short introduction for this method can be found in ref.308.

B.7 Potential parameters

There are empirical models using atomic or potential parameters for the prediction of
dipole moments of diatomic molecules. One recent example is the model by Hou et
al.|311), 324, [325]. They assumed the following empirical relationship:
2
g 1 1 9
—— = =Myt B B.26
4meg R? 2 redteo ( )
with a s m,.q the reduced mass of the molecule, i as the Planck constant, r. as the
equilibrium distance of the molecules, Fy as the zero point energy, ¢ as the effective
charge and R, as an effective radius. The effective charge and the effective radius can
be used to calculate the dipole moment via

11g = 4.8032 Ry, (B.27)

where the constant is valid for following units: ¢ needs to be given in e and Ry in A in
order to obtain py in units of Debye. For alkali halide molecules the effective charge ¢ is

165



Appendix B Models for the permanent electric dipole moment

assumed to be one; a complete transfer of an electrons is assumed. For other molecules
this can be adjusted using electronegativity differences. The effective radius can then
be calculated from the effective charge and potential parameters via

4q

Ryq = 3957.637Tl ——. (B.28)
\V4 Temredwe?
This yields following formula for the dipole moment:
e
ta = 19009.3405 (B.29)

\V remredwg

This last formula has a qualitatively different behavior from the linear formula for point
charges: = qr.. However, such a relationship was not found for AK-AKE molecules.
Therefore, we applied our home-brewed model in chapter
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Appendix C

Excited states of several alkali -
alkaline earth molecules

In this appendix the results for the different electronic states obtained with the method
presented in chapter[f| are listed. We show The PECs, PEDMs, and TDMs. A small
error is present in the results for the PEDM and an even smaller error for the TDMs,
see section5.5 for a more detailed discussion. The values in the tables were determined
with mean atomic masses and for potentials ending at 10 A,

C.1 Molecules

C.1.1 LiBe

LiBe is the molecule consisting of the two lightest atoms. In this calculation core polar-

ization potentials were not applied.

Table C.1: Spectroscopic parameters of several electronic states of LiBe obtained with
the approach described in Chapter

state  D./em™! r1./A w./em™' wer./em™!  p./D
X 2nt 2428 2.601 312.9 10.08 3.46
1211 12817 2.261 495.7 479  4.40
22yt 7482  2.610 345.5 3.99 -2.33
2 211 5438 2.977 217.8 2.18 0.10
32yt 2567 3.516 146.1 2.08 -0.88
1 411 4974 2.514 361.2 6.56 5.96
149+ 59 5.521 24.7 2.57 -0.61
425+ 4954  2.765 369.2 6.88  4.02
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Figure C.3: TDM of LiBe
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C.1 Molecules

C.1.2 NaBe
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Figure C.4: PEC of NaBe

Table C.2: Spectroscopic parameters of several electronic states of NaBe obtained with
the approach described in Chapter

state  D./cm™!

ro/A w./em™ wer,/em™!

X 2%t
1 2112
22y
2 211

328t
1401

149+
429"

1291

11865

6851
3890
1744
3010

20
3831

2.966
2.529
2.923
3.326
3.891
2.874
5.837
3.071

173.0
349.8
247.9
128.1

98.4
221.5

18.3
277.4

fte/D
5.80  2.29
2.58  6.11
2.24 042
1.05 -1.22
1.39 -2.26
4.07  5.75
1.68 -0.45
5.02  3.71

& . .obtained by a slightly modified calculation, points at smaller internuclear

separations were required
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Figure C.5: PEDM of NaBe
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Figure C.6: TDM of NaBe
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C.1 Molecules

C.1.3 KBe

Figure C.7: PEC of KBe

Table C.3: Spectroscopic parameters of several electronic states of KBe obtained with

the approach described in chapter

state  D,/em™' r1r./A w./em™' wex./em™' /D
X 2yt 920 3.506 121.7 4.03 2.23
1211 9193 2.919 286.8 224  8.87
22yt 5046 3.340 200.7 2.00 3.49
2 201 7385 3.648 116.4 0.46 -2.50
32nt 4671 3.398 147.3 1.16 -0.45
1411 3398 3.239 199.6 293 7.99
149+ 49  5.960 18.0 1.67 -0.75
425+ 1963 3.728 119.5 1.82 -3.73
12A 1522  3.407 141.6 3.29 -047
523t 242  3.883 74.5 5.72 -5.08
3211 91 5.858 24.2 1.63 -0.29
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Figure C.8: PEDM of KBe
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Figure C.10: TDM of KBe
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C.1.4 RbBe
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Figure C.11: PEC of RbBe

