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Summary

The present work is concerned with the development and application of two new
multistate multireference perturbation theory methods. In contrast to state-specific
perturbation theory methods, multistate methods can simultaneously provide several
states that are allowed to mix under the influence of dynamic correlation. The first new
method is the 2nd order dynamic correlation dressed complete active space method
(DCD-CAS(2)), which is formulated in terms of an effective Hamiltonian that is based
on the theory of intermediate effective Hamiltonians. It simultaneously provides the
ground state and a few low-lying excited states. The method is orbitally invariant and
preserves orbital degeneracies of the underlying complete active space self-consistent
field solutions. In cases where model space components become nearly degenerate
after the inclusion of dynamic correlation, DCD-CAS(2) is shown to be superior to
state-specific 2nd order dynamic correlation methods like the N-electron valence state
perturbation theory (NEVPT?2).

It was found that DCD-CAS(2) fails in simultaneously describing ligand field and
charge transfer states in a balanced way because of the state-averaged 0th order Hamil-
tonian used in its construction. The multi-partitioning idea allows the use of state-
specific 0th order Hamiltonians in a multistate framework and could therefore alle-
viate the mentioned problem. However, the effective Hamiltonian is non-Hermitian
in the traditional formulation of multi-partitioning, which can lead to unphysical be-
havior especially for nearly degenerate states. In order to achieve a more balanced
treatment of states with a different physical character and at the same time have a
Hermitian effective Hamiltonian, we combine for the first time multi-partitioning with
canonical Van Vleck perturbation theory. At the 2nd order, the result is a Hermitian
variant of multi-partitioning quasi-degenerate NEVPT2 (QD-NEVPT?2). It is given the
acronym HQD-NEVPT2. The effect of model space non-invariance of the method is
discussed and the benefit of a Hermitian formulation is highlighted with numerical
examples.

Both DCD-CAS(2) and HQD-NEVPT?2 are also extended to incorporate spin-dependent
relativistic effects into the Hamiltonian. This results in effective Hamiltonians that si-
multaneously contain the effects of static correlation, dynamic correlation and relativ-
ity. All important contributions necessary for the description of magnetic phenomena
and electron paramagnetic resonance spectroscopy, namely spin-orbit coupling, mag-
netic hyperfine coupling, Zeeman interaction, and direct electronic spin-spin coupling,
are incorporated. We also suggest a novel analysis of Kramers doublet g-matrices and
A-matrices based on the singular value decomposition. It provides not only the mag-
nitude but also the sign of the principal components and allows for a transparent
decomposition into different physical contributions.
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Tests are performed for excitation energies of first-row transition metal ions, as well
as D-tensors and g-shifts of first-row transition metal complexes using minimal active
spaces. It is observed that state-mixing effects are usually small in these cases and that
the results are comparable to nondegenerate NEVPT2 in conjunction with quaside-
generate perturbation theory (QDPT). Results on EPR parameters of pseudo-square-
planar copper(Il) complexes show that state mixing with a ligand-to-metal charge
transfer configuration greatly improves the results compared with NEVPT2/QDPT.
HQD-NEVPT? turns out to be more reliable than DCD-CAS(2) for this kind of prob-
lem because of its better Oth order description of the involved states. HQD-NEVPT?2 is
also shown to give good results for the calculation of electronic transitions of the tetra-
chlorocuprate(Il) complex, which is an example where the balance between ligand-
field and charge transfer configurations is of utmost importance.

The last part of this work is concerned with the connection of the newly developed
multistate methods with the ab initio ligand field theory (AILFT), which has evolved
into an important tool for the extraction of ligand field models from ab initio calcula-
tions over the last few years. The incorporation of dynamic correlation was previously
realized at the level of NEVPT2. The two new versions of AILFT are tested for a diverse
set of transition metal complexes. It is found that the multistate methods have, com-
pared to NEVPT2, an AILFT fit with smaller root-mean-square deviations (RMSDs)
between ab initio and AILFT energies. Comparison of AILFT excitation energies with
the experiment shows that for some systems the agreement gets better at the multi-
state level because of the smaller RMSDs. However, for some systems the agreement
gets worse, which can be attributed to a cancellation of errors at the NEVPT2 level that
is partly removed at the multistate level. An investigation of trends in the extracted li-
gand field parameters shows that at the multistate level the ligand field splitting A gets
larger, while the Racah parameters Band C get smaller and larger, respectively. An in-
vestigation of the reasons for the observed improvement for octahedral chromium(III)
halide complexes shows that the possibility of state mixing relaxes constraints that are
present at the NEVPT2 level and that keep A and B from following their individual
preferences.
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1. Introduction

1.1. Status quo of quantum chemical methods

Quantum chemistry has evolved into an indispensable tool for modern chemical re-
search. It is complementary to experimental techniques and their combination can
be used to extract new information that would not be available from one of the ap-
proaches alone.’

Density functional theory (DFT) has dominated computational molecular research for
many years due to its much lower computational cost compared to accurate wavefunc-
tion methods, which makes it applicable to larger systems. However, the systematic
improvement of the exchange-correlation functional has turned out to be a difficult
task. Routes toward systematic improvement exist,?™* but they usually lead to meth-
ods with a computational cost that is comparable to correlated wavefunction methods.
DFT-based methods that include results from wavefunction methods, like correlation
from 2nd order Mgoller-Plesset perturbation theory (MP2) in double hybrid function-
als,>® are quite accurate but also have a much larger computational cost than classical
density functional approximations, while often still including empirical parameters in
their definition. In contrast to that, wavefunction methods are increasingly applicable
to large chemical systems due to low-scaling approximations that reduce the com-
putational cost while preserving to a large part the accuracy of the parent canonical
methods.” ! Furthermore, while pure DFT is often successful in describing the poten-
tial energy surface of single-determinantal systems, it has sometimes turned out to be
too inaccurate for the quantitative prediction of molecular properties that depend on
fine details of the electronic structure, like nuclear magnetic resonance (NMR) shield-
ing tensors.'? Even in cases where DFT methods work for such properties, they often
rely on error cancelation. This makes the further development of wavefunction-based
quantum chemistry methods a very important task.

Wavefunction-based methods are often based on a single Slater determinant that qual-
itatively describes the electronic structure of a molecule, and such methods are called
“single-reference” methods. The hierarchy of the single-reference coupled cluster (CC)
methods are the prime example for the very high accuracy that can be achieved with
such methods. ™ However, a large part of chemistry involves electronic states that are
dominated by more than one Slater determinant, something that is called a “multicon-
figurational” situation. Multiconfigurational systems are often thought to require a
so-called multireference treatment, i.e. a treatment that starts from a reference wave-
function that involves more than one determinant. This is however wrong and one
should not confuse “multiconfigurational” and “multireference”. An open-shell singlet
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wavefunction can for example qualitatively be described via two Slater determinants.
Hence it is multiconfigurational, or at least multideterminantal. However, this kind of
system can not only be described via multireference methods but for example also via
single-reference spin-flip methods on top of a Mg = 1 triplet determinant.'* On the
other hand, it can be beneficial to treat systems with a single-determinantal electronic
structure via multireference methods, as is done in this work for some Cu'' complexes.
Another relevant dimension apart from the correlation treatment is the treatment of
relativistic effects. For many applications of quantum chemistry, it is sufficient to
perform calculations based on a spin-independent nonrelativistic or scalar-relativistic
Hamiltonian. There are however molecular properties, e.g. electron paramagnetic
resonance (EPR) g-matrices and hyperfine coupling constants (HFCC), as well as zero-
field splittings (ZFS), for which spin-dependent effects like spin-orbit coupling (SOC)
must be included in the treatment. The calculation of such properties is commonly
approached via perturbation theory (sum-over-states) or linear response (derivative)
techniques based on a scalar wavefunction.'® There are many such implementations
of spin-dependent properties for DFT'®"?! and wavefunction methods.?*"*” A disad-
vantage of these approaches is that they assume that the wavefunction response to
SOC is linear. Hence, they break down whenever SOC is very strong, as with heavy
elements, or when a system has low-lying excited states. An alternative approach that
overcomes this limitation is the direct calculation of relativistic many-electron wave-
functions from which properties are derived. One way to accomplish this is the use
of relativistic 2- or 4-component Hamiltonians.?® These can be used together with the
same methods (e.g. Hartree-Fock (HF), configuration interaction (CI) or CC) applica-
ble to scalar Hamiltonians, but with a higher prefactor in the computational cost, since
some symmetries disappear that can be exploited in the scalar case. Another possibil-
ity is the use of scalar orbitals and the introduction of spin-dependent effects at the
many-electron level. Here, one can distinguish between one-step and two-step proce-
dures.? In a one-step procedure, SOC is included at the same level into the calculation
as the electron correlation. An example is the spin-orbit CI procedure.?~*? This kind
of method has also recently been combined with the heat bath CI method, a method for
large active spaces.®® In a two-step procedure, one first treats electron correlation us-
ing a spin-free Hamiltonian. The resulting states can then interact under the effect of
spin-dependent effects like SOC. Examples include 1st order quasidegenerate pertur-
bation theory (QDPT)*-*** and, in the context of multiconfigurational self-consistent
field (MCSCF) wavefunctions, the restricted active space state-interaction spin-orbit
(RASSI-SO)*¢ procedure. On top of reference wavefunctions of the complete active
space self-consistent field (CASSCF) type, these are often the methods of choice be-
cause of their favorable cost-to-performance ratio. Recently, extensions to density
matrix renormalization group wavefunctions have been proposed.®~*
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1.2. Multireference perturbation theory

In this work, we are focussing on the development and application of multireference
perturbation theory (MRPT) methods based on a CASSCF reference. These methods
still represent the most commonly used approach to multireference dynamic correla-
tion calculations since they allow to treat much larger systems than the more accurate
multireference CI (MRCI)***! and multireference CC (MRCC)'**?* methods.

The success of Mgller-Plesset (MP) perturbation theory* in the single-reference frame-
work has inspired many extensions to the multireference case. This task has proven to
be much more complicated. One of the most difficult aspects in formulating an MRPT
is the choice of 0th order Hamiltonian.** The factors that are desired for a robust
MRPT include invariance with respect to orbital rotations, size consistency, and en-
suring that the wavefunction remains a spin eigenfunction in all orders of the pertur-
bative expansion. The complete active space 2nd order perturbation theory (CASPT2)
method of Andersson et al.**® played a vital role in generating interest for MRPT in
particular and for multireference theories in general. A robust and efficient imple-
mentation of CASPT2 popularized the method among computational chemists. The
CASPT2 as well as the 2nd order multireference Mgller-Plesset perturbation theory
(MRMP2) method of Hirao*’*® are among the most straightforward multireference
extensions of MP2. Characteristic features of CASPT2 are the use of a one-electron
Fock operator in the construction of the Oth order Hamiltonian and internally con-
tracted perturber functions that span the first-order interacting space (FOIS)*. The
latter differentiates CASPT2 from MRMP?2 that spans the FOIS with a much larger
set of Slater determinants. Unfortunately, both methods are highly prone to the so-
called intruder state problem.”® An intruder state arises if the Oth order energy of a
FOIS function comes close or even falls below the energy of the reference function.
In this case, the perturbation expansion becomes divergent. Roos et al. proposed a
global level-shift procedure to alleviate this problem.*"** Hirao and coworkers devised
an analogous method that shifts individual intruder states out of the critical energy
regime.’*** However, the choice of level shift is somewhat arbitrary, yet it influences
the calculations and therefore leads to ambiguous results.

In order to deal with the intruder-state problem, it was deemed necessary to include
two-electron terms into the 0th order Hamiltonian.’® Such a 0th order Hamiltonian
has an eigenspectrum that more closely resembles the full Hamiltonian, which will
drastically reduce the danger of intruder states. One viable choice that has been used
in the past is the Epstein-Nesbet (EN) Hamiltonian that simply consists of the diagonal
of the CI matrix.*”*® However, in addition to being not orbitally invariant and compu-
tationally expensive for larger systems, the EN 0th order Hamiltonian is known to lack
the desirable property of size extensivity.”® Hence, it has largely been abandoned in
PT approaches. Alternatively, Dyall’s 0th order Hamiltonian consists of the MP choice
in the inactive and virtual orbital spaces while acting inside the active space like the
full Hamiltonian.

Angeli et al. used a 0th order Hamiltonian based on the Dyall Hamiltonian for their
highly successful N-electron valence state perturbation theory (NEVPT).%"¢* NEVPT2
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has attractive features, such as exact separability and great computational benefits,®
thanks to the strongly contracted scheme.®*®* It is also less prone to intruder states
than for example CASPT2 without a level shift. Owing to these desirable features
together with the availability of efficient implementations,®® NEVPT2 has become in-
creasingly popular in recent years. ¢4

All the above-mentioned methods are state-specific in nature and fall under the “diag-
onalize-then-perturb”® type of perturbation theories. Usually, these methods manage
to predict reasonable ground and excited state energies. Problems arise when the cor-
relation treatment also changes the composition of the wavefunction in the complete
active space CI (CASCI) space to a considerable extent,®’ as is commonly encoun-
tered in the treatment of magnetic exchange coupling, ionic-covalent curve crossings,
valence-Rydberg mixing in excited states, and mixing of ligand field and ligand-to-
metal charge transfer (LMCT) excitations, to name a few. In these cases, CASSCF gives
a biased description, i.e. it treats some configurations better than others, which leads
to their mixing at the CASCI level being wrong. Since the above-mentioned methods
maintain a frozen 0th order wavefunction, this can result in an erroneous prediction
of ionic-covalent curve crossings,®® exchange couplings, or excitation energies. In all
these cases, the nature of the 0th order wavefunction must be revised in order to obtain
accurate results. One therefore needs methods that can treat multiple electronic states
simultaneously. Such approaches are called multistate methods. They can either be
realized by invoking a traditional effective-Hamiltonian-like formalism using the full
CASCI space or by applying an a posteriori variational treatment of only a handful of
important states.

Methods following the latter approach fall under the so-called “diagonalize-then-per-
turb-then-diagonalize”®” philosophy. Starting with a state-averaged (SA) CASSCF cal-
culation to provide model-space 0th order functions, an effective Hamiltonian is con-
structed in the model space using QDPT. The diagonalization of this effective Hamil-
tonian allows for “state mixing”, i.e. it provides wavefunctions and energies that result
from the mixing of several CASCI states. Usually, a small subset of the functions of
the full CASSCF Hamiltonian are used as the model space. The intruder state prob-
lem can be significantly reduced if this model space is well separated from other 0th
order states. Mixing of states was handled with some success by earlier works from
Malrieu and Spiegelmann,® Sheppard et al.”’ and also by extensions of popular MRPT
methods such as Multiconfigurational QDPT (MCQDPT),” Multistate CASPT2 (MS-
CASPT2),”® and more recently quasidegenerate NEVPT2 (QD-NEVPT2),” together
with further improvements like the extended MCQDPT (XMCQDPT),”* extended MS-
CASPT2 (XMS-CASPT2)” and the very recent QD-NEVPT2 based on matrix product
states (MPS).7

Including a large number of states in the subsequent effective Hamiltonian treat-
ment increases the risk of running into the intruder-state problem, which the cor-
responding state-specific methods tried to avoid in the first place. An additional prob-
lem with many QD approaches based on the Bloch effective Hamiltonian is the non-
Hermiticity of the resulting Hamiltonian. This non-Hermiticity has a sound physi-
cal reason, namely the non-orthogonality of projections of exact states on the model
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space. This is not per se a problem, since also non-Hermitian matrices can have real-
valued eigenvalues, as it is the case with the exact (infinite order) effective Hamilto-
nian. The non-Hermiticity can however be a practical problem when working with
truncated perturbation expansions of the effective Hamiltonian. In these cases un-
physical complex-valued energies can potentially occur. Furthermore, many model
Hamiltonians, like the ligand field theory Hamiltonian,’” are Hermitian, and a Hermi-
tian ab initio-derived effective Hamiltonian facilitates the mapping onto such a model
Hamiltonian.

The intermediate effective Hamiltonians (IEHs), introduced by Malrieu and cowork-
ers,”® can be seen as a compromise between the use of a complete model space and
state-specific approaches. IEHs ensure accurate results for a number of low-lying
states but in addition contain a variational “buffer space”. This can prevent several
problems that are ubiquitous in traditional effective Hamiltonian approaches, among
which are the near-degeneracy of high-energy model space components with per-
turber functions (the infamous intruder state problem) and the fact that it is often
impossible to find a suitable target state for such high-energy components.” The [EH
concept is fairly general and can be applied to many problems in quantum chem-
istry.”” One particular application is the self-consistent size-consistent configuration
interaction ((SC)*CI) of Malrieu and coworkers.?’ It is worthwhile to mention that Ger-
shgorn and Shavitt introduced a closely related method, called the Bj method, for the
truncation of the CI problem back in 1968.%" The idea is quite general and applicable
to both single- and multireference problems. It consists in selecting one variational
space (originally suggested to be all single and double excitations from the reference
function) and a perturbative one (for example triples and quadruples). Subsequent
improvements were suggested®"®> and became known under the name “shifted B”
method. An approach that is related to IEH methods in the sense that it also divides
the whole model space into a primary and secondary (buffer) space is the 2nd or-
der generalized Van Vleck perturbation theory (GVVPT2) method developed by Mark
Hoffmann and coworkers. %%’

1.3. The DCD-CAS(2) and HQD-NEVPT2 methods

This work is mainly concerned with the development of two new multistate multiref-
erence perturbation theory methods. The first one is the 2nd order dynamic corre-
lation dressed complete active space method (DCD-CAS(2)).%% It aims at incorpo-
rating the effects of dynamic correlation to 2nd order in perturbation theory into the
diagonalization of the whole CASCI space and can be roughly classified as a perturb-
then-diagonalize method. Since its model space is the whole CASCI space it avoids
ambiguity and has a very flexible wavefunction. The method was designed to be com-
putationally efficient for not too large active spaces and it simultaneously provides the
ground and a few low-lying excited state roots. Its results will be shown in later sec-
tions to be very close to the already very successful NEVPT2 method in cases where the
CASSCF wavefunction is a good starting point and the effect of state mixing is small.
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If state mixing becomes important, DCD-CAS(2) significantly improves over NEVPT2.
The method is inspired by a special case of the IEH approach’® and leads to working
equations that are formally equivalent to those of the (shifted) By method. Like previ-
ous approaches,® our method is not exactly size-consistent. We have addressed this
issue in detail both theoretically and numerically and suggested modifications to deal
with this problem.®®

Some of the advantages of the DCD-CAS(2) method are a Hermitian effective Hamil-
tonian. In contrast to that, other widespread multistate perturbation theories like MS-
CASPT27? and QD-NEVPT2% are formulated in terms of a non-Hermitian effective
Hamiltonian. Furthermore, DCD-CAS(2) uses a complete CASCI space (including en-
ergetically very high-lying states) as model space, without the danger to encounter
intruder state problems for the low-lying states of interest. This is a potential advan-
tage in cases where differential dynamic correlation effects are large. If this is the case,
energetically high-lying roots can drop in energy and get into the energy regime of
interest after including dynamic correlation. When using a small model space one can
potentially miss such roots, while there is no such danger in a complete model space
method like DCD-CAS(2). Another advantage of DCD-CAS(2) is the preservation of
orbital degeneracy of the underlying CASSCF calculation. However, the method re-
quires a so-called bias correction in order to yield reasonable excitation energies for
excited states. In the extension of DCD-CAS(2) to a spin-dependent Hamiltonian,®
one must make some ad hoc choice of states of the CASCI space for which this bias
correction should be applied. It cannot simply be applied to all roots because it can
be a source of divergence for energetically higher-lying CASCI space components. A
limitation of the DCD-CAS(2) method is that it is very expensive for anything but
small active spaces. Furthermore, it became clear from our work on spin-dependent
properties in the DCD-CAS(2) framework that the use of a single, state-averaged 0th
order Hamiltonian (a necessary requirement in DCD-CAS(2)), can lead to problems
when several states with very different physical character (e.g. ligand-field and LMCT
states) are included in the CASCI space.®’

In order to solve this problem, it was deemed necessary to use a formalism that uses
different state-specific Oth order Hamiltonians for different parts of the effective Hamil-
tonian. One approach of this kind is multi-partitioning QDPT.”! This method shares
with traditional QDPT the disadvantage of a non-Hermitian effective Hamiltonian,
which can lead to unphysical complex eigenvalues. This kind of problem was for ex-
ample observed for the non-Hermitian equation of motion CC (EOM-CC) method. "
Two popular multistate perturbation methods that use a multi-partitioning ansatz are
MS-CASPT2"? and QD-NEVPT2.” They use the 0th order Hamiltonians of the respec-
tive single-state CASPT2 or NEVPT2 methods as state-specific 0th order Hamiltonians.
In contrast, MCQDPT,”! XMCQDPT,”* XMS-CASPT2”® and QD-NEVPT based on ma-
trix product states’® all use a Hermitian effective Hamiltonian according to the Van
Vleck formalism, of which so far no multi-partitioning variant has been formulated.
Since all these methods use a state-averaged 0th order Hamiltonian, they should have
the same problems with difficult systems as DCD-CAS(2). In an attempt to preserve
the very desirable feature of DCD-CAS(2) that it has a Hermitian effective Hamiltonian
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and combine it with the possibility to use state-specific 0th order Hamiltonians, we
developed a combination of the multi-partitioning idea with canonical Van Vleck per-
turbation theory. This leads to a Hermitian variant of QD-NEVPT2 (HQD-NEVPT?2)
in a straightforward way. The method will be demonstrated to be superior to methods
based on the state-averaged Dyall Hamiltonian® in a number of test cases.

1.4. Applications

The final parts of this dissertation are concerned with tests and applications of the
new methods. Apart from the nonrelativistic variants, we also developed variants
of DCD-CAS(2) and HQD-NEVPT?2 that can deal with spin-dependent relativistic ef-
fects. The motivation for this is that the calculation of spin-dependent properties like
g-values and HFCCs in the framework of QDPT1 often suffers from too inaccurate
CASSCF wavefunctions. For example, the description of metal-ligand bonds is of-
ten too ionic at the CASSCF level.”> The common nondegenerate perturbation theory
(PT) approaches like CASPT2**¢ or NEVPT2¢? can provide better energies, but do
not allow for relaxation of the CAS-part of the wavefunction, which ist important
for rendering the wavefunction more covalent. A study using multi-state CASPT2
(MS-CASPT2)" showed that g-values of square-planar Cu complexes could be greatly
improved when incorporating such relaxation effects.’*

The principle problem in all multi-step approaches for including dynamic correlation
and spin-dependent effects, like QDPT, is that they inherently contain assumptions
about the relative strength of the treated perturbations. For example, the CASSCF
method treats only static correlation. A subsequent NEVPT2 correction adds the ef-
fects of dynamic correlation but without relaxing the CASSCF coefficients. The subse-
quent QDPT1 treatment of relativistic effects then uses diagonal energies from NEVPT2
(or CASPT2) in order to approximately diagonalize SOC and other relativistic opera-
tors. Clearly, this order implies that static correlation is more important than dynamic
correlation, which in turn is more important than relativity. In many cases, this is
certainly a plausible order in which to treat the relevant interactions. However, in
cases where SOC is larger than dynamic correlation effects or where dynamic corre-
lation greatly revises the CASSCF descriptions, shortcomings are inevitable. Hence,
our goal was the development of an affordable method in which static correlation, dy-
namic correlation and relativistic interactions are treated on an equal footing without
an assumption of their relative magnitudes.