Table C.4: Spectroscopic parameters of several electronic states of RbBe obtained with

the approach described in chapter

state  D./em™! r./A w./em™! wer./em™' /D
X 2yt 816 3.704 104.1 3.32 2.02
1211 8946 3.054 262.1 1.92 9.69
229+ 4695 3.455 184.6 1.82 5.15
2 211 5878  3.761 108.3 0.50 -3.82
32yt 4563 3.547 138.2 1.056 -3.11
1411 3350 3.367 182.5 248  8.40
149+ 47 5.976 16.4 1.42 -0.82
429+ 936 3.826 102.4 2.80 -4.69
12A 1145  3.600 118.1 3.04 -0.54
529t 700 3.618 111.0 4.40 10.52
3201 1242 4.915 40.4 0.33 0.77
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Figure C.14: TDM of RbBe
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C.1 Molecules

LiMg
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Figure C.15: PEC of LiMg

Table C.5: Spectroscopic parameters of several electronic states of LiMg obtained with
the approach described in Chapter

state  D./em™ r./A w./em™' wez./em™ /D

X 23F 1538 3.104 180.6 530  1.14
1211 10372 2.606 357.0 3.08 2.84
2 2%t 2997  2.970 257.7 2.77 -1.29
2 211 5430 3.175 191.9 1.70  1.86
325t 4205 3.612 166.5 1.65 -0.61
1410 3678  3.008 233.6 3.71 3.6
14%7F 222 4.715 31.9 1.14 -2.54
425 2733  3.035 300.5 3.94 3.72
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C.1 Molecules

E [em™]
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Figure C.18: PEC of NaMg

Table C.6: Spectroscopic parameters of several electronic states of NaMg obtained with

the approach described in Chapter

state  D./em™! r1./A w./em™! wer./em™!  p./D
X 2yt 945 3.465 89.4 212  0.87
1211 9863 2.850 219.7 1.22  4.68
223+ 5595  3.266 159.7 1.14  0.63
2 211 3944 3.484 106.0 0.71 -0.21
32yt 2990 3.888 93.2 0.73 -1.94
1411 2391 3.360 126.3 1.67 3.76
149+ 131 5.708 20.8 0.82 -0.99
429t 4300 3.304 180.6 1.90 2.81
52yt 5171 3.337 124.4 0.75 -7.00
12A 4921  3.040 176.4 1.58  0.62
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C.1 Molecules

Figure C.21: PEC of KMg

Table C.7: Spectroscopic parameters of several electronic states of KMg obtained with

the approach described in Chapter

state  D./em™! r1./A w./em™! wer./em™!  p./D
X 2yt 779 3.994 64.3 1.33 1.08
1211 7551 3.250 168.7 094 7.71
223+ 3721 3.728 117.1 0.92 3.35
2 211 7222  3.891 88.2 0.27 -1.86
32yt 4542  3.615 109.3 0.66 1.41
1411 2690 3.730 107.7 1.08 5.92
149+ 158 5.728 20.0 0.63 -1.66
3211 585  3.654 89.3 3.40  5.08
42t 2997 4.065 97.7 0.80 -1.72
529+ 848 4.131 64.7 1.23 -8.60
12A 2329 3.591 108.0 1.25 -0.21
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C.1 Molecules

C.1.8 RbMg
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Figure C.25: PEC of RbMg