Finally, we will investigate the application of our newly developed methods, DCD-
CAS(2) and HQD-NEVPT2, for the parameterization of ligand field models, which are
indispensable tools for understanding the electronic structure of metal complexes.






2. Theoretical foundations

2.1. Conventions

We use atomic units throughout this thesis, where A, 47ey, m. and e are set equal to
1.”> With this choice, the speed of light is given as the inverse of the fine-structure
constant, ¢ = 1/a. Throughout this work, orbital indices ijk... refer to inactive, tuv...
to active, and abc... to virtual orbitals, while the indices pgr... apply to general orbitals.
Spin labels (« or ) are denoted by Greek letters o7 \... We use the symbol ajw to
denote a creation operator that creates an electron in spatial orbital p with spin . The
corresponding annihilation operator, which destroys an electron in spatial orbital p
with spin o, is denoted by a,,. The singlet excitation operators® are defined as

E,, = a;gaaqa + aLﬁaqﬁ (2.1)

and

(pq|rs) :/ ¢p(r1)¢q(r1)%12%(1'2)?/13(1"2)611‘@1‘2 (2.2)

are two-electron repulsion integrals (ERI) in chemists’ notation.

2.2. Quantum-chemical Hamiltonians

2.2.1. Nonrelativistic and scalar-relativistic Hamiltonians

Quantum chemistry deals to a large part with the solution of the electronic Schrédinger
equation in the electrostatic potential created by nuclei that are fixed at certain po-
sitions in space. This is also called the clamped-nuclei approximation and forms the
basis for the Born-Oppenheimer approximation and more refined approximations for
vibronic states that incorporate the coupling of electronic and nuclear degrees of free-
dom.

Accurate calculations of the electronic states and energy levels require the use of
methods that incorporate special relativity, since electrons, especially in molecules
involving heavy elements, can reach speeds that are a sizable fraction of the speed
of light. The most accurate such calculations use the 4-component Dirac-Coulomb(-
Breit) Hamiltonian.? For such methods, there is apart from energy levels that corre-
spond to electronic states also a part of the spectrum that is continuous and at nega-
tive energies. This negative continuum corresponds to positronic degrees of freedom.
Since chemistry is concerned with electrons, a multitude of different techniques has
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been developed over many decades to decouple the electronic and positronic degrees
of freedom.?® Among the first were the Pauli (and Breit-Pauli, for multi-electron sys-
tems) treatment. It has the disadvantage that some parts of the effective 2-component
Hamiltonian are not bounded from below, and hence can lead to a variational col-
lapse.”” Parts of the Breit-Pauli Hamiltonian, like the spin-orbit operator and the spin-
spin operator, are still in use today in quantum-chemical calculations and are also
(partly approximated) used in this work.

Other approaches for the derivation of effective 2-component Hamiltonians are the
Douglas-Kroll-Hess (DKH) theory and the zeroth-order regular approximation (ZORA).
The most widespread versions of these approximations neglect all spin-dependent
terms in the Hamiltonian, arriving at what are called “scalar-relativistic” Hamilto-
nians. They have the same symmetry under spin rotations as the nonrelativistic elec-
tronic Hamiltonian.

The nonrelativistic electronic Hamiltonian for an N-electron system (also called Born-
Oppenheimer (BO) Hamiltonian) is given by*

1
H = , —
Z hi + Z - (2.3)
7 1<)
where . p
hi=—-Vi=Y" A 2.4

A

is the one-electron part of the Hamiltonian. It is given as the sum of electronic kinetic
energy and electronic-nuclear attraction. The second part of Eq. (2.3) is the electron-
electron repulsion energy. Here, 7;; = |r; — r;|, 7,4 = |r; — Ry, and Z, is the
nuclear charge of nucleus A (in multiples of the elementary charge). The sums over
electrons 7 and j run from 1 to N, which denotes the total number of electrons in
the system. In the following we will use the term “scalar Hamiltonian” whenever we
mean this nonrelativistic Hamiltonan or a scalar-relativistic one, and the term “scalar
wavefunction” for a wavefunction obtained with such a Hamiltonian.

An important aspect of scalar Hamiltonians is that they commute with the total spin
and its z-projection,

(2.5)

1,57 =
. (2.6)

[H:S]

where S = ) s; is the total electronic spin operator. This means that eigenstates of H
can be written as eigenstates of these two operators. The electronic states |U°M) can
therefore be characterized by two quantum numbers S and M such that they fulfill
the eigenvalue equations

0,
0,

SWSMY = S(S + 1)| WM, (2.7)
S| UMY = M|WSMY, (2.8)

10
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There are always 25 + 1 components with M/ = —S to M = S (in integer steps)
for a given total spin S that are exactly degenerate, i.e. have the same energy. Since
the scalar Hamiltonians are real, orbitals can also chosen to be real (see Appendix
A.8.2), which significantly simplifies the computational cost of the calculations. Since
all 25 + 1 components are degenerate and related to each other by spin symmetry,
the time-independent Schrodinger equation has to be solved only for one of the com-
ponents. Typically the principal component with M = S is chosen. A final advantage
arises when one incorporates spin-dependent relativistic effects, like SOC and direct
electronic spin-spin coupling (SSC), on top of solutions of the scalar Hamiltonians
with certain spin. The calculation of matrix elements of the spin-dependent operators
can in this case be simplified via the Wigner-Eckart theorem,”® which is an important
result of group theory.

2.2.2. Spin-dependent operators

In this work, four different spin-dependent additions to the Hamiltonian are consid-
ered: SOC, SSC, hyperfine coupling (HFC) and the Zeeman interaction. These are the
dominant interactions that are needed to describe EPR spectroscopy. We will express
them in atomic units throughout this work. We use an accurate and efficient spin-orbit
mean field (SOMF) operator® as the SOC operator, which is a one-electron operator
in contrast to the two-electron Breit-Pauli SOC operator from which it is derived. It is
given by

Hsomr = Z Zi - S; (2.9)
with z; being a spatial and purely imaginary operator for electron 7. The Breit-Pauli
SSC operator used in this work is given by !

HSSC = -

2
S 210

4 = Ty
Note that the operator in principle also contains a contact contribution in addition to
this dipolar contribution. The contact contribution is, however, a singlet operator and
therefore cannot directly contribute to ZFS. Since its effect on energies is expected to
be a few cm™! at most, much smaller than the intrinsic accuracy of common quantum
chemical methods, it can be safely ignored. We therefore do not consider it in this
work. The hyperfine interaction operator is given by

Hyre = — Y M™* - Burc(Ro), (2.11)
A

where the sum is over all nuclei A that have a nonzero magnetic dipole moment M# =
74T and Bypc(R.4) is the magnetic hyperfine field produced by the electrons at the
position R 4 of nucleus A. Here I is the nuclear spin and the proportionality constant

11
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74 is the gyromagnetic ratio of the nucleus. The hyperfine field consists of three parts:
The nucleus-orbit coupling (NOC) contribution

14
_ 2 7
Broc(Ra) = —a E@ = (2.12)
the spin-dipolar (SD) contribution
2 2
Ge 3ria(S; - Tia) — 1748
Bsp(Ry) = — : 2.13
sp(Ra) 5 EZ = : (2.13)
and the Fermi contact (FC) contribution
B (R.) = ge® 8 5
rc(Ra) = — 5 3 EZ 5;0°(Tia).- (2.19)

Finally, the Zeeman Hamiltonian for the interaction with an external homogeneous
magnetic field B is given by

1
HZeeman =-B- Mel = §B : (L + geS) (215)

with the electronic magnetic dipole moment operator M¢ and operators for total spin
S = > s; and total orbital angular momentum L. = ) ;. In the equations above, g, ~

K3 K3
2.0023 is the free-electron g-value and o &~ 1/137 is the fine-structure constant. Note
that in a rigorous relativistic two-component treatment, there are additional spin- and
magnetic-field-dependent terms in the Hamiltonian that result in so-called picture-
change effects.?’'’! However, such extensions are outside the scope of the current
work.

2.3. Multireference quantum chemistry

Nowadays, the most common multireference treatments of electronic structure start
with CASSCF %71 reference functions. In this method, the spatial orbitals are divided
into three subspaces, called inactive, active, and virtual orbitals. The wavefunction
is taken as a linear combination of states from the so-called CASCI space, which is
the space of Slater determinants that have doubly occupied inactive orbitals, empty
virtual orbitals, and all possible distributions of the remaining electrons among the
active orbitals. This corresponds to a full CI within the active space. One of the sim-
plest examples often encountered in practice is that of two active electrons in two
active orbitals, which gives rise to a total of six Slater determinants, as shown in Fig-
ure 2.1. A CASCI calculation can be done starting from any set of orbitals, e.g. HF
orbitals. The CASSCF method is defined such that not only the CI coefficients, but
also the orbitals are variationally optimized. It is a special case of the multiconfigu-
rational self-consistent field (MCSCF)!®> method. Dynamic correlation methods that
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virtual

+H

active

H

inactive

Figure 2.1.: Determinants of the CASCI(2,2) space.

start from a CASSCF reference are called multireference methods because there are
multiple reference determinants contained in the reference wavefunctions. Examples
are multireference (MR) PT, CI, and CC methods. The use of a CASSCF reference,
however prevalent it might nowadays be, is not mandatory for a multireference treat-
ment. The defining feature is simply that more than one reference determinant is
defined. The orbitals from which the reference determinants are constructed can also
be MCSCF or even HF orbitals. ***!

2.4. Theory of effective Hamiltonians

An important role in this dissertation is played by effective Hamiltonians. An effec-
tive Hamiltonian H° is a Hamiltonian that describes only part of the spectrum of the
“true microscopic” Hamiltonian H and acts in a “model space” that is smaller than the
whole Hilbert space on which H acts. Often these come in the form of “model Hamil-
tonians”, which are defined by a small number of parameters that are usually fitted
to match experimental results. Examples are the spin Hamiltonian of EPR and NMR
spectroscopy, the Heisenberg-Dirac-van-Vleck Hamiltonian for magnetic systems, the
ligand field Hamiltonian of coordination chemistry, and the Hiickel Hamiltonian for
m-electron systems. The benefit of effective Hamiltonians is that they hide much of the
complexity of the true underlying Hamiltonian and provide a language in which one
can think and talk about chemical and physical phenomena. From the point of view
of theory, it is desirable to connect the effective Hamiltonians with the underlying
microscopic physics. This is the content of the following sections.

2.4.1. General framework of effective Hamiltonian theory

Our discussion is based on the theoretical framework introduced by Shavitt and Red-
mon.'% In this approach, a given basis of the Hilbert space is divided into two or-
thogonal sets: {|®;)}, which spans the so-called model space H, with projector P =

13



2. Theoretical foundations

> 7 1@)(®;| and {|Px)}, which spans the complementary or outer space Hoyer With
projector Q =1 — P =) . |®k)(Px|. This means that the Hilbert space is decom-
posed into the direct sum

H = HO s> %outer- (216)

We use indices / and J to denote states in the model space, and K and L to denote
states in the complementary space. In this work, the model space can be a subspace of
CASCI roots or even the complete CASCI space, in which case it can equally well be
spanned by a set of orthonormal configuration state functions (CSFs). For an arbitrary
operator A one can write

A= Ap+ Ay, (2.17)
where
Ap = PAP + QAQ (2.18)
is its block diagonal part and
Ax = PAQ + QAP (2.19)

is its block off-diagonal part. An operator for which Ax = 0 is called block diagonal
and an operator for which Ap = 01is called block off-diagonal. The essence of effective
Hamiltonian theory consists in finding a so-called decoupling operator U such that the
similarity-transformed Hamiltonian

H=U'HU (2.20)
is block diagonal.'® This equation can be rewritten as
UH = HU. (2.21)

One can then diagonalize the effective Hamiltonian H*® = PHP to obtain Np (the
dimension of the model space) exact eigenenergies of H, together with model space
states |¥;) that fulfill

H|W ) = B[ ). (2.22)

The states |¥;) = U|¥;) are then exact eigenstates of H with the corresponding
eigenenergy, as can be seen by

H\V;) = HU\‘i’ﬁ = UHeﬁ@I) = EIU"T’ﬁ = E;|¥y). (2.23)

This also shows that the eigenenergies of the effective Hamiltonian are exact. This pro-
cedure is visualized in Figure 2.2. Note that the effective Hamiltonian and its eigen-
states are not uniquely defined by the requirement that H is block diagonal, since
multiplication of U with any block diagonal operator will leave H block diagonal.!*
Therefore, additional conditions need to be imposed on U.

14
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Figure 2.2.: Block-diagonalization of the Hamiltonian via a similarity trans-

formation.

2.4.2. Choices for the decoupling operator

In practice, one tries to make a choice such that |¥;) and |¥;) have a large overlap.
One possible choice is Up = 1. By acting with the projector P from the left on both
sides of the equation |¥;) = (1 + Ux)|¥), one obtains

T7) = P|). (2.24)

Hence, in this case the eigenfunctions of the effective Hamiltonian are simply orthog-
onal projections of the exact states on the model space. Since the coefficient of [¥;)
in |W;) is unity, this choice corresponds to intermediate normalization. Acting with
P from the right on both sides of Eq. (2.21) and defining the so-called wave operator
as {2 = U P, one obtains

QH = HQ. (2.25)

Acting with P from the left on both sides of this equation, one obtains
H = PHQ, (2.26)
which allows to rewrite Eq. (2.25) in the form

QHQ = HQ. (2.27)

This is a non-perturbative version'®” of the generalized Bloch equation for the wave
operator.'® Note that the decoupling operator U is not unitary in intermediate nor-
malization, which means that the effective Hamiltonian is in general not Hermitian
and consequently its eigenstates are not necessarily orthogonal.

Another approach is provided by the canonical Van Vleck formalism, %! where one
chooses the decoupling operator to be of the form
U = exp(G), (2.28)

15
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with G being an anti-Hermitian (GT = —G) and block off-diagonal (Gp = 0) operator.
With this choice the decoupling operator is unitary. Hence, one obtains

Ors = (U ,) = (U [UTUND ) = (U] 0,). (2.29)

Therefore, the eigenfunctions of the effective Hamiltonian are, in contrast to the inter-
mediate normalization formalism, orthogonal. One can show % that the decoupling
operators in the two approaches are related by

Uey = Un(UpUg) ™. (2.30)

Here and in the following we use the labels I and C to distinguish quantities in the
intermediate normalization and the canonical Van Vleck formalism, respectively. This
relation means (see Appendix A.7) that the eigenstates of the canonical Van Vleck
effective Hamiltonian are obtained by Lowdin symmetrical orthonormalization of the
eigenstates of the intermediate normalization effective Hamiltonian, i.e. they are given

by
Tt => " 10,)S,, (2:31)
J

where the overlap matrix of the roots of the intermediate normalization effective
Hamiltonian is introduced as S;; = (¥,;|¥;). Note that the effective Hamiltonian
that results from the canonical Van Vleck formalism is identical to the des Cloizeaux '
one, as discussed by Klein'®® and Brandow. "1

If the | ;) are strongly non-orthogonal, i.e. have a large overlap, the orthogonalized
states | ;)" will be quite different from them. The overlap of the |¥;) is however
bounded by the norms of the parts of the exact states that lie in the complementary
space, by means of the Cauchy-Schwarz inequality. Therefore, whenever the model
space is chosen carefully, i.e. such that all exact states that one wants to describe have
their major parts in the model space, the eigenfunctions |¥;) and |¥;)* should be
similar and will both be a valid qualitative description of the exact states.

Knowledge of the eigenfunctions and eigenvalues of the effective Hamiltonians allows
to write them via a spectral decomposition. The intermediate normalization Bloch
effective Hamiltonian'"® is then given by

He =Y [0 E(,]°, (2.32)
I

where |U;)P = 3 |¥,)S;] is a state that is dual to the projection |¥;). This is also
called a contravariant state. By definition, the set of original states and dual states are
biorthogonal, i.e. o

(U0 ,)° = b1, (2.33)
The dual states are not in general the same as the original ones, since the projections
are in general not orthogonal. The Hermitian canonical Van Vleck / des Cloizeaux '
effective Hamiltonian is given by

HE =" [0 B ()" (2.34)
I
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2.5. Different flavors of perturbation theory

2.4.3. Concepts of intermediate Hamiltonian theory

The concept of IEHs was introduced in a seminal paper of Malrieu and coworkers.”®
They were designed to solve a fundamental problem of earlier effective Hamiltonian
approaches: Sometimes determinants contribute strongly to a given exact state, i.e.
should be included into the model space rather than be treated perturbatively, yet there
is no single exact state that can serve as a target state for this determinant. An example
is the Be atom, where apart from (1s)?(2s)? also the electron configuration (1s)%(2p)?
is needed for a qualitatively correct description, although no bound exited state of the
Be atom can be identified that has (15)%(2p)? as its dominant configuration.” In the
IEH approach, one does not ask an M-dimensional effective Hamiltonian to deliver
M exact eigenvalues, but only focuses on a few low-lying, say Ny, eigenstates. For
the Be atom, this would be only the ground state. The remaining CSFs are considered
to be part of a variational “buffer space” that ensures stability against intruder states
and treats the interaction of the main model space CSFs with the CSFs in the buffer
space to infinite order. Following Malrieu’s pioneering work,”® one can write the full
many-electron Hilbert space as an orthogonal direct sum of three subspaces,

H = Hpm ©H; D Houter- (2.35)

Here one calls #,, the main model space, H; the intermediate space and Hoyr the
outer space. The intermediate space serves as the buffer space mentioned above. The
combination of the main model space and the intermediate space, Hy = Hn, & H,,
is the whole model space. We assume that there are /V;,, (the dimension of the main
model space) exact eigenfunctions of the BO Hamiltonian,

H|Wp) = Ef|¥y), (2.36)
such that their orthogonal projections on the whole model space,
V1) = P¥r), (237)

are linearly independent; i.e. there is a one-to-one relationship between the |¥) and
|U;). An IEH H™ is then defined to be an operator acting on the model space such
that it gives the exact eigenvalues when acting on the projected eigenfunctions,

H™|W;) = E;[0). (2.38)

Since the |¥;) in H,, do not form a complete basis of the whole model space, H™ is
not fully defined by this equation, which leads to a large variety of different IEHs.

2.5. Different flavors of perturbation theory

2.5.1. Quasidegenerate perturbation theory

In order to construct the effective Hamiltonians according to Egs. (2.32) and (2.34), the
exact eigenfunctions of the Hamiltonian must be known, which corresponds to solving
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the full CI problem. In order to make the problem more tractable, one can proceed by
using perturbation theory instead. We assume a partitioning of the Hamiltonian

H=Hy+V (2.39)

into a Oth order Hamiltonian H, and a perturbation V. The 0th order Hamiltonian is
assumed to be block diagonal, (Hy) x = 0, and both parts are assumed to be Hermitian.
The property of block diagonality can also be expressed as Hj being a direct sum of
operators acting in the model space and outer space,

Hy = Hyp @© Hoouter- (2.40)

Diagonalizing H, gives the Oth order states and Oth order energies,
Hol W'y = EQ o™y 1ep, (2.41)
Ho|00) = EQIW), K eQ. (2.42)

There are two main requirements for a 0th order Hamiltonian: it should be a good
approximation for the full Hamiltonian H, i.e. V should be small, and it should be
easy to diagonalize it compared to /1. The so-called resolvent operator is defined by
the spectral decomposition

o [T )]
Ri=Y EORE=OL (2.43)
K I K

Using this definition, it can easily be shown that for any operator A there are the
identities '

—Ri[Ho, A W) = QA[w), (2.44)
=D RilHo A W) (V)] = QAP. (2.45)
1

This result will be useful later, when explicit expressions for a given operator are not
available, but its commutator with the 0th order Hamiltonian is known. The inter-
mediate normalization effective Hamiltonian Eq. (2.26) truncated at 2nd order can be
shown to be %

HO-2 = pHP 4+ PVyUYP = PHP + PHQUY P. (2.46)

Note that the effective Hamiltonian does not explicitly depend on the choice of 0th
order Hamiltonian and perturbation; the dependence is only indirect through U )((1 ),
This is because Vx = Hy is already uniquely defined by the choice of model space
and complementary space, since Hj is required to be block diagonal. This point
will become important later when discussing multi-partitioning of the Hamiltonian.