Table C.8: Spectroscopic parameters of several electronic states of RbMg obtained with

the approach described in Chapter

state  D./em™! r1./A w./em™! wer./em™!  p./D
X 2yt 744  4.173 54.2 0.99 1.05
1211 7455  3.386 147.3 0.73 878
223+ 3492 3.890 98.1 0.69 4.95
2 211 5804 4.016 73.9 0.24 -3.71
32yt 4521  3.780 91.8 0.47 -1.49
1411 2715 3.862 93.8 0.81 6.32
149+ 169 5.852 17.6 0.46 -1.62
3211 1660 4.191 40.0 0.24 3.00
42t 1718 4.165 73.3 0.78 -4.03
529+ 1382 4.467 52.4 0.50 -6.58
12A 1771 3.765 86.4 1.05 -0.49
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Figure C.26: PEDM of RbMg
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Figure C.28: TDM of RbMg
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C.1.9 LiCa
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Figure C.29: PEC of LiCa

Table C.9: Spectroscopic parameters of several electronic states of LiCa obtained with

the approach described in Chapter

state  D.,/em™ r./A w./em™' wez./em™ /D
X 23t 2612 3.388 199.8 3.82 1.12
1211 12033 2.994 295.2 1.81 0.59
22yt 7851 3.514 206.1 3.51 -3.42
2 211 5035 3.189 246.7 3.02  4.70
32yt 4388 3.628 151.0 1.30 2.12
1411 4331 3.291 220.1 2.80 1.77
1 4%t 522 4.581 55.2 1.46 -4.69
425+ 9108 3.346 288.0 228 0.53
12A 8892 3.095 267.8 2.02 1.46
3201 4578 3.455 163.2 1.45 -4.27
523t 4511 3.303 275.8 4.22 5.41
4201 3871 3.411 188.7 2.30 -4.83
2 4yt 2504 3.774 140.7 1.98  5.50
1A 690 4.202 77.0 2.15 2.21
2 411 3608 3.790 167.7 1.95 4.49
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C.1.10 NaCa
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Figure C.32: PEC of NaCa

Table C.10: Spectroscopic parameters of several electronic states of NaCa obtained with

the approach described in chapter.

state  D,/em™' r1r./A w./em™' wex./em™' /D
X 2yt 1792 3.665 102.9 1.48 1.17
1211 10262 3.224 172.1 0.72 2.28
22yt 6799 3.795 124.6 0.57 -0.54
2 201 4977 3.390 141.1 1.00 4.61
32nt 4092 3.889 92.4 0.52 0.36
1411 2819 3.630 113.0 1.13 2.48
149+ 237 5.733 23.9 0.60 -1.60
429+ 7904 3.481 179.6 1.02 1.17
12A 7864 3.271 160.2 0.82 2.18
3201 4041 3.689 103.9 0.67 -4.37
4201 3041 3.728 94.9 0.74 -3.86
14A 1136 4.098 57.4 0.73 3.36
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NaCa
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Figure C.33: PEDM of NaCa
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Figure C.34: TDM of NaCa
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C.1.11 KCa

Figure C.35: PEC of KCa

Table C.11: Spectroscopic parameters of several electronic states of KCa obtained with
the approach described in chapter.

state  D,/em™' r1r./A w./em™' wex./em™' /D
X 2yt 1455 4.196 71.3 0.87 217
1211 9267 3.622 129.7 0.45 5.78
22yt 5523 4.178 95.0 0.41 1.04
2 201 3876  3.937 91.2 0.54 6.09
32nt 3099 4.461 61.3 0.30 2.91
1411 3135 4.037 90.7 0.66 4.91
149+ 343 5.727 25.6 0.48 -2.61

187



Appendix C Excited states of several alkali - alkaline earth molecules

KCa

PEDM [D]

Figure C.36: PEDM of KCa
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Figure C.37: TDM of KCa
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C.1 Molecules

C.1.12 RbCa

Figure C.38: PEC of RbCa

Table C.12: Spectroscopic parameters of several electronic states of RbCa obtained with

the approach described in chapter.

state  D,/em™' r1r./A w./em™' wex./em™' /D
X 2yt 1337 4.369 57.0 0.61 2.28
1211 9024 3.755 106.6 0.31 6.92
22yt 5216 4.332 78.2 0.29 2.40
2 201 3776 4.126 70.6 0.33 5.96
32nt 2897 4.524 40.1 0.14 4.68
1411 3054 4.172 74.8 0.46 5.48
149+ 315 6.051 19.2 0.29 -2.21
425+ 4844 4.281 95.5 047 -3.72
12A 6052 3.748 98.8 0.40 5.49
3201 5013 4.074 80.5 0.32 -4.68
523t 3838 4.314 74.3 0.36  0.98
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Figure C.40: TDM of RbCa
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C.1.13 LiSr

Figure C.41: PEC of LiSr

Table C.13: Spectroscopic parameters of several electronic states of LiSr obtained with
the approach described in chapter.

state  D,/em™' r1r./A w./em™' wex./em™' /D
X 2yt 2471 3.572 180.7 3.31 0.18
1211 11850 3.132 269.6 1.53 -0.87
22yt 7783  3.728 183.8 1.09 -3.77
2 201 5889 3.324 240.5 2.46 5.26
32nt 5258 3.345 180.4 1.55  3.78
1411 4517 3.425 207.1 2.37 -0.08
149+ 692 4.590 61.4 1.36 -6.70
429+ 7669 3.606 258.7 218 0.71
12A 7731 3.275 243.4 1.92  0.65
3201 3185 3.680 138.0 1.49 -4.90
2 4yt 1997 4.068 129.5 2.10  6.31
14A 618 4.416 72.6 2.13 1.98
2 411 2505  4.053 138.7 1.92  6.01
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Figure C.42: PEDM of LiSr
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Figure C.44: PEC of NaSr

Table C.14: Spectroscopic parameters of several electronic states of NaSr obtained with
the approach described in chapter.

state  D.,/em™ r./A w./em™' wez./em™ /D
X 23t 1728 3.843 7.2 1.10 0.46
1211 9699 3.363 146.9 0.56 0.64
22yt 6523 3.987 103.4 0.41 -0.80
2 211 6679 3.497 131.3 0.6 5.33
32yt 5384 3.538 145.3 0.98 -0.98
1411 2952  3.747 100.8 0.86 0.62
1 4%t 287 5.806 22.9 0.46 -2.04
425+ 6544 3.822 150.8 0.87 0.78
12A 6812 3.444 134.3 0.66 1.32
3201 2518 3.960 75.1 0.56 -4.64
2 4yt 1475 4.206 64.7 0.71 3.41
14A 480 4.703 37.0 0.71 1.75
2 41 1898 4.234 74.0 0.72 5.31
523t 2385  3.697 119.7 1.50 4.11
2 2A 1065 4.386 50.8 0.61 2.79
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Figure C.46: TDM of NaSr
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Figure C.47: PEC of KSr

Table C.15: Spectroscopic parameters of several electronic states of KSr obtained with
the approach described in chapter.

state  D,/em™' r1r./A w./em™' wex./em™' /D

X 2%t 1358 4.392 06.7 0.59  1.56
1210 9090 3.765 105.2 0.30 4.31
22y 5358  4.350 78.0 0.28  0.67
2 211 4615 3.968 88.1 0.42  8.69
325t 3706  4.053 61.4 0.25 6.10
1411 3131 4.170 75.9 0.46 3.04
14%F 376 5.944 21.6 0.31 -3.01
425" 6214 4.315 104.1 0.44  0.26
12A 7528 3.809 98.9 032  4.70
3201 4434  4.242 71.9 0.29 -7.28
2 4%+ 1574 4.627 49.3 0.39 5.02
11A 652 4.919 33.2 0.42 2.82
2 41 1997  4.652 57.3 041 6.51
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Figure C.49: TDM of KSr
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Table C.16: Spectroscopic parameters of several electronic states of RbSr obtained with
the approach described in chapter.

state  D,/em™' r1r./A w./em™' wex./em™' /D

X 2%t 1279  4.564 42.6 0.35 1.71
1210 8861 3.895 80.0 0.18 5.54
22yt 5059  4.506 59.8 0.18  2.02
2 211 4548 4.114 65.5 0.24  9.62
325t 3737 4.137 57.8 0.22 710
1411 3059 4.312 27.5 0.27 3.6
1 4%+ 343 6.147 16.3 0.19 -2.71
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Figure C.51: PEDM of RbSr
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