Using Eq. (2.45) and the fact that [Hy, U)((l)] = —Vx,' it follows that QU)((l)P =
> RiH |\I/([0)> (lllgo) |, such that the effective Hamiltonian can be written

HMO) = pAP+ PHY  RH|TY) (0. (2.47)
I
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Its matrix representation is given by

(0) (0 (0) (0)
eff(0-2) _ (0 Oy _ (W [HW ) (P [HY,7)
Hy ™ = Hyy+ (U | HRyHWY) = Hyy 4+ E(g Ef((o) S L
K J Pk

(2.48)
The form of this effective Hamiltonian as the sum of the matrix representation of H
and some “dressing” is very typical for effective Hamiltonian theories. In a similar
fashion, one can show that, since U )((1 ) — G, the matrix representation of the canon-
ical Van Vleck effective Hamiltonian to 2nd order is given by '%

eff(0— 1 1
Hy "™ = Hyy o+ (VP HRHIY) + S (U0 | HR 1)

0 0 0 0 0 0 0 0
WO HIEO 0 HD) 1 @O He ) (W H e )
= Hit 3 Z EY _ g i) 20 _ 50 ‘
K K I K
(2.49)

This is simply the Hermitized version of the 2nd order intermediate normalization
effective Hamiltonian,

eff(0-2) 1, eff(0-2) eff(0—2)
He 7 = §(H() ) 4 H . (2.50)

One can easily derive the results of 2nd order nondegenerate''* and degenerate per-

turbation theory (DPT)'® as special cases of the QDPT discussed above. In DPT, all
model space states have the same 0th order energy Eéo), which leads to

IS IR
E, Ey

This can be considered as a special case of both the Bloch and canonical Van Vleck
effective Hamiltonians, which for a degenerate model space are identical at 2nd order.
If the model space in addition is one-dimensional, the infinite order effective Hamil-
tonian has the exact energy of the target state as its only element. The perturbative
expansion of this effective Hamiltonian is then identical to the perturbative expansion
of the total energy, and one obtains to 2nd order

\II(O) H\IJ(O) \IJ(O) H \II(O)

(0) (0)
K+#0 Ey" — By

which is the usual 2nd order Rayleigh-Schrodinger PT expression. '

2.5.2. Multi-partitioning QDPT

Multi-partitioning QDPT*! was introduced by Zaitsevskii and Malrieu to alleviate the
intruder state problem and improve energy denominators compared to the traditional
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QDPT. Its original formulation is based on intermediate normalization.”" Its basic idea,
re-expressed here in the language of Shavitt and Redmon,'® is the following: The
identity

QUx Uy = —R;[Ho, Ux]| ¥} (2.53)

holds for any choice of 0th order Hamiltonian H,. One therefore chooses multiple
state-specific partitionings
H = Hy(I)+V(I), (2.54)

one for each 0th order state |\I/(IO)>. The 0th order Hamiltonians are assumed to have
the same 0th order eigenfunctions |\I/§0)> in the model space. E}O) is defined as the 0th

order energy of Hy(I) belonging to the eigenfunction |\I/§0)>. The eigenfunctions in
the complementary space () can depend on the reference state,

Ho(D)| Wi (1)) = B (D)W (1)) (2.55)
One can then write
QUxP = Z Ry(D)[Ho(I), Ux]| @'y ()], (2.56)

where the resolvents are now not only dependent on the reference energy but also on
the Oth order Hamiltonian for which they are defined,

|\If<° ) (T (1)
Z Eﬁ?f)((l) . (2.57)

A related idea that also relies on the separate treatment of the different model space
states is the Jeziorski-Monkhorst ansatz for the wave operator,'”® which has found
widespread use in MRCC. Expanding Uy in powers of the perturbation operators V (/)
leads to

QUYP = ZR VH|U ) (w0 (2.58)
Together with Eq. (2.46), the effective Hamiltonian up to 2nd order in the V' (I) is then

H"™2) = PHP + PHUY' P = PHP + PHY Ry (DH|TV (W] (259)
1

and its matrix representation

Y = Hyy + (00| HR (1) H|T )

(W [H| W (1)) (U (DIH[ 95 (2.60)
=H;;+
Py 59 500
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2.5.3. Generalized degenerate perturbation theory

We finally introduce a variant of perturbation theory that approximates a state-specific
IEH and was proposed already in the original paper that introduced the concept.’”® One
starts by partitioning the Hamiltonian into a Oth order part and a perturbation,

H=Hy+YV, (2.61)

such that H is the direct sum of operators acting in the main model, intermediate,
and outer space, i.e. it does not mix states from these three subspaces,

HO = HO,m ¥ HO,i % HO,outer~ (262)

Furthermore, one assumes that all main model space functions are eigenfunctions of
H, with the same eigenvalue Ly, i.e.

Hym = FEoPn, (2.63)

with P, being the projector on the main model space. In this context, Malrieu et al.”®
defined an IEH whose expansion, in powers of the perturbation operator V, is given

by

Hint _ Z _E[int,(n)7 (264)
with the first few terms
H“‘t’(o) = PH,P, (2.65)
H™W = pyP, (2.66)
H"™®) = PYRVP = PHRHP, (2.67)
H"G) = p [VRVRV — VRZVPmV} P. (2.68)

This perturbative expansion was given the name generalized degenerate perturbation
theory (GDPT). The so-called resolvent operator is given by

R= Z o EK (2.69)

where the sum is over all eigenvalues Fx (with corresponding projectors Pk on the
eigenspaces) of the outer space Oth order Hamiltonian H gyter. In this work, we will
truncate the expansion at the 2nd order and thus obtain

H™ =P |H— HZ EK - Eo P. (2.70)
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2.5.4. NEVPT

The most common form of MRPT is nondegenerate perturbation theory based on a
CASSCEF reference wavefunction. Two variants of this approach are CASPT2 ¢ and
NEVPT2.6162116 The ]atter is more relevant for the current work, and we shell describe
it in some detail in the following. All common variants of NEVPT2 are based on the
Dyall Hamiltonian.® In an orbitally invariant form'"” (for orbital rotations inside the
inactive, active and virtual subspaces respectively, not rotations between these sub-
spaces), this operator is defined by

HDyall — Hrlljo};?;lct + H?Yau (271)
rll)o};?:ﬂ:t =C+ Z ’Lj + Z FabEab> (2'72)
ab
" =% (heff LY (twlou) B+ 3 (tulvw) By, By, (2.73)
tu v tuvw

The Fock matrix is defined via

Fpg=hpg+ Y _ D [(PQVS) - %(prqu)]

rs

(2.74)
=h+Y " Dy, [ (paltu) — 1(pthw]
tu
The other symbols used in the definition of H>?! are defined as
hel = (plh + Z (2J; — Ki)lq) = hpg + Z (pqlii) — (piliq)], (2.75)
C' = Eciosed — 2 Z Fy, (2.76)
Eclosed = 2 Z hi; + Z (1|77) — (ig|79)]. (2.77)

The density matrix D, s used in the definition of the Fock matrix is usually chosen to be
the state-specific density matrix of the CASCI reference state for which one calculates
the NEVPT?2 correction. In this work we will also explore the use of a state-averaged
density matrix, which is the average of the density matrices of all states included in
the SA-CASSCF procedure.

The FOIS is the orthogonal direct sum of subspaces Sl(k), where [ represents the
non-active orbital occupation of the CSFs spanning the subspace and k is the change
in the number of electrons occupying active orbitals. In total one can distinguish eight
different kinds of such subspaces: Sz(joab, Sz(a;), S( 2) , S”Jral), S(+2) Sl(l), S, _1), Si(H).
Here i, j, a and b are the indices of non-active electrons that are (de)populated com-
pared to the reference CASCI functions. The perturbation functions, or perturbers, are
usually grouped into eight so-called “excitation classes” depending of the number of

61
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inactive and virtual orbitals in the subspace. The essential feature of NEVPT is the use
of perturber functions that have well-defined inactive and virtual orbital occupation
numbers, i.e. the 0th order Hamiltonian is defined to have vanishing matrix elements
between different Sl(k). This is in contrast to CASPT2, where such coupling occurs.*®
NEVPT2 comes in three flavors, uncontracted, partially contracted, and strongly con-
tracted NEVPT2, which differ in the definition of the 0th order Hamiltonian. Uncon-
tracted NEVPT2 simply uses the complete Dyall Hamiltonian as 0th order Hamilto-
nian. This is the least efficient variant since the Dyall Hamiltonian has to be diagonal-
ized in all subspaces S| l(k), whose sizes are in the same order of magnitude as the CASCI
space. A more economic variant is the partially contracted NEVPT2. Here, the idea is
to reduce the number of perturber functions by excluding those that do not interact
with the reference CASCI function through the Hamiltonian. Hence, the perturbers
and their energies are defined by diagonalizing the Dyall Hamiltonian in the space
of internally contracted perturbers, which are functions that are obtained by acting
with single and double excitation operators on the reference CASCI wavefunction. In
this case the number of perturbers per Sl(k) space is reduced to O(N™), where N is
the number of indices on the two excitation operators that refer to active electrons
and NV, is the number of active electrons. For example, there are only two perturbers
from the subspace Si(jo’ilb and only 2N, perturbers from the subspace S; .. Note that

i,ab*
all functions from Sl(k) that are orthogonal to the subspace of internally contracted
perturbers cannot interact with the reference function through the Hamiltonian. This
shows that formally the total number of perturbers stays the same as in uncontracted
NEVPT2 and just the definition of 0th order Hamiltonian changes. Finally, there is the
strongly contracted NEVPT2, where a single perturber from each S l(k) space is defined
via PS;k) H| W) and its energy is defined as its expectation value of the Dyall Hamil-

tonian. Here, P is the orthogonal projector on Sl(k). One can again see that all
l

other functions from S l(k) that are orthogonal to this single perturber cannot interact
through the Hamiltonian with the reference function.

A multistate method that is derived from NEVPT?2 is the quasidegenerate NEVPT2
(QD-NEVPT2).”° 1t consists in solving the multi-partitioning effective Hamiltonian
Eq. (2.60), where the reference-state dependent Oth order Hamiltonians are simply the
ones introduced for the state-specific NEVPT2 method.

2.6. Treatment of spin-dependent effects via 1st
order QDPT

In the present work, QDPT is the method of choice for comparison with the spin-
dependent versions of our newly developed methods. In QDPT one starts with a set
of scalar many-electron states |U7*). The full Hamiltonian H** 4 V*P is then di-
agonalized in the set of all M components of these scalar-relativistic states. Usually,
the scalar basis states are obtained from a CI procedure, e.g. CASCI or MRCI with
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single and double excitations (MRCISD), i.e. they diagonalize the scalar part of the
Hamiltonian. The matrix to be diagonalized in the QDPT procedure is then given by

(UM + VRS = 511659 Oarar B + (UM VR TS (2.78)

The name quasidegenerate perturbation theory becomes clear when comparing this to
the expression Eq. (2.48) for the perturbative expansion of the intermediate normal-
ization effective Hamiltonian: Up to 1st order in perturbation theory, the effective
Hamiltonian is simply the matrix representation of the full Hamiltonian in the basis
of states belonging to the model space. Here, the 0th order Hamiltonian is H*? and
the perturbation V*P, The term “perturbation theory” for this procedure has been
criticized for being misleading and it was suggested that it could be better described
as a contracted spin-orbit CL.%

To improve the results compared to CASSCF/QDPT, a QDPT method involving NEVPT2
has been devised.!!® Its basic idea is that the diagonal energies F5% in Eq. (2.78) are
replaced by NEVPT2 energies, while the model space is still spanned by CASCI so-
lutions. In this way, some effects of dynamic correlation can be introduced into the
treatment. Such a strategy was also suggested for the RASSI-SO method* and similar
concepts have existed already for a long time.'**#

2.7. Model Hamiltonians in chemistry

In this section, we will take a closer look at two kinds of model Hamiltonians that
are important in this work, namely different variations of spin Hamiltonians and the
ligand field Hamiltonian.

2.7.1. Spin Hamiltonians

What is often called the “true microscopic Hamiltonian”, i.e. the electronic Hamilto-
nian Eq. (2.3) including the scalar-relativistic and spin-dependent relativistic exten-
sions discussed in Section 2.2, is actually already an effective Hamiltonian itself. It
acts in a Hilbert space that is spanned by products |®5™) @ @2, |[M*), where the
|®7M) are a complete basis of electronic states. For each nucleus A, only the 274 + 1
components with different M4 of a single state with spin /“ can be described. This
means that states of the combined system in which a nucleus is in different states can-
not be simultaneously described with the Hamiltonian above. An example for such
states would be the ground state and 14.4 keV first excited state of the >’Fe nucleus
in an Fe-containing molecule, which are relevant for Mdssbauer spectroscopy. The
Hamiltonian only gives a subset of all physical states, and is hence an effective Hamil-
tonian. All information about the complex nuclear quantum state is condensed into
a single parameter, the gyromagnetic ratio 4. This is an excellent approximation for
chemistry, where energy scales are usually much smaller than the energies needed to
excite nuclei, which are in the range of keV or larger.
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Magnetic resonance experiments are usually interpreted in terms of so-called spin
Hamiltonians (SH). The foundation of this is the observation that for the energy scales
typically encountered in magnetic resonance (lcm ™! and lower), only a few very low-
lying electronic states are relevant. The microscopic Hamiltonian is then replaced by
an effective Hamiltonian that operates only within the set of these low-energy states.
If there are 25 + 1 relevant electronic states, they are typically interpreted as com-
ponents of a spin multiplet with effective spin S. This is not necessarily identical to
the true spin S of the electronic states in question. We use the tilde to distinguish
the fictitious spin S introduced here from the physical spin S. A complete basis for
the operators in this space is given by the three effective spin operators S, gy, S, as
well as products of them.'*'* Traditionally, one often restricts the form of the SH to
terms that are up to quadratic and bilinear in the spin operators. In this case, an arbi-
trary effective Hamiltonian can in general not be parametrized exactly. The SH is then
written entirely in terms of spin operators and so-called spin Hamiltonian parameters.
These numbers are usually fitted to reproduce experimental results. However, they
can also be connected to the underlying geometric and electronic structure by means
of ab initio theory. This allows to indirectly derive geometric and electronic structure
information from spectroscopic experiments.! Note that the microscopic Hamiltonian
is already in spin Hamiltonian form for the nuclei, as seen by the presence of the
nuclear spin I in Eq. (2.11), but not for the electrons.

In this work, we restrict ourselves to only two kinds of SHs. The first kind is used for
orbitally nondegenerate molecules for which only the nonrelativistic ground state spin
multiplet is relevant. The 2541 components of a scalar ground state with spin S form
the model space for the SH, and in this case one can to a good approximation identify
the fictitious spin above with the true spin of the system. The SH (up to bilinear in the
spin operators) has the form

Hyin = SDS + 15BgS + ) "T'A“S. (2.79)
A

Here B, S, and I* are vectors and vector spin operators, while D, g, and A* are 3 x 3
matrices and contain the parameters of the model Hamiltonian. D and A“ have units
of energy (with A“ usually being given in MHz) and g is unitless. The expressions
are interpreted as

3

SDS = Y D;;5;5; (2.80)

ij=1

and similar for the remaining terms. D is called ZFS tensor or D-tensor. It describes
the breaking of degeneracy of the 25 + 1 components of the ground multiplet even in
the absence of external magnetic fields or magnetic nuclei. g is the g-tensor, which de-
scribes the interaction of the system with an external magnetic field, i.e. it parametrizes
the system’s magnetic dipole moment. Finally, A4 is the HFC tensor or A-tensor,
which parametrizes the interaction of the electrons with nuclear magnetic moments.
This means that it parametrizes the magnetic hyperfine field at the position of the re-
spective nucleus, which is created by the spin and orbital movements of the electrons.
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It is common to transform the coordinate system to the principal axis frame of the
D-tensor and characterize the latter by two parameters

1

D=D,, — §(D:m + Dyy), (2.81)
1

E = 5(Da — Dyy) (2.82)

called axial and rhombic ZFS parameters, respectively. The ratio £/ D, called rhom-
bicity, is often used instead of . A commonly used convention for the coordinate
system is such that |D,,| < |D,,| < |D..|, whichleadsto 0 < E/D < 1/3.

For systems with an odd number of electrons, there is always an even degeneracy
of electronic states in the absence of magnetic fields. This is the famous Kramers
theorem, which is described in some detail in Appendix A.8.4. If there is no spatial
symmetry, the degeneracy is twofold and the states are called Kramers doublets. The
second kind of SH relevant in this work is one that acts on only the two degenerate
components of a Kramers doublet as the model space. This corresponds to an effective
spin of S = 1/2. The SH reads

Hyin = usBgS + > T'A”S (2.83)
A

and describes the splitting of the Kramers degeneracy due to magnetic fields. S is a
vector of effective spin-1/2 operators that are defined as multiples of the Pauli matrices
Ok»

Sy, = %ak. (2.84)

Since these operators simply form a basis and do not have physical meaning like the
real spin, they also do not have a well-defined behavior under rotation of the coordi-
nate system. Hence, the parameters g and A“ in Eq. (2.83) are no longer tensors, but
should be called g-matrix and A-matrix instead.

Note that other terms than the ones introduced here can be added to the spin Hamilto-
nian, which are however less relevant for EPR. These include the nuclear Zeeman in-
teraction, nuclear quadrupole interactions, and nuclear spin-spin interactions, among
others.

2.7.2. Ligand field theory

Ligand field theory (LFT) is a powerful tool for the rationalization of the properties of
transition metal (TM) complexes. At the heart of LFT is the finding that the ground
state and some of the low-lying excited states of many TM complexes or lanthanide
and actinide complexes can be qualitatively described as linear combinations of Slater
determinants that only differ in the occupation of a set of five (for TM complexes)
or seven (for lanthanide and actinide complexes) molecular orbitals (MOs) that show
similarities with the d and f orbitals of free atoms and ions. For simplicity, one also
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refers to these MOs as d and f orbitals, although they have covalent contributions from
ligand orbitals. The theory can be based on an effective Hamiltonian of the form?”

HT =) 0Ty ri (2.85)

i<j Y

that acts in a model space of Slater determinants that are constructed by distributing
electrons over the d (or f) orbitals of transition metal (or lanthanide and actinide)
complexes. Most importantly, the sums in Eq. (2.85) run only over the active electrons,
which occupy the d or f orbitals. The one-electron ligand field operator A7 contains
not only the electronic kinetic energy and nuclear attraction, but also the Coulomb
and exchange field created by all electrons in closed shells, e.g. core electrons on
the metal center and electrons in ligand orbitals. The matrix representation of the
LFT Hamiltonian in the basis of these Slater determinants is a function of a 5 x 5 or
7 x 7 ligand field matrix %" and of the ERIs involving the d or f orbitals. With one
additional assumption, namely that the orbitals transform like pure d or f orbitals
among each other under rotations, the latter integrals can be written in terms of three
(four) parameters A, B, C' (Fy, Fy, Fy, Fg) for TM complexes (lanthanide or actinide
complexes).”” This is the most widespread parametrization of LFT. It follows from
this discussion that the LFT model can exactly parametrize the CASCI matrix for free
atoms or ions, where the assumption of spherical d or f orbitals is exactly fulfilled.
Traditionally, the parameters of the model are obtained by a fit to experimental prop-
erties such as excitation energies, thermochemical data, EPR spectra or magnetization
curves, among many others. There have been some noticeable early successes of this
procedure, for example the explanation of the trends in the heats of hydration of the
first row TMs using ligand field splittings deduced from absorption spectroscopy. #4126
In fact, ligand field parameters are invaluable and intuitively appealing guides to a host
of chemical and physical trends of TM-containing compounds. However, in general —
and in particular for low-symmetry situations — fits of the LFT model to experimental
data are often severely underdetermined. Consequently, the obtained model parame-
ters may have only limited physical content. It is then appealing to resort to theory
for their definition, as is explained later.

2.8. Ab initio calculation of spin Hamiltonian
parameters

We now come to the calculation of EPR spin Hamiltonian parameters from first prin-
ciples. We first describe two methods to extract intrinsic spin Hamiltonians, where the
effective spin can be identified with the physical spin. One of them starts with scalar
wavefunctions and adds the effects of spin-dependent operators via degenerate per-
turbation theory. In this way the structure of a spin Hamiltonian arises quite naturally.
In the other method, one starts with states that already contain the effect of SOC up to
infinite order. An exact (infinite order) effective Hamiltonian is then constructed from
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these states, which is fitted via the spin Hamiltonian model. Finally, we also describe
a novel method for the extraction and analysis of effective spin-1/2 Kramers doublet
spin Hamiltonians.

2.8.1. Derivation of spin Hamiltonians by DPT

Spin Hamiltonians arise very naturally by using DPT. Consider an orbitally non-de-
generate scalar-relativistic ground state with spin .S that is well separated from excited
states. Using the 25+ 1 components of this ground multiplet as a model space, one can
use DPT, Eq. (2.51), with the spin-dependent and external-field-dependent parts of the
Hamiltonian as a perturbation. Up to 2nd order, this gives the effective Hamiltonian

<\I/gM’HeE’\I/gMI> _ (SMM/E(O) <‘IJSM’VSpin‘\IfSMI>

Z A ‘IJSM’VSPIH‘\I/Sbe> <\I/Sbe ‘Vspm’\IISM/) (2.86)
b0, M,

The various operators in V/*P' give contributions that can be parametrized in the form
of the spin Hamiltonian Eq. (2.79).'*” In particular, for D there is a 1st order contribu-
tion from Hgsc and a 2nd order contribution that is quadratic in Hsoc. For g there is a
1st order contribution due to the spin Zeeman operator and a 2nd order contribution
that is linear in both the orbital Zeeman operator and Hsoc. For A there are finally two
1st order contributions due to the FC and SD contributions to the magnetic hyperfine
field and a 2nd order contribution that is linear in both the NOC contribution to the
magnetic hyperfine field and Hsoc. Here and in the following we drop the label A for
the nucleus on the HFC matrix A if there is no danger of confusion. For this work,
only the contributions to g and A are important for interpretative purposes. They are
given by

g = 5klge7 (2.87)
ghrsoC = S Z A (WF L ) (T 2lsi|[W5F) + e (2.88)
b i
Sp=>S)
and
FC __ 2 ge 87T ss 3 SS
AR = 0w Sa Yam— |Zé 715, (2.89)
ASD — I 5 g Ss 3”’z’A7"z'A - 5kl7"¢A 21\, SS
W= @ a7 (Yo |Z 5 HLa2 (2.90)
S 2 - T4
ANOC/SOC a YA Z A \I/SS| Z ’\I/SS _|_ C.C.
(8p=5)
(2.91)
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2.8. Ab initio calculation of spin Hamiltonian parameters

Here, c.c. denotes the complex conjugate of the term that is explicitly written out.
These expressions are well-known in the literature.'®!* For completeness, we re-
derive them using the notation of this work in Appendix A.11. For the interested
reader we also present in the appendix the derivation of one of the most complicated
examples, the 1st order contribution to the D-tensor that arises from SSC. It should be
noted that these expressions can be reformulated in the linear response framework, to
avoid explicit sums over states.'” Both approaches for the calculation of spin Hamil-
tonian parameters fail whenever the 2nd order of DPT is not sufficiently converged.
This is the case if SOC is too strong or if there are low-lying excited states, such that
the energy denominators get small.

2.8.2. Exact effective Hamiltonian treatment

The four spin-dependent operators that we are considering in this work can be put
into two groups. On the one hand, there is SOC and SSC, which are intrinsic proper-
ties of the electronic system. Furthermore, they can be strong enough to influence the
electronic structure significantly. Hence, the treatment of these effects using DPT2
can lead to large errors and in these cases an infinite order treatment is mandatory:.
The basic idea is therefore to obtain the relativistic wavefunctions |V;) and energies
E$9CS5C from a calculation that explicitly includes SOC and/or SSC. The Zeeman in-
teraction and magnetic hyperfine interactions are usually weaker and hence a 1st order
quasidegenerate perturbative treatment within the lowest 25 + 1 relativistic states
is justified. An exception that is not relevant for the current work are very strong
external magnetic fields. The total energy and eigenstates (including Zeeman and
magnetic hyperfine interactions) are then given by the diagonalization of the matrix
(U 1| (Hyeatar + Hsoc+ Hssc + Hzeeman+ Hyre )| ¥ 7). This gives energies £ that include
the effect of the Zeeman and HFC interactions and states |U''d) that are a unitary
transformation of the 2.5 + 1 states | V). The des Cloizeaux effective Hamiltonian Eq.
(2.34), which has these energies as eigenvalues and the symmetrically orthogonalized
projection | W)L of these states as eigenstates, can be written as

Heff _ Z |qjt[otal>LE}0tal<¢,tIotal|L
1

i i ) (292
= U ERCSCE +Y U)(W|(Hzeeman + Hire) [ W) (0"
I 1J

Here, | U ;)" are the Lowdin symmetrically orthogonalized projections of the |¥;) on
the space spanned by the 25 + 1 degenerate components of the scalar ground state
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spin multiplet. Inserting Eqs. (2.11) and (2.15), the previous equation can be written

Heﬁ _ Z |@1>LE?OC+SSC<\11[|L
I

) ) 3
+ 5B Y UL+ g.S) W) (T, (2.93)
1J

+ Z I Z |\111>L<\DI|(_’YABHFC(RA)N\I’J)(\TJAL.

Comparison with the spin Hamiltonian Eq. (2.79) shows that one can associate the
following objects with each other:

SDS =) |U)F B (T |1, (2.94)
I
o T, \L T, |L
gS = > [U)(U|(L+ g.S)[W,) (T, ", (2.95)
1J
AAS =~ U)W Brre(Ra) [T ) (" (2.96)
1J

Note that the 2nd and 3rd equations are vector equations, i.e. each consists of three
equations at once. One can determine the parameters D, g, A from these equations
by linear least-squares fitting. The solution is uniquely determined since the model is
linear. '

For ZFS, the outlined procedure was introduced by Maurice et al.'®. The extraction
of the g-matrix along these lines is to the best of our knowledge unpublished, but has
been available in ORCA for a long time. The extraction of the HFC matrix according
to Eq. (2.96) is a new contribution of the present work.

2.8.3. Extraction and analysis of effective spin Hamiltonian
parameters

In EPR spectroscopy, one is often only interested in the 1st order energy change due
to Zeeman and hyperfine interactions of a single Kramers doublet. Consider the two
states |®) and |®) of the Kramers doublet that have been obtained by a calculation
including SOC and/or SSC. The 1st order energy changes can then be obtained by
diagonalizing the matrix representation of the Zeeman and HFC operators in the basis
of the two Kramers doublet states (1st order degenerate perturbation theory, DPT1).
By defining the elements of the dimensionless g-matrix via'*

g = —4AR(P| M| @) = 2R(D|L; + g.5i|P), (2.97)
g2 = —4A(D| M| @) = 23(®| Ly + g.S)| @), (2.98)
g3 = —4<¢‘Mzel‘q>> = 2<®‘Ll + gesl‘q)% (2.99)
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one can see that the DPT1 effective Hamiltonian for the Zeeman operator can be ex-
actly parametrized via

1 ~
HZeeman — 5Bgs. (2.100)
This parametrization is possible because the magnetic dipole moment operator is odd
under time-reversal; hence (®|Mf|®) = —(®|M|P). See Appendix A.8.3 for a

derivation of this relation.

Similarly, since the operator of the hyperfine field is also odd under time reversal, the
DPT1 effective Hamiltonian for the hyperfine interaction operator can be parametrized
as

H™C =) "1'A"S (2.101)
A
by defining the elements of the A-matrix via
Al = =27 R(P|Bipc(R)|®), (2.102)
Ay = =27 S(®| Bigre (Ra)|®), (2.103)
A = =291 | Bl (RA)| ). (2.104)

There are two major differences between these results and the results of the previous
section. The model space for the intrinsic spin Hamiltonians was a scalar ground
state spin multiplet. This is not necessary here, where the model space is spanned by
relativistic states that can include SOC and SSC. Furthermore, the parametrization in
this section is exact, while for the procedure described in the previous section only a
fit of the spin Hamiltonian to the ab initio effective Hamiltonian is performed.
By making the proper choice of coordinate system and basis of the Kramers doublet,
one can make the g-matrix or A-matrix diagonal (however in general not both at the
same time, unless the molecule possesses some symmetry). An easy way to accomplish
this is by singular value decomposition (SVD). Given the g-matrix, one can perform
an SVD

g = UBuing V7, (2.105)

where U and V are O(3) matrices. We can multiply them by their own determinant
(which is £1) to obtain matrices U and V that are from SO(3). With their help one
can define a new matrix

g = U gV (2.106)

that is also diagonal. Its diagonal values are the three g-values. Note that in this
procedure the sign of the g-matrix is preserved, since det(gaig) = det(g) and all g-
values have the same sign. This is because the singular values, which are the diagonal
elements of gg,g, are all positive. This is in contrast to the equation proposed by
Gerloch and McMeeking ! and first used by Bolvin et al. in the context of ab initio
calculations,® which can be used to obtain the magnitude of g-values but not their
sign. The matrix U corresponds to a rotation of the coordinate system, while the
matrix V can be associated with a unitary transformation of the two states |®) and |®)
of the Kramers doublet, via the two-to-one map from SU(2) to SO(3).'** We report in
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the results chapters g-shifts, which are defined as the deviation of the g-values from
the free-electron g-value,
Ag=g— ge. (2.107)

Similarly, one can find two different SO(3) matrices U and V such that the A-matrix
is brought into diagonal form via

Agiog = UTAV. (2.108)

Both the electronic magnetic moment operator and the hyperfine field operator consist
of several terms. The magnetic moment has orbital and spin contributions, while the
hyperfine field has a FC, SD and NOC contribution. Since the g-matrix and A-matrix,
as defined in Egs. (2.97)-(2.99) and Eqs. (2.102)—(2.104), are both linear in these opera-
tors, we can write them as sums over contributions from these several terms. We can
then transform these contributions separately via Egs. (2.106) and (2.108). The diago-
nal elements of the resulting matrices are interpreted as contributions of the individual
operators to the g-values or HFCCs.

2.9. Ab initio ligand field theory

In the following, we give an overview of the basic ideas of the ab initio ligand field
theory (AILFT) as described in the original article introducing the idea’** and a recent
review paper.'®> AILFT is based on the observation that the matrix representation of
the LFT model Hamiltonian

H T (p) =Y H M py (2.109)
k

is linear in the parameters p, collected here in a vector. The parameters p include
the 15 (for a d" configuration) or 28 (for a f™ configuration) elements of the one-
electron ligand field Hamiltonian AT, and the electron repulsion parameters B and
C (for a d" configuration) or F5, Fy, Fg (for a f™ configuration). Note that more than
one electron or hole is necessary to define electron repulsion parameters, and that C'
is nonredundant only if more than one multiplicity block is considered. In general,
there is more than one possible multiplicity for a given d" configuration, meaning
that the Hamiltonian matrix can have an additional index next to /.J that signifies the
multiplicity. In the following, all these indices are treated as a compound index. One
can then write Eq. (2.109) in the form of the matrix-vector equation

H""(p) = Ap. (2.110)

Here, HT(p) is the vectorized form of the LFT Hamiltonian Eq. (2.109) and the matrix
A is defined by A;;; = HET’k. The LFT Hamiltonian is then identified with an ab
initio-derived effective Hamiltonian H¢%, e.g. the CASCI Hamiltonian, describing the
same part of the electronic spectrum. The optimal parameters describing the ab initio
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Hamiltonian are obtained by least-squares fitting with the model Hamiltonian, which
for linear models has a unique solution given by '

p=ATH (2.111)

Here, A" is the Moore-Penrose pseudoinverse of the matrix A. If the parameters are
nonredundant and there are more matrix elements than parameters (meaning that the
system is not underdetermined), one can express the pseudoinverse as

At = (ATA) AT (2.112)

This allows to relate Eq. (2.111) to the equations given in the original AILFT refer-

ence, 13

p = (AMT)~1pHT, (2.113)
k NS
A=Y Hp G, (2.114)
1J
o= H P H (2.115)
1J
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3. Theory and implementation

3.1. DCD-CAS(2)

3.1.1. Application of the intermediate Hamiltonian to the
multireference dynamic correlation problem

The goal of our work is to develop a method that can be written as a dressed CASCI
problem, where the dressing accounts for the effects of dynamic electron correlation
in a perturbative way. Quite generally, a CAS space contains a large amount of super-
fluous information and very high energy determinants. Hence, a straightforward ap-
plication of effective Hamiltonian concepts according to Bloch or des Cloizeaux would
lead to intruder state problems in almost all practical applications. However, in most
cases, we are only interested in a few low-lying states. These low-lying states will be
dominated by only a few CSFs or determinants. Conceptually, these low-lying CSFs
span the main model space of our treatment. Which and how many CSFs should be
considered as belonging to the main model space depends of course very much on the
system and active space. Fortunately, it will not be necessary in the 2nd order variant
of our method to draw a sharp line between main model space and the remaining CSFs
in the CAS, as is explained below. In Section 2.5.3 the treatment was quite general. In
order to be more specific, we apply the IEH for a degenerate main model space to the
treatment of dynamic correlation. We note that one is in general interested in more
than one single root and that these roots should have different Oth-order energies from
a physical point of view. This deficiency will later be corrected by applying a second
step called “bias correction” to correct the energies of our method. We now define
the model space to be a CAS(/NV,M) space (with N electrons in M orbitals) composed
of spin-adapted CSFs {‘fb}gM > } The superscript SM refers to the quantum numbers
of the total spin and the projection onto the z-axis. We will drop this superscript
for the nonrelativistic treatment developed here, where only the principal component
with M = S is required. It will, however, be crucial for dealing with spin-dependent
relativistic effects later.

The goal of the development of DCD-CAS(2) is to define an effective Hamiltonian
HPCP in the CAS(N,M) space that adds to the CASCI matrix a state-independent
dressing that incorporates dynamic correlation effects to 2nd order in the fluctuation
potential into the treatment. Diagonalization of the dressed CASCI matrix then yields
the actual correlated many-particle states in terms of only the model-space CSFs.

In our formulation we do not explicitly define which part of the CASCI space forms the
main model space and which part the intermediate space. As an example, consider the
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problem of two exchange-coupled spin-1/2 systems (Section 4.1.4). In order to describe
the energy difference between the lowest triplet and the lowest singlet state correctly,
one must allow for state mixing between a low-energy neutral singlet and a high-
energy ionic singlet. The singlet main model space would naturally only contain the
neutral singlet, since this corresponds to the root of interest. In our approach, it is not
necessary to make this choice explicitly.

Regarding the choice of 0th order Hamiltonian, we do not have to define the operator
Hj; because this choice has no effect on the form of the DCD-CAS(2) Hamiltonian.
However, it would become important at higher orders of perturbation theory. One
possible explicit choice consists in taking the main model space to be spanned by
the CASCI ground state and taking the whole H, of Eq. (2.35) to be identical to the
Dyall Hamiltonian. In this case, £y of Eq. (2.70) would be the CASCI ground state
energy. The main model space energy £ must be chosen such that it is a reasonable
0th order energy for all roots of interest, which will usually be the ground state and
the first few excited states. A safe choice will be the CASCI energy of the lowest
state in a state-averaged calculation. This guarantees numerical stability since it is
unlikely that the energy difference in the denominator will approach zero. As one
reviewer of our initial paper on DCD-CAS(2)® correctly remarked, with this choice
our approach is also formally equivalent to a Bloch effective Hamiltonian, which has
no intermediate space at all, acting in the whole CASCI space and with deficient 0th
order energies for higher excited states. Interestingly, Brandow in his early papers
advocated this possibility to freely choose the 0th order Hamiltonian such that the
whole model space is degenerate, and to add any degeneracy-breaking parts to the
perturbation. 3¢ For the action of the Oth order Hamiltonian in the outer space we
choose the Dyall Hamiltonian, which was introduced in Eq. (2.71) in the context of
the NEVPT2 method,

Dyall
HO,outer - outerH Y Pouter~ (31)

The orbital invariance of HPY¥! is a prerequisite for the orbital invariance of DCD-
CAS(2), which is proven in Section 3.5.2.1. In the definition of the Fock matrix from
which the Dyall Hamiltonian is defined, D, is a suitable density matrix. Since we aim
for the correct description of more than one state, we use the state-averaged density
matrix of the underlying state-averaged CASSCF calculation throughout this work.
This defines a state-averaged Dyall Hamiltonian. This kind of 0th order Hamilto-
nian was already experimentally employed for the treatment of mixed-valence com-
pounds *"* and is the standard choice for the MPS-NEVPT2 method.”® From now on,
we assume canonical orbitals, which diagonalize the Fock matrices, Fj; = ¢;0;; and
Fab = 6a(sab-

Since the BO Hamiltonian contains only one- and two-electron excitation operators,
one can restrict the sum over the outer space perturbers in Eq. (2.70) to functions in
the FOIS. In our implementation this space contains all CSFs with the desired spin
multiplicity that can be constructed from configurations (CFGs) that differ by at most
two excitations from some CFG in the CASCI space. By CFG, we mean a set of orbital
occupation numbers that can be 0,1 or 2. In general, each CFG generates a number
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of CSFs that differ by the specific spin coupling of the unpaired electrons in singly
occupied MOs (SOMOs). Here and in the following, we will use indices K and L for
perturbers. The matrix representation of the DCD-CAS(2) Hamiltonian in the CSF
basis is then simply given by

(@ H|®x) (P |H| D)

HYP = (0,|H|D,) — 3.2
K €FOIS
where the perturbers fulfill the eigenvalue equation
PFOISHDyaHPFOIS|éK> — EK|&)K> (33)

It is readily seen that this is simply the CASCI matrix dressed with a correction that ac-
counts for dynamic correlation to 2nd order, which explains the name for our method.
There is only a single F chosen as the ground-state CASCI energy, instead of many
I-dependent Ej as in QDPT. This makes intruder states less likely and imparts Her-
miticity to the proposed DCD-CAS(2) Hamiltonian. Note that this expression for the
effective Hamiltonian is formally identical to the (shifted) By method. The latter how-
ever uses simple CSFs as perturbers and expectation values of the full Hamiltonian
as Oth order energies (EN 0th order Hamiltonian). DCD-CAS(2) differs substantially
in this respect since it uses the Dyall Hamiltonian. As already mentioned in the in-
troduction of this thesis, the EN denominators have the well-known disadvantages
of destroying size consistency and unitary invariance on top of being computation-
ally expensive, since a subset of the integrals with four virtual labels is required to
compute them. It has also been pointed out by Malrieu et al.'* that the shifted By
is equivalent to the original GDPT Intermediate Hamiltonian, from which we derived
our working equation. The same expression for the effective Hamiltonian has also
been applied to reduced model spaces based on a CAS.'® While the present work was
in progress, a method with a very similar spirit that is also based on the IEH concept
was proposed for the calculation of magnetic exchange couplings.'*! The |® ) in Egs.
(3.2) and (3.3) are linear combinations of elementary CSFs obtained by diagonalizing
the Dyall Hamiltonian in the relevant excitation subspaces (see Section 3.1.3.1 below).
These are different from the elementary CSFs |® ) that correspond to specific CFGs,
which is why we use the tilde to distinguish them. Details on this aspect can be found
in the implementation section.

3.1.2. Perturbative correction for excitation energies

The DCD-CAS(2) Hamiltonian is a 2nd order approximation to an IEH that yields exact
(correlated) energies and the projection of the exact states onto the CASCI space for all
states where Ej, can be considered a suitable 0th order energy. Using the ground state
CASCI energy as I will, in most cases, lead to good results for the ground state, even
if the CASCI ground state may not be a good approximation for the projection of the
true ground state. For excited states with small excitation energies, one expects that
this £y will also be a reasonable 0th order energy. However, for higher excited states,
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the CASCI ground state energy is too low to be a reasonable Ej at 2nd order. Thus, the
higher the excitation energy of a given state, the more the method will underestimate
the effect of dynamic correlation, leading to DCD-CAS(2) excitation energies that are
too large. This behavior can be called a “bias toward the ground state” or “ground state
bias”. Assuming that one wants to describe a state for which a more reasonable main
model space energy is given by Ey + A, the geometric series

1 [e.9]

=> 2" forlx| <1 (3.4)
- n=0
can be used with x = A/(Ex — Ej) to obtain the state-specific dressing matrix

(111D, ) (B, |H|D, )

Hy PP (8) = -
K€eFOIS By = (EBy +A) (3.5)
iﬁn Z <CI)[|H|&)K> <(§K|H|CI)J>
- n+1 .
n= K €FOIS <EK - EO)

This series expansion converges if £y + A < Ej for all perturbers. Hence, one can
construct state-specific DCD-CAS(2) Hamiltonians from state-specific values of A by
truncating the series expansion in Eq. (3.5) after a few terms. The most straightforward
approach would be to diagonalize the effective Hamiltonians including these dressings
separately to obtain the respective states. Such an approach would however yield
states that are not orthonormal.

We therefore follow a different approach. We assume that there is an £ (the ground
state CASCI energy) that yields after the diagonalization of the DCD-CAS(2) Hamil-
tonian qualitatively correct projected states | ;) for all the targeted roots. If this is
true, one can correct the energies by taking the expectation value of the state-specific
dressings in Eq. (3.5). Using only the term that is 1st order in A; gives

\I/Hq) CI)H\I/
A=A Y (U1 |H|® ) (P | H| W)

(Ex — Eo) (3.6)

K €eFOIS

as the correction to the energy of the state | ;). We define the correction to the main
model space energy to be

Ap = (U [H|[T;) - Ey. 3.7)

This defines the bias-corrected DCD-CAS(2) method. Note that the condition Fy+A <
E is not necessarily fulfilled for high energy roots, which means that the bias correc-
tion can potentially re-introduce intruder states that were avoided by using the ground
state CASCI energy as Ej. In this case the state-specific nature of the correction en-
sures that lower states are not affected. We will show in Chapter 4 that bias correction
leads to significant improvements in the calculated excitation energies. The efficiency
of this 1st order approach (where the energy is linear in the shift) could have been an-
ticipated from the fact that the interpolation technique used in the shifted B; method
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3.1. DCD-CAS(2)

leads to essentially straight lines.* It is also important to note at this point that the bias
correction, in addition to providing better estimates of excitation energies (which was
our primary goal in developing it), also corrects the ground state energy. Especially
in cases where the ground state strongly mixes with excited states, the CASSCF Ej
is not a good approximation for the ground state itself and the bias correction might
become important.

3.1.3. Implementation

As will be shown in Section 3.5.3, the cost of a DCD-CAS(2) calculation increases
steeply with the size of the active space, which renders the method practical only
for rather small active spaces. In these cases, a CASCI-size matrix can be held in
memory entirely. We therefore do not resort to direct CI techniques like the Davidson
method** for diagonalization of the DCD-CAS(2) Hamiltonian, but instead construct
it explicitly and use simple linear algebra routines to diagonalize it. In the following
section we describe the construction of the DCD-CAS(2) effective Hamiltonian in our
implementation in the ORCA electronic structure program.'** There are two main
tasks in this context. The first is the diagonalization of the Dyall Hamiltonian to obtain
the perturbers of Eq. (3.3). Knowing the rotation matrices for the perturbers |® ) that
diagonalize the Dyall Hamiltonian, the calculation of the matrix elements (®,|H|® ),
which occur in the numerator of the DCD-CAS(2) Hamiltonian, essentially boils down
to the calculation of matrix elements (®,;| H|® ) involving only elementary perturber
CSFs. This is the second main task.

3.1.3.1. Diagonalization of the Dyall Hamiltonian

Using canonical orbitals, the Dyall Hamiltonian Eq. (2.71) is given by

HYM = C 4+ " eNi+ Y €Ny + Ha™, (3.8)

where N, = I, is the occupation number operator for orbital p. All CSFs are eigen-
functions of these occupation number operators, and hence they cannot induce mix-
ing between different CSFs. The Dyall Hamiltonian contains true (non-occupation-
number) excitation operators only for active orbital indices and therefore does not
mix perturbers from different S l(k) subspaces. This means that the Dyall Hamiltonian
is block diagonal and can be diagonalized within each Sl(k) block separately. Within

each Sl(k) block, the non-active part HEZ?:I + Hi)iftau + (' is a constant matrix and there-
fore does not need to be considered in the diagonalization. If for example orbitals 7, j
are depopulated and orbitals a, b are populated as compared to the reference CASCI
functions, the value of this constant is €, + €, — €, — €; + Fciosed. One therefore just
needs to diagonalize H2 within each of the Sl(k) spaces. At this point it is neces-
sary to think about the structure of the perturber CSFs. The different spin-adapted

CSFs belonging to the subspace Sl(k) can be expanded as a sum over antisymmetrized
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Table 3.1.: Conventional excitation class subspaces and their corre-
sponding non-active occupation patterns.

Excitation class subspaces Non-active occupation patterns

s9, (20]...|20), (11]..20), (20]..|11), (11]..]11)
St (21]...|20), (21...|11)

52 (22]..20), (22|..]11)

soy (20]...]10), (11/...]10)

51.(;%2) (20]...[00), (11]...|00)

Sy (21..10)

s (22]...|10)

g+ (21]...]00)

products
D) =D [P V), (3.9)
M

where {‘CI)D} is a complete set of non-active determinants belonging to the non-
active electron configuration /. There are 2" such functions for N non-active SOMOs
and 4 is a label to distinguish them. { |\I/ K, u>} is a set of active-orbital wavefunctions
that do not depend on the specific orbital indices in /, but only on the occupation
pattern. With non-active and active-orbital states, we mean states in which only non-
active or active orbitals have nonzero occupation numbers, respectively. See Appendix
A.6 for a proof of Eq. (3.9). In total there are 15 occupation patterns, as detailed in
Table 3.1. In this list, we show the occupation numbers of two inactive orbitals and of
two virtual orbitals, separated by |...|, which is a placeholder for the active occupation
numbers. All other inactive orbitals are doubly occupied, all other virtual orbitals
empty. With the structure of the perturbers given in Eq. (3.9), the matrix elements of
H, £¥a11 are clearly of the form

(Pl o™ @) = D (Wi, [HE" |0, (3.10)

I

One can see that the matrix elements do not depend on the specific orbital indices in
[, but only on the occupation pattern. In practice we therefore diagonalize H, Dyal only
once for each of the 15 occupation patterns. For each occupation pattern we construct
a prototype space of CSFs, which contains only two inactive and two virtual orbitals.

The rotation matrices C'x and active energies F%' obtained from diagonalization of

H2 in this prototype space are then valid for all subspaces S l(k),
() = Crecl®h), (3.11)
L
H™| @) = B @) (3.12)

and depend not on [, but only on the occupation pattern to which [ belongs.
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3.1.3.2. Calculation of Matrix Elements between reference CSFs and
perturbers

The task of calculating the matrix elements (®,|H|®,) can be simplified by using
the fact that (®,|H|P ) = (CDI]Vl(k)T@K) if |®x) belongs to the subspace Sl(k). Here
Vl(k) is one of the perturbation operators introduced in NEVPT2.''® The operator Vl(k)
is simply defined to consist of all terms of the Fock space Hamiltonian that result in a

function within the subspace S l(k) when acting on a function in the CASCI space. The
perturbation operators are given by (assuming 7 < j, a < b throughout)

Vzgoib = YijVab((ai|bg) Egi By + (aj|bi) Eqj Eyi), (3.13)
Vi = a > ((ailbt) Eoi By + (at|bi) Eat Eyi), (3.14)
t
VY = 7 S (ajlt)) By B + (ailt) Ewi By, (3.15)
t
Vo =y > (at|bw) By By, (3.16)
tu
VA =3 > (tilug) By By, (3.17)
tu
VO = 37 ((ailtw) EwiBo + (tilaw) By Eu) + hF Ea, (3.18)
tu
VY = atjuv) By Buy + Y W B, (3.19)
tuv t
v = > (tiluv)EyEuy + Y bl Ey (3.20)
tuv t

with h;ﬂ being defined in Eq. (2.75) and

q
g = oy — D _(tlta), (3.21)

t

1 if p#gq

3.22
1/2 otherwise (3.22)

%q:l_(qu/zz{

As can be seen from these equations, each perturbation operator can be written as
%(k) = V(1) +V(2), where V(1) and V' (2) contain only one-particle excitations (£,,)
and two-particle excitations (F,,E,;), respectively. The matrix elements of the two-
particle perturbation operators depend on the coupling coefficients (®; |E,, E,s |Px),
of which there is a large number. In order to circumvent having to store all double-
excitation coupling coefficients, we made use of a resolution of the identity (RI) tech-
nique in our original DCD-CAS(2) implementation.®® A similar approach was pro-
posed by Siegbahn for his direct CI method.'** We first construct all CFGs R that are
connected to at least one reference CFG and one perturber CFG by a single excita-
tion E,,. This defines an RI space. We then calculate the single excitation coupling
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coefficients o
(A;IR)IR = (D1 Epq| Pr) (3.23)

between all CSFs belonging to the CFGs I and R (and similarly for /K and R). One can
then write

(©|EpgErsl®i) = D D (®1|Ep|®r)(Prl Brs )

ReRI space R

- 3 (agany’),

RERI - space

(3.24)

In practice, all configurations I and K that are connected by a single excitation to a
certain RI configuration R are stored together with the excitations p — ¢ and r — s
that connect them. For the calculation of the Hamiltonian matrix elements, one then
loops over all R and within this loop calculates for each pair of connected I and K
the contribution given in Eq. (3.24) and multiplies by the corresponding integrals. It
should be noted that the RI space does not have to be complete for this procedure to be
exact. It is just necessary that it contains all CFGs that are connected by single excita-
tions to reference and perturber CFGs. To be more exact, this approach therefore does
not use a “resolution of the identity”, but a “resolution of a projector”. In the subspaces
considered here, this projector is equivalent to the identity. The coupling coefficient
matrices AP{’qR do not depend on the specific non-active occupation patterns. They
are therefore determined only once for the prototype perturber CFGs containing two
inactive and two virtual labels that we introduced for the diagonalization of the Dyall
Hamiltonian in the previous section. In the calculation of the perturbation contri-
bution, the actual orbital index is then only important in determining the integrals.
While a two-electron contribution exists for all perturbation operators, V(1) is zero

for the excitation spaces SZ b S, abl ), S 552) Sw . and S Only for the three remain-
ing types of perturber spaces there are one-electron exmtatlons. For these classes, the
coupling coefficient matrices A]],;]K (where p — ¢ is the excitation that connects the

two CFGs) are precomputed for all reference CFGs I and perturber CFGs K that are
connected to them by a single excitation. The one-electron parts of the matrix ele-
ments between functions belonging to such a pair of CFGs are then simply given by
AII);JR multiplied by some appropriate integral. The description given so far applies
to the implementation of DCD-CAS(2) as described in our initial publication of the
method.

Later we recognized that this is not the most efficient way to implement DCD-CAS(2).
The key observation for making a more efficient implementation is the following: For
the four (we leave out Sz'(%b since it is treated separately, see Section 3.1.3.3 below)
excitation classes that contain only doubly excited perturbers, the perturbation oper-
ators are

V) =" ((ailbw) By By, + (av]bi) Eay Ey;), (3.25)

i,ab
v
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Table 3.2.: Matrix elements between reference CFGs and perturber CFGs for the different
possible excitations.

Occupation pattern  Kind of perturber Matrix element (®;|H|®x)
21|..J11 it — ab (ia|tb)<q)[|EiaEtb|(I)K> + (ta|ib)<q)[|EtaEib|<I>K>
21]...|]20 it — aa (ialta)(Pr|EiqFra|Px)
11|..J]10 ij — ta (jalit)(®1|EjoEu|®K) + (ia|jt)(Pr|EiEj| Pk )
20|...|10 11— ta (za\zt) <‘I’[‘EWEZLL’(I)K>
22]..|11 tu — ab (ta|ub)(®r|Eta Bup| Pr) + (ualth)(Pr|EvaEuw|®K)
tt — ab (ta|tb) <@I’EmEtb’(I)K>
22...20 tu — aa (talua)(Pr|EiaFua|Px)
tt = aa (talta)(®r| By Era|Pk)
11}...]00 1] — tu (it|ju)<q>[|EitEju‘(I)K> + (iu]jt)(@ﬂEijt\(I)K)
1y — tt (it)jt)(Pr| By Ejt | Prc)
20|...|00 11— tu (z't|z'u) <®I‘EitEiu‘(I)K>
i — 1t L (it|it)(®r| By Ey| P k)
Viea) = Y (ailav) EoiBun, (3.26)
+1 e g
Vzga ) = Z((aﬂvz)EajEm- + (ailvj) Eg Ey;, (3.27)
Vit = > (ai|vi) Egi By, (3.28)
VP = (av]bw) Eay By, (3.29)
1
(=2) _ =
Vo o = 5 %:(avmw)E(wan, (3.30)
+2 0
V™ =" (ilw)) By Euy, (3.31)
(+2 _ 1 R
Vi, = 5 %(m!wz)EmEm. (3.32)

It can be seen that there are at most one or two terms in the perturbation operator
that contribute to a given matrix element (®;|H|®). This is because the CSFs |®)
have well-defined active occupation numbers and therefore only one of the terms in
the sums over active orbitals can contribute. This means that for not too large active
spaces, we can precalculate the double excitation coupling coefficients once (using the
prototype perturber spaces) and hold them in memory.

Table 3.2 shows the matrix elements for all different kinds of perturbers. Note that for
the cases where 2 occupation numbers change in the active space, one has to distin-
guish the cases where both active orbitals are identical or different. It is now easy to
see that redundant work was done in our original DCD-CAS(2) algorithm. Let |® )

for example be a perturber from the Sf;; ) space that is connected to the reference CSF
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|®;) by a double excitation it — ab. Then the RI space in our initial DCD-CAS(2) im-
plementation contains four RI CFGs, which are connected to the reference CFG by the
excitations? — a,? — b,t — a,and t — b. But this means that the same contributions
are calculated redundantly, since for example (®;|E;, Ep|Pr) = (®r|EwEia| Pr)-

The improved algorithm proceeds as follows for every occupation pattern: First one
loops over all prototype reference CFGs and perturber CFGs. If they are connected via
the Hamiltonian, the active orbitals ¢ (and u) are determined and the necessary two-
electron coupling coeflicients are calculated. We then loop over all possible nonactive
orbitals and all connected CFG pairs. For each such pair we multiply the coupling
coefficient matrices with the corresponding integral and add the results up to get the
matrix element (®;|H|®P ). Algorithm 1 shows this in more detail for the SZ(;; ) space.

Algorithm 1 Algorithm for computing perturbative corrections for the five excitation
classes with only pure double excitations. This scheme shows the procedure for the

example of the Sz(;bl ) perturber space.

1: # Build coupling coefficients for prototype configurations
2: for all reference CFGs [ do
3: for all perturber CFGs K do

4: if I and K are connected then
5: Determine and save active orbital ¢ that is involved in excitation
6: Retrieve coupling coeflicients from container
Multiply coupling coefficients to obtain (®;|E;, Ey|Pk) and
7:
(Or|EinEia|Pr)
8: end if
9: end for
10: end for

11: # Compute perturbative correction for all i, ab
12: for all inactive orbitals ¢ do

13: For all ¢ read integrals K" from disk

14: for all virtual pairs a < b do

15: for all reference CFGs I do

16: for all perturber CFGs K connected to / do

Multiply copies of double excitation coupling coefficient matrices

7 with integrals (¢blia) and (ta|ib)

18: Add contributions to (®;|H|P ) matrix for current i, ab

19: end for

20: end for

’1. From €;, €,, €, and active energies, calculate denominators for all
' perturber CSFs

22: Calculate perturbative correction for given ¢, a, b and add it to total

23: end for

24: end for
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3.1.3.3. Efficient treatment for :j — ab perturbers and the
difference-dedicated scheme

The SU . perturber functions have a special structure since they are connected to
reference functions by excitations involving only non-active indices. This allows to
carry out much of the calculation of the contribution to the DCD-CAS(2) Hamiltonian

analytically, rendering the computational treatment highly efficient. This is similar
to NEVPT2, where the contribution of the S}%b space to the correlation energy is the
same (and equal to the MP2 expression) for the uncontracted, partially contracted, and
strongly contracted variant.

We start by writing the DCD-CAS(2) Hamiltonian not in the basis of reference CSFs
|®), but instead in the basis of CASCI roots |¥;). For given orbitals 7, j, a, b, the per-
turber functions from the linear span of the functions E,; £, | V) and Ey, E,; |¥;) are
H2™ with eigenvalue E3 = (U;|H2Y™ | ;). All other perturbers

eigenfunctions of H. act

from S Z(] b Which are orthogonal to this linear span, obviously cannot interact through
the BO Hamiltonian with |U;). The contribution to the DCD-CAS(2) Hamiltonian due

to the 77 — ab class can therefore be written as

(| HPo HIV)

U HED DN,y = =5 , 3.33
Wil ) IJ;€a+€b_€z_€j+EC105ed+E?Ct_E0 (3:33)

a<b
where P o) is the projector on the subspace SZ . and we used that the non-active

1ab

part of the Dyall Hamiltonian contributes €, + €, — €; — €; + Eiosed to the 0th or-
der energy of a perturber. The numerator also occurs in the context of the strongly-
contracted NEVPT2 method and is known to be equal to the squared norm of the
strongly contracted perturbers.''® It has the value

(Ur|HPgo) H|Vr) = N = 477w (ib]ja)* — (iblja)(ial b) + (ialjb)’].  (3.34)

Inserting this into the formula above, we arrive at the equation

(3.35)

<\1/I|HE(£ @)y —5; Z 4%]7ab Zb|ja) (ib|ja)(ialjb) t(ia‘jb>2] |
€a + € — 6 — €& + EClosed + Eac E
a<b

Thus, while the matrix elements for this excitation class are the by far most numerous,
they are also easy to handle since not much logic is involved in their processing. We
also see that this excitation class only provides contributions to the diagonal elements
of the DCD-CAS(2) Hamiltonian (in the basis of CASCI roots). However, the contri-
bution is not independent of the specific diagonal element. If this was the case, the
entire spectrum would just shift by the same value and excitation energies would be
rigorously independent of the excitation class 7j — ab. This is the most important
idea underlying the difference-dedicated CI (DDCI) method*>**¢ in which this exci-
tation class is eliminated from the treatment. This reduces the computational burden
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significantly and also greatly reduces the size-consistency error, while having only
little effect on vertical excitation energies. We note however that this class of exci-
tations can be important for excitation energies at higher orders of the correlation
treatment. In the way we have chosen the 0th order Hamiltonian, a dependence on
the actual wavefunction |¥;) remains through the denominator. At this stage, it is
worthwhile to look back at the reason for choosing the CASSCF ground state energy
as the main model space energy, namely in order to avoid intruder-state problems and
non-Hermiticity of the Bloch effective Hamiltonian. Both these effects do not occur
for the ij — ab class even if the Bloch effective Hamiltonian is chosen, as long as the
energies of all CASCI roots are used as Oth order energies. In this case the contribution
has the form of the MP2 correlation energy,

. . 2 _ . . . . . . 2
<\IJ[|HMP2|\I]J> =0y, Z (bea) Zb‘]a) (Za’jb) + (Za’]b) )

( (3.36)
€+ € — € — €

ijab

This can be seen by removing the restrictions on the indices in the sum in Eq. (3.35)
and using the permutation symmetry of the two-electron integrals. The 75 — ab con-
tribution therefore amounts to just a constant shift of the spectrum of the Hamiltonian,
while having no effect on the eigenstates. In practice, the sums over indices are re-
stricted like in Eq. (3.35) to reduce computational effort. Since we are interested in a
good description of some low-lying excited states as well, it seems worthwhile to try
to use this form of the 75 — ab contribution instead of the one dictated by rigorously
following the DCD-CAS(2) Hamiltonian formalism. Since the resulting excitation en-
ergies and states would be the same as when leaving out the 77 — ab class completely,
this amounts to the definition of a “difference-dedicated effective Hamiltonian”. Note
that the correction in Eq. (3.36) may still be important if potential energy surfaces are
studied since it provides the largest contribution to the correlation energy. Therefore
it is always included in the current implementation. We will investigate the perfor-
mance of the difference-dedicated DCD-CAS(2) approach in Chapter 4.

3.1.3.4. RI-DCD-CAS(2)

For single-reference MP2, there exists the very successful resolution of the identity
MP2 (RI-MP2) approximation.'*’ It can significantly reduce the computational cost and
storage requirements compared to the canonical MP2 method, while keeping the same
formal scaling. Its basic idea is to decompose the 4-index ERIs into the contraction of 3-
index quantities. The nowadays most commonly used variant inserts an approximate
resolution of the identity in the Coulomb metric into the ERIs, i.e.

(ialjb) = > (ia| K)Vie} (L|jb), (3.37)
KL

where the | K') are one-electron basis functions that span the so-called auxiliary basis
set and

View = (KIL) = [ [ oo = vn(ra)ivds (338)
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is the overlap matrix between the auxiliary basis functions in the Coulomb metric.
This was originally called the “V approximation”.!*® In practice, the inverse matrix is
usually condensed into the auxiliary basis functions, e.g. symmetrically via

1K) =Y 1LV (3.39)
L
which leads to o
(ialjb) = > (ia K)(K|jb). (3.40)
K

This corresponds to a Lowdin symmetric orthonormalization of the auxiliary basis
functions in the Coulomb metric. In matrix notation, the contraction in Eq. (3.40) can
be written as

K = 10710 (3.41)
where 4 )
1) = (ia| K) (3.42)

are matrices containing the 3-index integrals and the exchange integral matrices
K% ~ (ialjb) (3.43)

contain the RI-approximated 4-index integrals. In these equations, superscript labels
are storage indices, while subscript labels are row and column indices of the matrices.
Along those lines, we implemented an RI version of DCD-CAS(2), which is particularly
suited for large systems where the storage of all 4-index integrals (ia|jb) would be
costly. It was inspired by the unpublished implementation of RI-NEVPT2 in ORCA. In
an RI calculation, the contraction in Eq. (3.41) scales as the 5th power of the number of
basis functions. Any redundancy in this step should therefore be avoided, especially
for the excitation classes with two virtual labels, which dominate the computational
cost. For these classes, we avoid reduncancy by always treating two excitation patterns
together: (20]...]20) with (20|...|11), (11]...|20) with (11|...]11), (21]...|]20) with (21]...]11) and
(22]...]20) with (22]...]11). For each set of inactive and/or active labels, we first contract
the corresponding integral matrices as shown in Eq. (3.41). Then we use the obtained
4-index integrals to calculate their contributions in both relevant occupation patterns.
As an example, the exchange integral matrix K for a given inactive orbital i can be
used to calculate contributions to the correlation energy for both the (20|...|20) and the
(20]...]11) occupation patterns.

3.1.4. Different variants of DCD-CAS(2) investigated in this
work

So far, we have introduced several different variants of DCD-CAS(2) that will be com-

pared in Chapter 4. We distinguish between the conventional scheme (DCD-CAS(2),

fully including all excitation classes) and the “difference-dedicated” scheme DD-DCD-
CAS(2) = D’°CD-CAS(2). In this scheme, the ij — ab class is left out of the treatment
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and only a correction is made to the total energy that is equal for all roots (Eq. (3.36)).
We also compare the performance of the bias correction scheme introduced in Section
3.1.2 with the uncorrected DCD-CAS(2) energies. The bias correction (up to nth or-
der) may be indicated by bc(n)-DCD-CAS(2) but we will leave out the parentheses for
the 1st order correction Eq. (3.6), which is our default choice. Hence, the difference-
dedicated variant with a 1st order bias correction would be given the acronym bc-
D?*CD-CAS(2). These acronyms were only established for the purpose of comparison
and were dropped once the most effective method was established.®

3.2. HQD-NEVPT2

It was already mentioned in the introduction that we observed problems in DCD-
CAS(2) that could be traced back to the use of a state-averaged Dyall Hamiltonian.
We will present these results later in Section 5.3. This brought us to the idea of using
multi-partitioning, which makes use of state-specific Oth order energies. In order to
keep the desirable property of a Hermitian effective Hamiltonian that is present in the
DCD-CAS(2) method, our aim was to formulate a form of multi-partitioning that leads
to a Hermitian effective Hamiltonian, which is the topic of this section.

Our new idea was that in analogy to Eq. (2.56) one can use multiple partitionings of
the Hamiltonian to express the relevant block of the operator G of the canonical Van
Vleck approach as

QGP == Ri(I)[Ho(I),G)|wP) (T, (3.44)

Note that this expression is exact. Using the relation '

1

[HD(I)vG} :_[VD([)>G]_VX(I) 3“VX(I)>G]>G]_v (3-45)

one can expand G in powers of the perturbation operators V(1) and compare both
sides of Eq. (3.44) order by order. This leads to the explicit expressions

QGYP =" R/(1)H|T) ()], (3.46)
I

QGPP =" R(I)Vp(I)R(D)H|W ) (3]

! (3.47)
= RN R, (N HWP V@DV (1)) (T ),
I1J
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QGO P =" Ry(I)Vp(I)Ry(I)Vp(I) Ry (1) H|T) (0]
I

=" RV (D) Ri(I)Rp (I H| W) (05 [V (1) @) (0]

NG
N "Ry Rp (1) (I Ry (I HW Y (W [V (1[0 (W]
I, I’
+ > R(I)Rp (I Rpn(I"YH ) (00 [V (1) [05)) (0 |V (1) [0 (0]
17[/7[//
1
—3 > R(DH| V) (V) [HRp (I Ry (1) H|W ) (0
I I’

——ZR, VR (I H OV (W | HR, (1) H W) (w7

I
——ZRI VR (I H| WY (WD [ H Ry (') H ) (0.
I

(3.48)
Similarly, higher orders can be obtained straightforwardly, although the explicit ex-
pressions in terms of the resolvent get quickly cumbersome. The canonical Van Vleck
effective Hamiltonian can be written order by order as

HTO-) — pHP, (3.49)

o) _ % PIH,GV)P, (3.50)

Fef3) — %P[H, GAP, (3.51)

Fefi4) — lP[H, G®p — 2_14]3[[[}]7 GW], W], GV P, (3.52)

These equations can be derived from Eq. (46) of Shavitt and Redmon ' by projection
with P from left and right. An important observation is that one can replace Vx in
these equations by H since PVx(Q) = PH(). The equations for the effective Hamilto-
nian are apparently independent of a particular Hamiltonian partitioning. They only
implicitly depend on the partitioning through the G . The analogy to Eq. (2.46) in
canonical Van Vleck perturbation theory is'*

1
Heﬂ(O—?) — PHP + §P[H’ G(l)]P (353)

Using the expression of G(!) in terms of the resolvent, Eq. (3.46), this effective Hamil-
tonian can be written

1 1
Hf -2 — pgp 4 §PHQG“)P — 5PG<1>QHP

1 0 0 1 0 0 (3.54)
= PHP + 21: PHR,(I)H|U Y (0| 4+ 5 2}: v N HR (1) HP
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and its matrix representation is

gm0 _ g L (U YR ) (Wi () [P
1J 2 E(O) E(O)(J)
O ) T ) Lo (3.55)
+1 Z (W [H| W (D) (Y (1)[H |V ;)
0 0 :
2% Ef” — EQ(I)

Like Eq. (2.50), this is simply the Hermitized version of the usual multi-partitioning
QDPT effective Hamiltonian based on intermediate normalization,

Hiey = 5 (Hon? + Has™"). 656)
Here, the label MP stands for multi-partitioning. We should note that many popular
quantum chemistry packages already implement Eq. (3.56) by performing an ad hoc
Hermitization of the non-Hermitian effective Hamiltonian even for methods based on
multi-partitioning. In contrast to such approaches, the multi-partitioning version of
canonical Van Vleck perturbation theory has been obtained here for the first time on a
sound theoretical basis, which endows the results with a clear physical meaning. For
completeness, we also write out the 3rd and 4th order in more detail, for which one
obtains

HO = LR, ()Y ()R, HIY)
S WO R R O ) e,
z
HO = WP H R (V) Ry (DY ()RS () H| )
_%<@go>|mj< ZRF VH|U W@V ()|
_% OO\ HR,(J ZRI’ YWV ()R (INH[EOY WOV () w0y
+ SR (T )2 Re(1) 2 Run (L) HIW ) Wi [V (3 V() 57)
_%<‘I’§O)|HRJ HZN’I’ 1/)|HRI’(I/)RJ(J>H|\IISO)>
— (WP ()) D)2 Re (I HIV ) W HR () YY) (358)
_é NHR,(J ZRI/ VH|OSOY (OO H Ry (1) H W)
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\HZRF VHUY (OO H Ry (I Ry () H B )

1
o (WP R H Y ) (W [H Ry (1) Ry () H| V)
Il
1
+ ﬂ@pg‘” \HR(I)Y " Rp(INH|WY V(O HR;(J)H9Y) + He.
I/

Here, H.c. stands for the Hermitian conjugate of all terms that are explicitly written
out. If the ]W@) are CASCI states and CASCI energies are used as Oth order energies
like for the Dyall Hamiltonian, the 1st order correction to the effective Hamiltonian

vanishes, (‘Ifg(,)) |V (J) ]\IISO)> = (. Then the resulting corrections to the effective Hamil-
tonian are given by the simplified expressions

e 1
H} = (WP HR (1)V ()R (D H|V) + He. (3.59)
. 1
Hyy " = SR (D (DR (DV ()R () HET)

1 /
(IR H Y ) W3 H R (1) By (1 HIET)

; VP |HR (] ZRF VHIU N\ HR, () H|W )
_% \HRJ ZRF Hy\pl, (U §9)\HR1/(I’)H\\IJEP)> 5:60)
214 p |HZR (Y HIY YOO HR (1) Ry () H W)
*112< NHR(DH Y [ WO HRy (I Ry (J) H|B D)
T
214< NHR(I) > Rp(INH|WE Y (W [HR,(J)H|WS) + Hee.
T

While we will focus on the 2nd order variant in the following, we might consider the
implementation of higher orders in future work.

Concerning the concrete implementation of the 2nd order version, we first assume
that the Hamiltonian can be written

H = H* = Hy(I) + V*(I), (3.61)

i.e. it is a spin-independent (scalar) operator, e.g. the nonrelativistic electronic Hamil-
tonian or the ZORA 1% or DKH 1152 scalar-relativistic Hamiltonian, and [ is a label
for the CASCI states. In this case, one can focus on the principal component (M = S)

51



3. Theory and implementation

of each CASCI spin multiplet and write the multi-partitioning canonical Van Vleck
effective Hamiltonian for total spin S as

WS H VR () (V5 ()| H]5°)
By = B ()

1
13 = (i sy + L3 fHe (362)
K

We propose to choose the multiple partitionings such that H([) are the 0th order
Hamiltonians of the state-specific strongly contracted or partially contracted NEVPT2.
Then Eq. (3.62) is precisely the Hermitized version of the usual QD-NEVPT2% effec-
tive Hamiltonian. In the results presented in this paper, we restrict ourselves to the
strongly contracted variant. It should be mentioned that, thanks to the simple relation
between the QD-NEVPT2 and HQD-NEVPT?2 effective Hamiltonians, HQD-NEVPT2
automatically inherits desirable properties like size consistency.

3.3. Incorporation of spin-dependent effects

We now consider a Hamiltonian that contains spin-independent (scalar) terms and
additional, possibly spin-dependent, terms that are combined in the operator V™",

H = g 4 y/pin, (3.63)

Examples are the operators introduced in Section 2.2.2. A straightforward application
of the DCD-CAS(2) formalism using this Hamiltonian leads to

(@FM|HPP|@F) =

<@§M’Hscal + vspinléK><&)K|Hscal + Vspin|q)§/M/>

<(I)§M|Hscal + Vspin‘q)ﬁ’M’) . Z

Frw — E
K €FOIS K 0

(3.64)
In contrast to the spin-independent case, now different total spins S and all their M
components have to be included in the model space because they can be mixed by the
perturbation. The lowest non-vanishing contributions that introduce dynamic cor-
relation arise at 2nd order of perturbation theory, while the 1st order contribution
vanishes since it simply leads to the CASCI matrix. This is in contrast to the spin-
dependent operators, which already make a nonzero contribution at 1st order. We
therefore choose to keep only the lowest-order term for each of the two effects (i.e.
neglect V"™ in the 2nd order correction to the effective Hamiltonian) and arrive at

(@FMHPPI T M) = bssdanr Hyy ™" 4 (@71 VPR|@FY), (3.65)

where H?JCD’S is the scalar DCD-CAS(2) effective Hamiltonian for a certain spin S; see
Eq. (3.2). Note that this expression also implies that state-specific Oth order energies
E, are used for different multiplicities. The form of this effective Hamiltonian is very
similar to QDPT (Eq. (2.78)) including all CASCI roots (called CI-SOC previously'*?),
but expressed in the basis of CSFs instead of the basis of CASCI roots and with the
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scalar DCD-CAS(2) effective Hamiltonian instead of the CASCI Hamiltonian. The ef-
fective Hamiltonian Eq. (3.65), just like Eq. (3.2), suffers from the ground state bias.
In practice, we therefore replace the scalar DCD Hamiltonian by a back-transformed
Hamiltonian of the form

HDCD,S,corr — CDCDE(CDCD)T, (366)

where CPP are the state coefficients obtained from diagonalizing the DCD-CAS(2)
Hamiltonian Eq. (3.2). E is a diagonal matrix containing the difference-dedicated
DCD-CAS(2) energies including 1st order bias correction for all roots over which
the CASSCEF is averaged, and containing the uncorrected difference-dedicated DCD-
CAS(2) energies for all remaining roots. The reason for this procedure is the possible
divergence of the bias correction expression for very high-energy roots of the CI space,
which can happen if the geometric series Eq. (3.4) used for the derivation of the bias
correction is outside its radius of convergence. The final form of the spin-dependent
DCD-CAS(2) effective Hamiltonian is®

(DM HPPL| BT MY = §g50pap Hpy D PO 4 (OFM[V5pin| oMy, (3.67)

In order to construct it, first the scalar DCD-CAS(2) problem is solved for each spin
S to construct the matrix HP®P»%<™ and then the matrix elements of the operators V'
are calculated in the basis of CSFs |®7M).

In a similar fashion, we consider the inclusion of spin-dependent effects into the Hamil-
tonian for HQD-NEVPT?2, i.e.

H = H* 4 V¥ = Hy(I) + V*<U(T) 4 VP, (3.68)

Like in the scalar version of the theory introduced in the previous Section 3.2, the state-
specific strongly contracted NEVPT2 0th order Hamiltonians are used as Hy(I). We
choose the same pragmatic approach as in the spin-dependent DCD-CAS(2) method:
VsPin s only kept to 1st order in the effective Hamiltonian, while the V*(T) are kept
to 1st and 2nd order in the effective Hamiltonian. This results in the effective Hamil-
tonian

(UPM T = Sssionnr Hiy ™ + (7Y VPR 050), (3.69)
It bears similarities with the 1st order QDPT (Eq. (2.78)) and spin-dependent DCD-
CAS(2) (Eq. (3.67)) methods and contains at the same time dynamic and static corre-
lation as well as spin-dependent effects.
The evaluation of the matrix elements of VP is identical for HQD-NEVPT2 and the
spin-dependent DCD-CAS(2) method and will be described below.

3.4. Evaluation of matrix elements of
spin-dependent operators

In this section, we discuss how to calculate matrix elements of the spin-dependent op-
erators between CSFs belonging to a CAS. We will make use of spin-tensor properties
and the Wigner-Eckart theorem®® throughout.
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3.4.1. One-electron operators

An arbitrary one-electron operator A in Fock space can be written as a sum of singlet
and triplet components (see Appendix A.1 for a simple proof of this fact)

A= Ag+ Ar, (3.70)
Ap= Y Af(m), (3.71)
m=0,%1

with the singlet part having the form

As = apEp (3.72)
pq

and the m-component of the triplet part having the form

A(Tm)(m’) = Z apq(m’)slgzn). (3.73)
pq

E,, was defined in Eq. (2.1) and the three operators
SI()ZI) = Z s{m) G;anr (3.74)
or=a,B

are the three components of the triplet single-excitation operator. More explicitly,
they are given by

1
S — _Eagaaqﬁ, (3.75)
1
SZ(BI) = §(a;aaqa - a:ﬁaqg), (3.76)
1
sC = —gf (3.77)

Pq V2 pplaa-
By employing the Wigner-Eckart theorem, the matrix elements of the singlet part are

(DTM]Ag|®FM) = Gs50aar (O] As|®55) = GssOnarr Y apg(®F|Epg|©57)
prq
(3.78)

and the matrix elements of the triplet part are
SM S'M
(77 [Ar|07 ™) =

3 @M AT (myes M)y = (J\b;[/ ;E)E@S'(m)- (3.79)

m=0,%1 m=0,£1

Note that the label m for the reduced matrix element (RME) Y;%¥ (m) corresponds
to m’ in Eq. (3.73); i.e. it is a label for the spatial operator with respect to which the
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3.4. Evaluation of matrix elements of spin-dependent operators

RME is defined. In earlier work dealing exclusively with SOC,*** the spatial operator
multiplying s was the —m-component of a vector operator (see Eq (3.85) below)
because the total SOC operator is a scalar. In that case, the label —m was used for the
RMEs and hence what we denote here as Y;>%' (m) was previously called Y55 (—m).
We have changed the notation in order to be able to treat the general case, where
operators (e.g. the components of the magnetic hyperfine field) are not necessarily
scalar, and therefore the spatial operators are labeled by the m of the spin operator
which they multiply; see Egs. (3.71) and (3.73). From the selection rules of the Clebsch-
Gordan coeflicients (CGC) in Eq. (3.79) one knows that the matrix element of a triplet
operator can only be nonzero if AS = 0,+1 and AM = 0,£1. This means that
only RMEs of the form Y35 (m), Y~ (m) and Y,>°" (m) (with m = —1,0, 1) need
to be calculated. Furthermore, we only consider Hermitian operators in this work,
which means that we can restrict ourselves to the calculation of the upper triangle of
the matrix (®7M| A7 |03 ™M), Using Eq. (3.79) for a matrix element between principal
component states (with A/ = S) and inserting explicit expressions for the CGC as a
function of S (see Appendix A.2), the RMEs are given by the expressions

S5+ 1 ,
VEC L g5 A0 () )

S5TT) (3.80)
S - Z ipg(m (I)SS‘QS |95°),

Vi (m') =

Yy (m') = <<1>SS|A<+”< >|<1>S T
— \/_Zapq (IDSS]s @51ty

25 +3 -
Vi) =\ S (@ 1A (m)] @5

(3.82)
1 25 +3 Y = S+1.5+1
= 5\ 2a a1 2 )@ Is(p) @57,
pq

Since we know that matrix elements are evaluated between CAS CSFs, the expressions
for matrix elements obtained so far can be simplified further, based on the difference
of occupation numbers. If the two CFGs differ by two or more excitations, the matrix
element will be 0. If they differ by one excitation, then the RME will be equal to a
single integral times a coupling coefficient. If the two CFGs are identical, there will
remain a single sum over orbitals including diagonal elements of the integrals. For
triplet operators we can in this case exclude inactive orbitals from the sum, since

(3.81)

s eSMy = . (3.83)
The general methodology presented so far can be used to calculate matrix elements

of arbitrary one-electron operators. All one has to do is specify the operator via the
integrals a,, and a,,(m’) of Egs. (3.72) and (3.73), which we will do in the following for

55



3. Theory and implementation

the one-electron operators considered in this work. We can write the SOMF operator

in Fock space as
m . pq

Hence, in this case we identify
(pg(m) = (—1)m2m™). (3.85)

The Fock space version of the [ component (I = x, y, z) of the hyperfine field operator
at position R 4 is

!
Bige(Ra) =
2 i ge 8m k) (k
o | =275 | Bw Zw (Ra)tg(Ra)s ZZV% s |
Pq A ) g k=1 pq
(3.86)
where 1), is the pth MO and
(1),.(k) 2
3r;aTiA — Ot
VIR = (p| A4 2q) (3.87)

TiA

are electric field gradient integrals. For the FC operators, the integrals needed for
evaluation of Egs. (3.80)—(3.82) are

Gpa(+1) = —%WRA)%(RA), (3.58)
pg(~1) = %@b;(RA)wq(RA) (3.89)

for the operator ) ¥ (R4)v, (Ra)sbe.
Pq

/[: *
apg(+1) = ap(—1) = E¢p<RA)wq(RA) (3.90)
for the operator ) | @b;(RA)@/}q(RA)Sg{]) and
P
apg(0) = 1, (Ra)1hg(Ra) (3.91)
for the operator Z Vi (Ra)t (R A)qu , with all other a,,(m) being zero. For the SD

operator Z > Vplk)sgfl one obtains
=1 pg

apg(+1) = (_V;;(éx) + Z.‘/p((;y))7 (3.92)

G-
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a1y (0) = V12, (3.93)
lx sy (1
(V) gy Wy (3.94)

apg(—1) E

These integrals can be inserted into general functions to calculate matrix elements
according to Egs. (3.80) to (3.82) and (3.79). SOC is however a special case since no
matrix element has to be calculated in the case that two CFGs are equal. This is because
the diagonal integrals z}(,;m) are Hermitian and purely imaginary and hence 0. For the
spin Zeeman operator (which is a triplet operator) we also do not use this general
machinery, since the action of the total spin operator only depends on the quantum

numbers S and M, and not on any other details of the CSFs.

3.4.2. The spin-spin coupling operator

An arbitrary two-electron operator can, in analogy to Eq. (3.70), be written as a sum
of singlet, triplet, and quintet spin tensor components. We will however not discuss
this most general case, since we are only interested in the SSC operator Eq. (2.10),
which is a pure quintet operator (vide infra). The SSC operator (which is a scalar) can
be expressed as the dot product of two Cartesian tensors,

Hsse = Z Zd(kl ; 'l (3.95)

k=1 i<j

where the Cartesian components of the two-electron electric field gradient operator

are given by

40D — _gea 37“%2)7’52 (5le12

12 — 5
4 799

(3.96)

Here the prefactor is included for convenience. Note that this is a traceless symmetric
tensor, which means it only has a rank 2 (and no rank 1 or rank 0) part. > Replacing the
Cartesian tensor components by spherical ones, the SSC operator assumes the form

Hse= Y (=)™ d;™si, (3.97)

m=0,4+1,+2 i<j

where 5™ are the five quintet operators acting on the four-dimensional space of two
coupled spin-1/2 systems. They are discussed in more detail in Appendix A.3. The
Fock space version of the SSC operator can then be written

Hsse = Z HS(;?:)(m), (3.98)
m=0,+1,42
HS(;nC)< Z dpqrs pqrs (399)
pqgrs
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Here the two-electron electric field gradient integrals in physicists’ notation® are

di) = (pgldiy™ |rs). (3.100)

In this work, we use the RI approximation for these integrals.'® The components of
the quintet double excitation operator are given by

S(m) = Z <0'7—|S m)|A/f> CL Qg Qrp ) - (3101)

pqrs po qT
OTAK

More explicitly, they are

1

+2 +) o(+
SG) = QSI(W) s, (3.102)
SiEY = —5s s sth) 4 (D s, (3.103)

1 1

0 z z)
S]Sq?‘s - 2\/— 48]()1” Sgs T 5(17“Ep8+ Q(E E 481(95) 1(17’)) ) (3104)

— 1 z z
Sl = 5l st2sl )+ s sl (3.105)
g2 _ Lo (3.106)

pqrs 2 pr qs

Using Eq. (3.98) we can, like we did above, express matrix elements via the Wigner-
Eckart theorem,

! ! S/ 2 S !
(®7M|Hgse|@5 ™M) = Ozil ﬂ( Mom | M )X}gf (m). (3.107)

After using the selection rules AS = 0,4+1,+2 and AM = 0,+1, 42 there are five
kinds of SSC RMEs that need to be calculated. Similarly to the one-electron case, they
can be expressed in terms of principal components (using the CGCs in Appendix A.2)

X () = \/ B VETED) a5 m)[039)

5(25 —1)

(=)™ (S+1 )(2S + 3) s5|g S5
= 2 25 . 1 deqrs CI) | pqrs|q> >

pqrs

1
X5 ) = \/S u TOPIAL )5

(3.109)
/ S + 1 SS D HS—1,5-1
Z dpqrs (I) |S;z(;;;rs |CI) >

pqrs

S,5— 2 5—2,5—
X572 m!) = <¢>§S\H§§8<m'>\<b] 2572

(_1)7" —m/
= D (@ISR e

(3.108)

(3.110)

pgrs
pgrs
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7 , (S+2)(25+3) 1, 7
X757 m') = \/ Sae ) Hsse (mhl e

(3.111)

2 S(2S+1 pars
25 +5 )
X7 m') = | S (@ [Hs ()| @757
(

. (3.112)
—1) [25 +5 ) 1SS | @(—2) |, S+2,5+2
2 29 +1 Zdz()qrs )<(I)I |Spq7‘s |(I)J >
pqrs

In order to achieve an efficient implementation, these equations can be further sim-
plified based on a knowledge of the occupation number differences of states / and J,
and by using special properties of the quintet double excitation operators. Here we
follow the discussion of Gilka et al.™®” Two essential ingredients of their derivation are
what they call “selection rules” and a “permutational relation”. While they introduce
them on the level of matrix elements, we prefer to discuss them on the level of the
quintet double excitation operators. The permutational relation then corresponds to
the statement that

(=Y \/(s+2 )(25 + 3) deqm (@35 SC D[S S H)y

Sim = —8im) = —glm) = glm) (3.113)
from which it trivially follows that
Slm =5 =0, (3.114)

which is our analogue of the selection rules. Our proof of the permutational relation
Eq. (3.113) is given in Appendix A.3. Using Eqgs. (3.113) and (3.114), we arrive at

> dlm N @M S |0 MY = 2) " [dir) — b (@7M S |95 M) (3.115)

papq pqqp papq
pqrs p<q

if I and J have identical occupation numbers,

> Gl (@FMSIm|BTM) = 2 Z ) dm @M 1B M) (3.116)
pqrs
(p#tvu)

if they differ by a single excitation ¢ — « (we use active orbital labels since CSFs from
a CAS have identical occupation numbers in the inactive and virtual orbital spaces)
and

S AN @M S | D5 M) = 2[dpen, — i (@FM[Si, |5 M) (3.117)

'pqrs pqrs tuvw tuwv tuvw
pqrs

if they differ by a double excitation tu — vw (with ¢t # u, v # w). Furthermore, it was
pointed out by Gilka et al. that closed shells do not contribute,” which means that
orbitals p and ¢ in Egs. (3.115) and (3.116) that are doubly occupied in both bra and ket
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can be removed from the summations. This is because the operators S}%)T and S,(z;)q

produce 0 when they act on a wavefunction in which orbital r is doubly occupied.
Our own proof of this fact is presented in Appendix A.4. To stay in line with the
implementation of SSC within the MRCI/QDPT framework in ORCA, *® only matrix
elements of the SSC operator between states of the same multiplicity are considered
in the following.

3.5. Formal properties of the methods

3.5.1. Lack of size consistency of DCD-CAS(2)

Size consistency is a desirable property for any quantum-chemical method. There is
some ambiguity in this term and it is sometimes used interchangeably with the term
size extensivity.>!®© We understand size consistency as the exact additivity of the
energy of two noninteracting systems A and B. Size consistency is often related to
multiplicative separability of the wavefunction. ¢!
Unfortunately, the DCD-CAS(2) method is not strictly size-consistent. To understand
why, it is important to understand the reason for size consistency of the CASSCF
method. We assume that all orbitals of the supersystem AB of the two noninteracting
systems are localized on either of the fragments, which can always be chosen like this
when using a one-electron basis set consisting of atom-centered functions. Under this
condition, one can show that the Fock space BO Hamiltonian H“” is just the sum of
the corresponding operators H“ and H of the isolated systems.* The same is true for
the Dyall Hamiltonian.®' The reason is that a one- or two-electron integral can only
be nonzero if all involved orbitals are located on the same subsystem. We assume
additionally that a CASSCF calculation on the supersystem yields inactive, active and
virtual orbital spaces that are the combinations of the corresponding orbital spaces of
the fragments.
The fragment Hamiltonians H* and H? clearly conserve the local electron numbers
N , and Ny, since they do not contain excitations between orbitals located on differ-
ent fragments. The same is therefore also true for their sum H“Z. This means that
the total Hamiltonian H“? is block diagonal in the supersystem CASCI space, with
different blocks corresponding to different distributions of electrons over the two sub-
systems. The block belonging to a certain choice of electron numbers N, and N has
the matrix form

H*? =HA® 1% +14 @ H?, (3.118)

which leads to the eigenstates of H4” being given as antisymmetrized products (ten-
sor products) of the eigenstates of H* and H” (multiplicative separability) and the
corresponding eigenenergies being the sum of the fragment energies (additive sepa-
rability).?*%! This concludes the proof of size consistency of CASSCF under the stated
assumptions. Ideally, the DCD-CAS(2) Hamiltonian should share this property, such
that HPCD-AB _ [IDCDA o 1B | 14  FPCD.B (3.119)
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The 0th and 1st order contribution to the DCD-CAS(2) Hamiltonian is just the CASCI
matrix, which is separable as we have just shown. Therefore we would only have to
show that the 2nd order dynamic correlation contribution alone is separable for Eq.
(3.119) to be true. For the supersystem AB, we only need to consider perturbers that
preserve the electron numbers in the two subsystems, since the total Hamiltonian con-
serves these numbers. Also, since the total Hamiltonian is additive, it cannot connect
perturbers that involve excitations on both subsystems. More explicitly, one has
(7 OF|HAP|DR L) = (07 [HA D) (DF|DF) + (07D ) (DT |HT| D) = 0.
=0 =0

(3.120)
Therefore, the most general perturber function that can make a non-vanishing con-
tribution can be written in tensor product form as |®£F) = |®4) @ |UF) or |®4F) =
[T @ |®F), where |¥4) and [UF) are eigenfunctions of the CASCI Hamiltonians of
subsystems A and B with eigenenergies EA © and EB © . Using the additivity of the
Dyall Hamiltonian, HPYabAB — fybyallA o fybyallB gne obtains

HPAR &1 o WP = (B + 7O |6 ) o [0F),
HPMA8 [ | 6F) = (B0 + BF ) o) @ |8F).
Thus, these perturbers indeed diagonalize the supersystem Dyall Hamiltonian. By
choosing the main model space 0th order energy to be additive, E4'2 = EZ + EF (e.g.
by choosing CASCI ground state energies), the 2nd order dressing for the complete
system in the basis of tensor product CASCI roots (for those we use compound labels

IJ and M N, the first index referring to a CASCI root of subsystem A and the second
index to a root of subsystem B) is given by

DCD,AB(2) _ <\D?\Ij§|HAB"i)}4;§> <<I>AB]HAB]\I!A \IIB>
H
LJMN E

(3.121)

5 EM® + EE - B§ — Ef
> (W wh| HAR &% ) (S5 A w w )
+
— EA+EPO _pa_ gB

<\1/BrHB|<I>B> (SRIHPIOR) - (WAL ) (S| HA )

=2 -
= — Ef + EE — Ep

w Ep-E;+E]O - EP
(3.122)

On the other hand, to give a separable dynamic correlation correction, we would need
to have (see Eq. (3.119))

H?Jc,zl?j?fB@) _ H?CDA Sin + HDCDA St
> (w3 <<1>¢;|HA|%> (w208 ) (B8 |HE|wE )
= JN T IM-
K Ef— B K Ef — Ep
(3.123)
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We see that the DCD-CAS(2) Hamiltonian is not size-consistent because in general
(unless the CASCI space is degenerate) we have E; 5.0 —EB #0and E?’(O) —E}4£0
for arbitrary [ and J. If Ej is chosen to be the ground state CASSCF energy, the
denominators are then too large in the composite system due to the non-vanishing
terms, leading to a dynamic correlation correction that is underestimated compared
to the two individual systems. For the difference-dedicated scheme introduced before,
we note that the 7§ — ab contribution to the dressing matrix is exactly separable for
all cases, which is clear since MP2 gives separable energies.

One special case that is of interest is that of a closed-shell system A and an open-shell
system B, i.e. all active orbitals of the supersystem are located on B. We derived
above that only locally excited perturbers can make a non-vanishing contribution to
the effective Hamiltonian. Since only fragment B has active orbitals, all excitation
classes except ij — ab (where there are no active orbitals involved in the definition of
the perturbers) can only contain contributions of perturbers that consist of the ground
state on fragment A and a perturber on fragment B, i.e. |\I/64<i>§>. The 2nd order
dressing contribution due to these excitation classes is therefore

FJOCD.AB() _ -3 (V7| Hp|PF) (PR|HB|VR) _ HPSPBO)

JN EB _ ED (3.124)

K

Since the CASCI space on fragment A is one-dimensional, we dropped the superflu-
ous index for fragment A, which is why the dressing matrix on the left side of Eq.
(3.124) has only two indices in contrast to the four indices in Eq. (3.122). This shows
that for this special case (two noninteracting fragments of which one is closed-shell),
all excitation classes except ij — ab are exactly separable. Together with the sepa-
rability of the 75 — ab contribution in the difference-dedicated scheme, this means
that difference-dedicated DCD-CAS(2) is exactly separable for the case of a closed-
shell fragment far apart from another fragment with active orbitals. This is the very
important property of core separability.”* It means that the results will for example
not deteriorate when treating metal complexes with large molecular ligands contain-
ing many atoms. For the non-difference-dedicated scheme, there will however be a
size-consistency error that comes from the 77 — ab excitation class.

Another interesting observation arises under the assumption that the ground state
DCD-CAS(2) solutions for both the subsystems and the supersystem are identical to
the CASCI ground states, i.e. there is no state mixing. Then the 2nd-order contribution
to the energy is given by

pPCDAB(2) _ yDCD,AB(2)

0 00,00
-y TGN | WA EI)
- Ef —Ef - - B}

_ E(I])CD,A(Q) _'_E(]))CD,B(Q)'

Here we assumed that the ground state CASCI energies are chosen as F for the DCD-
CAS(2) procedure. In reality, the assumption will never be exactly fulfilled except in
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special cases. However, it shows that if state mixing effects in the ground state are
weak, the DCD-CAS(2) energies can be expected to be approximately size-consistent.
It is also clear that for higher excited states the size-consistency errors will be larger
than for lower excited states. The numerical investigations (vide infra) reveal that
size-consistency errors are also reduced by the bias-correction scheme. Furthermore,
bc-D?*CD-CAS(2) results will be shown to be often very close to the results of NEVPT2,
which is exactly size-consistent.

3.5.2. Orbital invariance and preservation of orbital
degeneracy of DCD-CAS(2)

3.5.2.1. Orbital invariance

The discussions of the invariance under orbital rotations and of the preservation of
orbital degeneracies both profit from a formulation in terms of operator equations in-
stead of matrix representations in a certain many-electron basis set. The DCD-CAS(2)
effective Hamiltonian in basis-independent form is given by (compare with Eq. (2.70))

H®—pP\H-HY —=_H|P 3.126
> E | P (3.126)
Ex
where i i
Pe= Y |0x)(Px| (3.127)
K with Ex

and ) )

Pros H™ Pros| 1) = Ere| k). (3.128)

The CASCI space itself is clearly invariant under rotations among the inactive, active,
and virtual orbitals, respectively, because any determinant expressed in terms of ro-
tated orbitals can be written as a linear combination of determinants formed from the
original orbitals. This is possible since the space is spanned by all determinants that
result from the distribution of the active electrons over the active orbitals, i.e. it is an
active-orbital full CI space. The same is also true for spin-adapted CSFs instead of de-
terminants. This argument can be extended to the space of perturbers: For any given
non-active orbital occupation /, the perturbers again constitute a CAS space (denoted
as Sl(k) in the nomenclature introduced in Section 2.5.4) that is invariant under orbital
rotations. Since the reference space and the perturber spaces are invariant, the same
is true for the projectors P and Pros. The Hamiltonians H and H™?! are invariant
since they both contain full contractions of all three sets of orbital indices.'* This
means that the operator Ppois HPY¥! Pyops is invariant and so are its eigenvalues E
as well as its eigenspaces and the corresponding projectors Pyx. This shows that the
whole HPP, as defined by the basis-independent operator equation Eq. (3.126) is con-
structed from operators that are invariant under orbital rotations. Its eigenfunctions
and eigenenergies, i.e. the DCD-CAS(2) solutions, which fulfill

HDCD@H = E1|‘i’1>a (3.129)
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are therefore also independent of the choice of orbitals.
In analogy to Eq. (3.126), we can also write the state-specific dressing matrices defined
in Eq. (3.5) in a basis-independent form given by

o P,
PP (A) = _ZNPHZ WHP. (3.130)
n=0 Ex

The bias-corrected energies, which are defined via expectation values of (truncated
forms of) this operator in the invariant states | ), are therefore also invariant under
orbital rotations in the three subspaces.

3.5.2.2. Preservation of orbital degeneracy

For the discussion of orbital degeneracies, i.e. degeneracies between states that are
due to spatial symmetry, one can profit from the basis-independent operator equa-
tions introduced in the previous section. We assume that the set of active orbitals
is closed under the action of any symmetry operator, i.e. all components of orbitals
that transform according to some multidimensional irreducible representation are in-
cluded. This means that also the CASCI space is closed under the action of any sym-
metry operator. It can easily be shown that the orthogonal projector on a subspace
of states that transform irreducibly among each other is a totally symmetric operator,
i.e. it commutes with any symmetry operator. This means that the projector P on the
CASCI space, and therefore also the CASCI Hamiltonian PH P, are totally symmetric
operators. Then the CASCI solutions transform according to irreducible representa-
tions of the molecular point group. If these representations are multidimensional, this
leads to the occurrence of orbital degeneracy.

This discussion is straightforwardly extended to DCD-CAS(2). Like the CASCI space,
also the FOIS is closed under symmetry operators and therefore the projector Froys is
a totally symmetric operator. Then Pros HPY! Pros is totally symmetric and its eigen-
functions, the perturbers |® ) transform irreducibly. This in turn means that the pro-
jectors Py are totally symmetric, which shows that both the DCD-CAS(2) Hamiltonian
Eq. (3.126) and the state-specific operators Eq. (3.130) defining the bias correction are
totally symmetric. The DCD-CAS(2) eigenfunctions ]\il 1) therefore form irreducible
representations. Furthermore, the shift A; and therefore also the dressing matrices
Eq. (3.130) are identical for eigenfunctions |¥;) that belong to the same irreducible
representation. This is because the expectation value of a totally symmetric opera-
tor for states that transform as different components of the same multidimensional
irreducible representation are identical. This finally shows that orbital degeneracy is
preserved not only for the uncorrected DCD-CAS(2) but also after bias correction.

3.5.3. Computational cost of DCD-CAS(2)

Before coming to numerical results, we briefly discuss the kind of systems that are
tractable by DCD-CAS(2). Since the method uses an uncontracted perturber space

64



3.5. Formal properties of the methods

and has an asymptotic computational cost that grows approximately as the 3rd power
with the size of the CASCI space, it is obviously not suited for extremely large active
spaces. With the current implementation, systems with up to about 600 to 800 ba-
sis functions can be routinely handled for small to medium-sized active spaces. We
note here that also other multistate MRPT methods like XMS-CASPT2 with the MS-
MR contraction scheme have a cubic scaling with respect to the number of states.'®®
However, for these methods the scaling does not have any drastic consequences since
usually only a few roots are included into the model space, while DCD-CAS(2) uses
the whole CASCI space as model space. Since the 77 — ab class can be handled very
efficiently as shown in Section 3.1.3.3, the most expensive class for systems that are
currently tractable is ¢ — ab with a (21]|..]11) occupation pattern. In the following we
assume determinants instead of CSFs for simplicity, which is justified since the use of
CSFs only reduces the prefactor, but not the exponent of the scaling of the computa-
tional cost with respect to system size. Then the number of perturbers in this class
is proportional to /V, g’e‘tlb X Nipact X N2, where N, ;gb is the number of determinants
with one hole in orbital 7 and two electrons in orbitals a and b. Therefore, the compu-
tational cost for construction of the (®;|H|®x) matrix elements scales quadratically
with the number of virtual orbitals. Since the rotation from the |® ) to the |® ) basis
is done separately for each choice of 7, a and b, the total cost for this transformation
is proportional to Nge X (N, é’e(tlb)2 X Ninact X N2, where Ny is the number of refer-
ence determinants. It again scales quadratically with respect to the number of virtual
orbitals, but dominates the cost due to the larger prefactor for medium-sized systems.
Eventually, for large enough systems, the computational cost will be dominated by the
transformation of ERIs from the atomic orbital (AO) to the MO basis, which scales as
the 5th power of the number of basis functions. However, this step also occurs in the
NEVPT2 or CASPT2 methods. Hence, in the limit of a small active space and a large
molecule, the costs of NEVPT2 and DCD-CAS(2) are comparable. If this is the case,
the computational cost related to the integral transformation can be reduced by using
the RI version of DCD-CAS(2) that was introduced in Section 3.1.3.4. In practice, this
limit has not been observed, and for accessible system sizes the computational cost is
usually dominated by parts of the algorithm other than the integral transformation.

3.5.4. Model space non-invariance
3.5.4.1. Multi-partitioning and model space invariance

Granovsky’* introduced the requirement that the effective Hamiltonian of a multi-
state perturbation theory method should be a function of the model space, rather than
a function of any particular choice of basis in this subspace, like the CASSCF roots.
In other words, the effective Hamiltonian should be invariant under unitary transfor-
mations of the reference functions. We call this property model space invariance. The
definitions given above are somewhat vague, since the CASSCF roots, which are the
usual “particular choice” of basis in the model space, are by themselves a function of
the complete subspace only (obtained by diagonalizing the Hamiltonian in this sub-
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space). The only exception to this statement is the occurrence of degenerate CASSCF
roots. An alternative definition of non-invariance could be that the 0th order Hamil-
tonian, as a function of the model space states, must have the same functional form
for any basis of the model space. In our opinion the issue boils down to the follow-
ing: Assuming that at the CASCI level two electronic states are exactly degenerate,
these states can be arbitrary linear combinations of a given set of many-electron basis
functions in the degenerate subspace. The results of a MRPT should then preferably
be invariant under unitary transformations within this degenerate set because oth-
erwise they are not well-defined. This invariance property is actually also important
in situations of near-degeneracy of the CASCI solutions (for example around coni-
cal intersections or in the vicinity of avoided crossings), even though a non-invariant
MRPT is also well-defined in this case. Consider for example a conical intersection.
The electronic energies for a small degeneracy-breaking displacement from a nuclear
geometry where two states are degenerate can be obtained by considering the dis-
placement as a perturbation and performing 1st order degenerate perturbation theory
(DPT1). This amounts to the diagonalization of the displaced electronic Hamiltonian
in the basis of the degenerate electronic states, leading to two solutions that have the
characteristic double cone topology. Focusing for example on the upper sheet of the
potential energy surface (PES), it is now possible, by properly choosing the direction
of the displacement within the so-called g-h plane'®* (the two-dimensional subspace
in which the degeneracy is broken), to obtain any arbitrary linear combination of the
two degenerate electronic states as an eigenstate. This follows from the discussion
of the geometric phase effect by Mead and Truhlar.'®® But since the result of a non-
invariant MRPT is not independent of the actual linear combination and is continuous
with respect to nuclear displacements, the energy can show unphysical artifacts (while
ideally it should remain constant) when travelling along a small loop around the point
of degeneracy in nuclear space. The usual QDPTs with a single H;, can be considered
as special cases of the intermediate normalization and canonical Van Vleck variants
of multi-partitioning perturbation theory described above, by defining

Hy(I) = Hy (3.131)

for all Oth order states /. Multi-partitioning therefore provides a unified framework
in which many of the most popular multistate MRPTs can be discussed. We are now
interested in what is needed for a theory to be invariant and investigate why some es-
tablished theories do not have this property. In the following discussion we stick to the
intermediate normalization formalism, since the canonical Van Vleck version does not
add any new aspects regarding non-invariance, and to the 2nd order of perturbation
theory; see the expression for H°¥°~2) in Eq. (2.59). All terms in the resolvent in Eq.
(2.57) that correspond to a nondegenerate 0th order CASCI state are well-defined. Let
us concentrate on a partial sum of terms that belong to a degenerate level. Defining
two different bases of the degenerate space (distinguished by primed and unprimed
indices) that are connected via a unitary transformation,

o)y = > 9O, (3.132)

Jé€deg
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it is necessary for uniqueness of the MRPT procedure that

S Rp(HIDWED | = Y | Y U Re(1U,, | HIE) (0D

I'€deg IJedeg | I’Edeg (3133)
=" Ri(DH|TY) (T,
I€deg
which is fulfilled if
> UnrRp(INU},, = 615 Ri(1). (3.134)
I’ €deg

Note that the unitary matrix introduced here is unrelated to the unitary decoupling op-
erator of canonical Van Vleck perturbation theory, for which the same symbol U was
used. Eq. (3.134) is true if the 0th order Hamiltonians Hy (/) for all ] in the degenerate
space are identical, which can for example be achieved by constructing it with state-
averaged orbitals and orbital energies in the case that there are degeneracies among
the CASCI solutions. In order to ensure a continuous PES, it is then necessary to
also have some kind of state-averaging when states are only nearly degenerate, which
could e.g. be achieved with a switching function that mixes in some character of other
states into the Oth order Hamiltonian if these states are close in energy. Such an ap-
proach has been reported recently.®® However, our experience shows that NEVPT2
with a state-specific 0th order Hamiltonian usually has a significantly lower total en-
ergy than SA-NEVPT2, sometimes by as much as 10 eV or more; see Appendix B.5 for
an example. With SA-NEVPT2 we mean a version of NEVPT2 that uses the same Dyall
Hamiltonian, constructed using the state-averaged density matrix, for all roots. This
means that using a state-averaged Oth order Hamiltonian in cases of (near-)degeneracy
and using a state-specific 0th order Hamiltonian when other states are well separated
probably leads to an unbalanced treatment of different regions on the PES, and possible
artificial “bumps” in the MRPT energies in regions of (near-)degeneracy. This leads us
to the conclusion that a balanced and model-space invariant multistate MRPT within
the multi-partitioning framework is only possible by making all 0th order Hamilto-
nians identical, i.e. abandoning the whole multi-partitioning idea and returning to
traditional QDPT.

3.5.4.2. Importance of different forms of invariance

Having established that a true multi-partitioning theory probably cannot be made fully
invariant in a consistent way, we now investigate different forms of non-invariance
and address the question whether the kind of non-invariance introduced by the multi-
partitioning is an acceptable price to pay in order to have a better Oth order description.
The 0th order Hamiltonians can be separated into a part that acts in the model space
and a part that acts in the complementary space,

Ho(I) = Hy" + HEO(D) = > [WVED (0P + > (W () ER (1w (1))
J K €EFOIS
(3.135)
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Note that one can always ensure that the PP part of the 0th order Hamiltonian is iden-
tical for all reference states / by defining it like in Eq. (3.135). We discussed above that
one source of non-invariance is multi-partitioning itself, i.e. having different 89 Q(I )
for states that are degenerate at the CASCI level. This /-dependence has two common
reasons:

« The spaces of perturbers depend on [ (contracted perturbers).

« A state-specific model operator (e.g. Fock operator or Dyall Hamiltonian) is
used.

But also in traditional QDPT the single Hj can be ill-defined if e.g. CASCI state pro-
jectors are used in its definition (called “type I” non-invariance by Granovsky '*’). This
is the case in traditional MS-CASPT2 (even if the MS-MR contraction scheme and a
state-averaged Fock operator are used) and MCQDPT2. In both cases, the PP part of
Hj is (F denoting the state-averaged Fock operator)

YT =3 P ey, (3.13¢)
I

which is not well-defined if there are accidental degeneracies among the CASCI roots.
This non-invariance issue is solved in XMCQDPT2 and XMS-CASPT2, where the PP
part of H is
HY? = Prp =Y [0 e Fle) (e ). (3.137)
1J

Note that this kind of non-invariance does not occur in QD-NEVPT?2. This is because
the latter uses Dyall’s Hamiltonian as a model operator: when replacing /' by Hpya,
Eqgs. (3.136) and (3.137) are identical, since the Dyall Hamiltonian has vanishing off-
diagonal matrix elements in the CASCI state basis. Table 3.3 contains an overview of
the different sources of non-invariance in several variants of multistate MRPT. The
only fully invariant methods in this list are uncontracted QD-NEVPT2 with a state-
averaged Dyall Hamiltonian, XMS-CASPT2 with the MS-MR contraction scheme, and
XMCQDPT2. DCD-CAS(2) is excluded from the discussion since it does not properly
fit into the framework introduced here. Also note that XMS-CASPT2 with the SS-SR
scheme (state-specific contraction spaces) can be considered as a so far unrecognized
example of the combination of multi-partitioning with Van Vleck perturbation theory.
There are hints that the different sources of non-invariance discussed above are not all
equally bad. In the original paper by Granovsky, the only investigated non-invariant
theories were MS-CASPT2 and MCQDPT2, which both have “type I” non-invariance.
In these cases severe artifacts were observed. There is however a presentation by Gra-
novsky that contains unpublished results about the non-invariance of QD-NEVPT2.'¢
It is shown there that the non-invariance in QD-NEVPT2 has actually much less severe
consequences than the one in MS-CASPT2 or in MCQDPT2. This leads us to conclude
that non-invariance due to multi-partitioning is not as much of a problem as the “type
I” non-invariance. This assumption will be further investigated in Section 4.4.1.
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Table 3.3.: Comparison of different MRPT methods according to different reasons for model

space non-invariance.

HIP not
Method well-defined (“type
r)

I-dependent
perturber spaces
(multi-partitioning)

State-specific model
operator
(multi-partitioning)

Strongly and

partially contracted -
QD-NEVPT?

Uncontracted

QD-NEVPT2

Uncontracted

QD-NEVPT2 with

state-averaged -
Dyall
Hamiltonian’¢
MS-CASPT2
(SS-SR) 72
XMS-CASPT2
(SS-SR)
XMS-CASPT2
(MS-MR) 7>
MCQDPT27! Yes
XMCQDPT274 -

Yes

Yes

Yes

Yes

Yes

Yes

Yes
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4, Tests of the DCD-CAS(2) and
HQD-NEVPT2 methods

In order to assess the different variants of DCD-CAS(2), we discuss in this chapter
calculations for traditional test cases in which multistate methods are crucial, namely
the LiF avoided crossing and the treatment of magnetic exchange coupling. We also
perform numerical tests to investigate basic properties of the methods, like the extent
of size-consistency violation in DCD-CAS(2), the breaking (or not) of orbital degener-
acy, as well as the extent of model space non-invariance and occurrence of complex
eigenvalues in the non-Hermitian QD-NEVPT2.

4.1. Tests of DCD-CAS(2)

4.1.1. Computational details

For the numerical evaluation of the size-consistency errors in the ground state, we per-
formed computations on three systems with varying active spaces: (a) 2 Li, molecules
with a minimal CASSCF(2,2) for the monomer (2s orbitals active) and a corresponding
CASSCF(4,4) for the noninteracting dimer, (b) 2 Be atoms with CASSCF(2,4) (2s and
2p orbitals active) for the monomer and CASSCF(4,8) for the dimer and (c) 2 N atoms
with CASSCF(3,3) for a single atom (2p orbitals active) and CASSCF(6,6) for the dimer.
For the noninteracting systems, a distance of 100 A was chosen. The def2-TZVP basis
set!®® was used and energy and gradient convergence thresholds of Fi, = 107! and
grol = 107% were chosen in order to remove numerical noise. For the MRCI calcula-
tions, the thresholds T and 7},,. were set to 0.0. Only one root was optimized in all
cases. For Li, and Be a singlet state was chosen in both the monomer and the non-
interacting dimer. For the N atom, a quartet state was chosen, which is coupled to a
singlet in the noninteracting dimer.

For the investigation of size-intensivity errors in excitation energies, we investigated
a benzene molecule with different noble-gas atoms at a distance of 100 A from its cen-
ter. The def2-TZVP basis set was used. The reference calculation was a CASSCF(6,6)
(including the six valence 7 electrons and orbitals of benzene in the active space) av-
eraged over the lowest seven singlet and six triplet roots, with convergence thresholds
Ewi = 107" and g = 107°.

For the investigation of the avoided crossing between potential energy curves in the
LiF molecule, we also used the def2-TZVP basis. The reference calculation was a
CASSCF(2,2) (Li 2s and F 2p, active), averaged over the two lowest singlet roots and
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with convergence thresholds of Ey,; = 107! and g, = 107%. For the MRCI calcu-
lations, T and T}, were set to 0.0 and a direct inversion in the iterative subspace
(DIIS)**® solver was used since for this system the default Davidson solver'** con-
verges to a wrong excited state. The residual and energy convergence thresholds for
the MRCI calculations Ry, and Ei, were tightened to 1075.

For an investigation of magnetic exchange in three model exchange coupled dimers,
the def2-TZVP basis set was used. For the so-called copper “paddlewheel” complex
Cu,(p-CH;C0O0)4(H;0),, the resulting DDCI calculations would be too computation-
ally expensive; hence def2-SVP was used on all atoms except Cu. The reference cal-
culations were CASSCF(2,2) including one localized magnetic orbital on each center
(H atom or Cu atom). For H-He-H, those are the H 1s orbitals, for Cu dimers those
are the d orbitals that have their orbital lobes in the direction of the ligand atoms. The
CASSCEF calculations were averaged over the lowest triplet and lowest singlet state
with convergence thresholds of Ey,; = 1071° and g,,; = 10~*. For the DDCI calcula-
tions, T was set to 0.0 while different values of T were tried (see below). R, and
E\, were tightened to 1075,

All calculations in this section were re-run compared to our original publication,®®
with slightly different computational details in a few occasions. For example, our ini-
tial publication used the aug-cc-pVTZ basis set for the investigation of size-consistency
errors in the noninteracting dimers. Also note that the two rows for Li,--Li, and
Be---Be in Table II of that publication have been accidentally swapped.

4.1.2. Size consistency

Table 4.1 shows, in accordance with the analytical proof in Section 3.5.1, that DCD-
CAS(2) is not strictly size-consistent. However, the ground state size-consistency er-
rors are only on the order of micro-Hartrees for the uncorrected DCD-CAS(2) scheme.
This error is accentuated in the uncorrected DCD-CAS(2) due to the ground state bias
introduced as a result of using the CASSCF ground state energy in the denominator
of the 2nd order Hamiltonian. This is the reason for the observed improvement in
the size consistency when the bias correction is added. Since the ij — ab excitation
class contributes a large amount (also in terms of the bias) to the diagonal matrix ele-
ments of the Hamiltonian, a further substantial improvement is achieved by using the
difference-dedicated scheme. Hence, we can safely argue that the slight lack of ground
state size consistency will be of little to no consequences in practical applications.'”
Attention is also drawn to the case of the nitrogen molecule, where all variants of
DCD-CAS(2) are exactly size-consistent. This is exactly what was predicted on theo-
retical grounds in Section 3.5.1.

While total energies should be size-extensive'” (i.e. be proportional to the system
size), excitation energies for local excitations should be size-intensive,'”! i.e. indepen-
dent of the total system size. For an assessment of size-intensivity errors in excitation
energies, we employed a different model system: a molecular system in the presence
of a spectator system, such that all the active orbitals belong to the molecular sys-
tem alone. This is an important test for transition metal complexes with increasingly
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Table 4.1.: Ground state size-consistency errors (| Egimer — 2Emonomer|) in pHa for several
variants of DCD-CAS(2) along with NEVPT2 and MRCI. A distance of 1.0 A was maintained
for each Li, molecule; see the supplementary material of our original publication for Carte-
sian coordinates.3® The noninteracting systems were placed 100 A away from each other for
the super-molecule calculations.

Uncorrected
be-DCD- D3CD- be-D3CD-
System NEVPT2 MRCI DCD-
CAS(2) CAS(2) CAS(2) CAS(2)
Liy---Liy 0.00 13337.44 3.95 0.64 2.64 0.72
Be---Be 0.00 19.55 0.14 0.01 0.06 0.01
N--N 0.00 1125.47 0.00 0.00 0.00 0.00

larger closed-shell ligands. For this case study, we chose our molecular system to be
benzene (Bz) and placed noble-gas atoms of increasing size, namely He, Ne, Ar, and
Kr, far from its center. In Table 4.2 we report the difference in valence 7-7* excitation
energies (in meV) of Bz+X (X=He, Ne, Ar and Kr) with respect to the corresponding
excitation energies of benzene for a few low-lying singlet and triplet states. CASSCF
and NEVPT2 both give the same excitation energies in the presence of all noble-gas
atoms, as is expected of a size-consistent theory. These results are therefore not shown
in the table. In accordance to our theoretical analysis, the error increases with in-
creasing system size for the uncorrected DCD-CAS(2). This is expected since the total
correlation energy is increasing with the system size as well. As can be seen from
the values for bc-DCD-CAS(2) in Table 4.2, the situation improves strongly once the
spectrum is bias-corrected. It is also seen that the error is significantly smaller for
the triplet excitations. The difference-dedicated scheme removes all size-intensivity
errors in excitation energies. Both D*CD-CAS(2) and its bias-corrected version pre-
dict exactly the same excitation spectrum in the presence of the noble-gas atoms. This
outcome agrees well with Malrieu’s argument in favor of DDCI that excluding the
1) — ab excitations (or including it globally for all roots, as in our case) reduces size-
consistency errors. *>!% Remember also the theoretical proof we gave in Section 3.5.1
that the D*CD-CAS(2) will be exactly size-consistent for this kind of model problem
(open-shell system in the presence of a noninteracting closed-shell spectator system).

4.1.3. Avoided crossing

Predicting an avoided crossing between the neutral and ionic potential energy curves
of the same spatial and spin symmetry remains a quintessential test in the debate
around multistate methods.®*'’>!”> On one hand, the CASSCF treatment predicts a
too short distance and too large energy gap for the crossing, which is obviously not
useful for further property computations or collision studies. Dynamic correlation af-
fects the ionic state much more than the neutral state and not including this effect
results in a qualitatively incorrect wavefunction. However, straightforward inclusion
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Table 4.2.: Size-intensivity errors in valence m-7* excitation energies (in meV) with respect to
benzene (Bz) for supersystems consisting of Bz+He, Bz+Ne, Bz+Ar, and Bz+Kr for DCD-CAS(2)
and bc-DCD-CAS(2) methods. D*CD-CAS(2) and be-D3CD-CAS(2) have no size-intensivity
errors for excitation energies in these systems, since the noble gases are closed-shell atoms.

Uncorrected DCD-CAS(2) bc-DCD-CAS(2)

Ezﬁzd Bz+He Bz+Ne Bz+Ar Bz+Kr Bz+He Bz+Ne Bz+Ar Bz+Kr
! Bou 22 159 279 307 1 5 17 19
1By, 35 254 438 482 2 11 38 42
1E 41 297 509 560 3 16 52 58
lEgg 36 261 450 495 2 15 45 50
3By, 0 1 2 2 0 0 1 1
3By 5 38 67 74 0 1
3Bay, 15 109 193 213 0 1 6 7
3E29 16 112 198 218 1 4 11 12

of dynamic correlation via state-specific theories, 2nd or higher order, based on the
bad CASSCF reference is bound to fail if the wavefunction is not allowed to relax.
“Blindly” following the CASSCF wavefunction results in a double-crossing instead of
an avoided one. The reason is that the reference CASSCF wavefunction is a very bad
approximation for the true correlated state between the distances where the avoided
crossing occurs at the CASSCF and the correlated level. The a posteriori corrections
via a quasidegenerate treatment including only the states of interest improves the de-
scription by removing the double-crossing artifact and otherwise maintaining roughly
the same features as the corresponding contracted formulation. The MS-CASPT2 po-
tential energy curves around conical intersections have however been shown to suffer
from artifacts and singularities.”*'"*!"”> It has been explained that these artifacts stem
from the non-invariance of the method under rotations of the 0th order states in the
model space.” Similar methods like QD-NEVPT2 are also noninvariant and therefore
expected to show such artifacts.”*’® The presented arguments clearly demonstrate the
need for a “perturb-then-diagonalize” method to tackle this problem. Recently devel-
oped invariant theories, like XMCQDPT2, XMS-CASPT2 and QD-NEVPT2 based on
matrix product states, are expected to further improve the overall nature of the curves
but are not investigated in this work. We apply the DCD-CAS(2) method to compute
the ionic-covalent curve crossing in LiF which has been a subject of study for over
four decades now.'7*""® Angeli et al. discuss this case in detail in the papers presenting
their ideas on decontraction.’*” They use the same basis as used by Bauschlicher and
Langhoff in their full CI study.'’® In this setting, the CASSCF crossing occurs around
4.1 A and the full CI crossing around 6.6 A. The QD-NEVPT2 predicts 5.8 A and 6.2 A
for the strongly contracted (SC) and partially contracted (PC) treatments, respectively.
MS-CASPT?2 calculations done by the same authors turn out to be closer to the SC vari-
ant. We take these values as rough guidelines for our analysis. In this work, we stick
to a minimal active space of two electrons in two active orbitals, consisting of the 25 of
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Table 4.3.: Crossing point (in A) and energy difference (in V) at the crossing point
for the avoided crossing of LiF computed with DCD-CAS(2) variants compared to
CASSCF, QD-NEVPT2, and MRCI+Q at the CAS(2,2)/def2-TZVP level of theory.

Distance of closest approach / A Energy gap / eV

CASSCF 4.0 0.92
QD-NEVPT2 5.6 0.15
MRCI+Q 5.3 0.22
Uncorrected DCD-CAS(2) 5.7 0.20
be-DCD-CAS(2) 5.8 0.12
D3CD-CAS(2) 5.7 0.18
be-D3CD-CAS(2) 5.8 0.13

Liand 2p, of F. When the goal is a very good agreement with the experiment, an active
space of six electrons in six orbitals is often used for this molecule, but we use a mini-
mal active space since it contains all essential physics. The orbitals obtained from the
SA-CASSCF(2,2) calculation are used to perform dynamic correlation computations
via NEVPT2, QD-NEVPT2, MRCI+Q and DCD-CAS(2) variants. Here, +Q denotes the
multireference analog of Davidson’s correction, which is computed as (1—W) E,, with
E,. being the uncorrected correlation energy and W (< 1) the weight of the reference
configurations in the total normalized wavefunction. Table 4.3 shows the points of
minimum vertical energy differences from the employed methods. It is encouraging
to see that all the reported DCD-CAS(2) variants perform well. All variants predict
qualitatively correct potential energy surfaces. The numerical performance is com-
parable but still shows non-negligible deviations from the MRCI+Q results used as a
reference. We mostly attribute this to the shortcomings of the low-order perturbation
treatment of the dynamic correlation energy. We show the uncorrected DCD-CAS(2)
PES in comparison to the well-known double crossing of NEVPT2 and its correction
by the QD-NEVPT2 in Figure 4.1. Figure 4.2 shows a close-up of the avoided crossing
region of the potential energy curves of the first two '3 states. The DCD-CAS(2)
results in all variants are rather close to the QD-NEVPT2 results. Furthermore, the
potential energy curves are smoother and do not show the unphysical artifact of the
QD-NEVPT2 curve in the avoided crossing region of the CASSCF solutions around
a distance of 4 A. It is also encouraging to observe that the DCD-CAS(2) and D*CD-
CAS(2) results are very similar after including the bias correction.

4.1.4. Magnetic exchange coupling

The qualitative and quantitative estimation of the electronic structure and properties
of systems consisting of two or more interacting open-shell magnetic ions has been a
constant source of discussion within both the wavefunction and DFT communities. '3
Here, we present a brief résumé of the problem. For details, the reader is referred to
a recent review'®! as well as the series of landmark papers by Calzado and cowork-
ers. 8271 We use a simple valence only model with two unpaired electrons in two MOs
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Figure 4.1.: Potential energy curves for the first two ! X7 states of LiF in the avoided crossing
region. The energy of each method is reported relative to the ground state energy in the dis-

sociation limit. The figure shows a comparison of the uncorrected DCD-CAS(2) with NEVPT2
and QD-NEVPT2.
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Figure 4.2.: Close-up of the potential energy curves for the first two !X+ states of LiF in
the avoided crossing region. The energy of each method is reported relative to the ground
state energy in the dissociation limit. The figure shows a comparison of several DCD-CAS(2)

variants with MRCI+Q.
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4. Tests of the DCD-CAS(2) and HQD-NEVPT2 methods

a and b, assumed to be localized at the magnetic centers. The corresponding space of
four determinants with Mg = 0 gives rise to four wavefunctions. The first two are a
purely neutral triplet state

1

") = —=(lab) — [ba)) (4.1)

Sl

2

and a purely ionic singlet state
"0} = = (laa) — [3)). 42
V2
The two remaining singlet states have the same symmetry and can therefore mix.

They are dominated by either neutral or ionic character and can be written as linear
combinations of two states that are purely neutral or purely ionic,

Ly —L ab a
N) = = () + 6a)) (43)
10y = L (aa) + |BB)). (4.4

V2

The lower energy one, which is essentially neutral, is given by
'Wy) = Cn['Ty) + Ci ) (4.5)
with Cy > C} > 0. The higher energy, essentially ionic, one is given by
") = —Ci[' oY) + Cx['Wy). (4.6)

As represented schematically in Figure 4.3, one can see that the sign and magnitude
of the coupling constant (2./, the energy difference between the lowest singlet and
triplet states) depends on the contribution of the ionic part |1\I/Ig) in the final corre-
lated ground state wavefunction. This mixing determines the amount of stabiliza-
tion of the essentially neutral |'\V,) state. K, denotes the direct exchange integral
between magnetic orbitals a and b,'® which quantifies the stabilization and destabi-
lization of the CSFs with respect to the determinants obtained from orbitals a and
b. The ionic singlets are much too high in energy in CASSCF treatments but relax
greatly under the influence of dynamic correlation. In fact, higher order dynamic cor-
relation methods, like the DDCI method,'® are standard tools for such computations
but they become impractical rather quickly with increasing system size. This is the
reason why more cost-effective alternatives, like MRPT, are desirable. “Diagonalize-
then-perturb” approaches that apply corrections on top of this badly described 0th
order wavefunction are not able to make much difference. Traditional QDPT using
the whole four-dimensional model space is often not very useful because of the high
energy gap between the neutral and ionic singlet states, which can lead to divergence
for the ionic states.'” The ionic character of the ground state singlet is known to in-
crease by a factor of five or more, reported as C;/Cly ratios in previous DDCI studies
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Figure 4.3.: Schematic representation for the interpretation of magnetic ex-
change coupling between two local spin 1/2 subsystems. The three parts
of the figure represent (a) pure determinants constructed from the localized
orbitals and (b) spin- and spatial-symmetry adapted CSFs. Here the ones
with gerade symmetry increase their energy by K, the ones with unger-
ade symmetry decrease their energy by the same amount. (c) two CSFs of
the same space and spin symmetry are allowed to mix.

of such systems.'®> We have chosen three systems to demonstrate the improvements
that DCD-CAS(2) offers in predicting magnetic exchange coupling constants relative
to state-specific MRPT theories. However, it should not be forgotten that this is only a
2nd order treatment that cannot catch all relevant physical effects which enter into the
relative spin-state energies.'®* The prototypical model system H-He-H is chosen for
its sheer simplicity in describing the phenomenon. The two other examples involve
two well-studied binuclear Cu" complexes with different bridging ligands, [Cu,Cl¢]*
and Cu,(u-CH3;COO),(H,0),. A number of studies discuss the physical properties as
well as the electronic structure and magnetic properties of these systems. 80181186187
Although there have been some suggestions of using extended active spaces'®® and
magnetically optimized orbitals,'® we stick to a minimal active space of two electrons
in two (localized) orbitals to focus on the physics of the problem. In addition to report-
ing the exchange coupling constant (2./), we also provide the percentage contribution
of the neutral and ionic states to the final singlet wavefunction as obtained by the
diagonalization of the corresponding Hamiltonian. This demonstrates the effect of
dressing introduced in DCD-CAS(2) on the singlet neutral ground state by increasing
the contribution of the higher lying ionic state.

Before coming to the numerical results, we investigate a technical aspect of the ref-
erence DDCI calculations. The ORCA MRCI program is of the individually selecting
type. This means that among all single and double excitations on top of the refer-
ence space only those CFGs are selected and included into the diagonalization space
that have a contribution at 2nd order PT that is larger than some threshold 7. The
sensitivity of the calculated exchange coupling constants on this parameter for DDCI
and DDCI+Q is shown in Table 4.4. It can be seen that for the pure DDCI, the ex-
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Table 4.4.: Convergence of the DDCI and DDCI+Q ex-
change coupling constants 2.J (in cm™') with tightening the
perturber selection threshold Ty.

Molecule Tsel DDCI DDCI+Q
1007 —533.5 —534.0
1078  —533.6 —534.0

H-He-H 107 —533.6 —534.0
10719 —533.6 —534.0
0 —533.6 —534.0
1077 —109.6 —13.1
108 —5.3 6.2
[Cu,Clg]* 107° 19.6 12.8
10710 224 12.9
0 22.6 13.0

1007 —269.5 —318.0

1078 —279.7 —267.4

Cuy(u-CH3;CO0)4(H,0), 107  —178.6  —240.7
10710 —1344 —2384

0 —128.5 —238.1

change coupling converges fairly slowly. Even at the smallest tested nonzero thresh-
old of 10710 there is still a relatively large deviation for the Cu,(u-CH;COO)4(H,0),
molecule. For DDCI+Q the convergence is quicker, with relatively accurate results al-
ready for a threshold of 107, These results still show that the threshold of 107° used
in ORCA by default will lead to completely unreliable results. In the following, we
set Ty to 0, meaning all excited CFGs are included into the diagonalization without
individual selection.

The numerical results are presented in Table 4.5. Results from all the variants of DCD-
CAS(2) lie in between that of NEVPT2 and CI treatments (full CI in the case of H-He-H
model and DDCI+Q in case of the copper complexes). CASSCF and the CI methods
represent the lowest and highest degrees of mixing with the ionic states, respectively.
We expect the mixing achieved by DCD-CAS(2) to fall between these two. For Cu,(p-
CH;C0O0),(H,0),, the ionic contribution is increased by an order of magnitude for
DDCI and a 2.J value roughly six times that of NEVPT2 is achieved. Although DCD-
CAS(2) 2J values are not in perfect agreement with the CI methods, they are a con-
siderable improvement from the CASSCF/NEVPT2 ones. The ionic contribution to
the ground state singlet wavefunction is even almost perfectly reproduced by D*CD-
CAS(2). Decontraction is unavoidable for the calculation of coupling constants and
[Cu,Cl]* is a good example. The experimental estimate for the value of 2.J for this
complex is in a range of 0 to —40 cm™'*** and a largely accepted value is around -35
cm™'.'® CASSCF underestimates the mixing so much that a triplet ground state is pre-
dicted for [Cu,Cls]*" and subsequent NEVPT?2 is also not able to predict the correct
ground state multiplicity. While DCD-CAS(2) improves the estimate in the correct di-
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Table 4.5.: Exchange coupling constants (in cm™) and contribution of the ionic CFG to the
ground state singlet wavefunction computed at various levels of theory. The CI methods are
Full CI for H-He-H and DDCI+Q for the Cu dimers.

H-He-H [Cu2C16]2’ Cu2(p—CH3COO)4(HZO)2

2J % ionic 2J % ionic 2J % ionic
CASSCF —475.0 0.543 20.6 0.006 —18.0 0.011
NEVPT2 —500.2 18.0 —-39.9
CI methods —524.4 0.753 13.0 0.112 —238.1 0.175
Uncorrected
DCD-CAS(2) —509.5 0.706 9.6 0.026 —53.4 0.032
bc-DCD-CAS(2) —509.5 1.0 —63.9
D3CD-CAS(2) —509.5 0.707 —8.3 0.109 —83.1 0.144
be-D3CD-
CAS(2) —509.5 —14.0 —88.8

rection, it is still not able to predict the correct sign. With bias correction, the sign is
corrected. D*CD-CAS achieves a very good mixing ratio of the high lying ionic state
and with bias-correction it predicts a value for 2.J with roughly the correct magnitude.
A look at the corresponding neutral to ionic ratios in the ground state wavefunction
is helpful in understanding the situation. The ionic contribution in the singlet wave-
function for the conventional DCD-CAS(2) treatment increases but an evidently better
estimate is reached only with the difference-dedicated version. Since the energy dif-
ference between the states of same symmetry is quite high, the bias correction plays
an important role in both cases. The effects of the DCD/D*CD-CAS(2) corrections
are nicely revealed upon examining the matrix elements of the corresponding effec-
tive Hamiltonian. We report in Table 4.6 the difference between diagonal elements,
A = H;; — Hyy, and the ionic/neutral off-diagonal effective Hamiltonian matrix el-
ement H;y. C}/Cy ratios are also reported to show the extent of mixing of the ionic
with the neutral functions in these methods. The mixing ratios are readily estimated
by 2nd order perturbation theory to be roughly

G ~ ﬁ (4.7)
Cn A

Table 4.6 shows the extent of stabilization of the ionic contribution with respect to
the Oth order treatment. The mixing changes by a factor of four to five for D?CD-CAS
compared to CASSCF. This change is almost exclusively caused by the lowering of
the diagonal energy of the ionic configuration in the dressed Hamiltonian, while the
off-diagonal coupling matrix element remains largely unaffected by the dynamic cor-
relation dressing. The stabilization of the ionic contributions is dramatic. For the two
dicopper systems, the dressing changes the effective energy of the ionic configurations
from about 24 eV to 5-6 €V, which is certainly in the realistic range.'®> However, the
appropriate stabilization does only occur in the difference-dedicated scheme. Hence,
it is instructive to analyze the differences between the difference-dedicated and non-
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Table 4.6.: C/Cy ratio and Hamiltonian matrix elements (in eV).

Molecule Method A Hao Cr/Cx
CASSCF 12.87 0.96 0.074
H-He-H DCD-CAS(2) 10.51 0.89 0.084

D’CD-CAS(2) 10.46 0.89 0.084

CASSCF 23.47 0.18 0.008

[Cu,Clg]* DCD-CAS(2) 15.16 0.25 0.016
D’CD-CAS(2) 5.04 0.17 0.034

CASSCF 23.78 0.25 0.011

Cuy(u-CH3C00)4(H,0); DCD-CAS(2) 24.81 0.45 0.018
D’CD-CAS(2) 6.58 0.25 0.038

difference-dedicated schemes. We return to the contribution of the 5 — ab excitation
class for the conventional DCD-CAS Hamiltonian, as explained in Section 3.1.3.3. One
can write the denominator of Eq. (3.35) as ¢, + ¢, — ¢; — €, + AE}. For the ground
state, / = 0, one has AE; = 0 and the denominator has the usual MP2 form. But for
excited states the difference AE; (approximately 24 eV for both Cu complexes at the
CASSCEF level) can severely underestimate the contribution from the ¢5 — ab class
and introduce a bias into the diagonal elements, which is particularly large in this
case. Thus, we see that even when dynamic correlation dressing via the conventional
DCD-CAS(2) improves the singlet and triplet ground states, giving better estimates of
the coupling constant, the Hy value is rather large (more than the CASSCF one for
the copper acetate complex) because of this unwanted ground state bias. This can be
considered as an artifact of our formulation and we have already proposed a cure for
this via the difference-dedicated approach. In this case, an overall inclusion of the
(Uy|H 5%’(2”\11 ) for all CASCI states does not affect the ground state but removes
the bias from the excited state, resulting in larger mixing and even better estimates of
the coupling constant. The contribution from the off-diagonal term is also expected to
increase the mixing between the neutral and ionic contributions but these effects are
visible only at the 3rd order in PT and beyond.'®* This explains the small values we
obtain for the Hy; elements. The change observed in the Hy; elements in case of the
DCD-CAS(2) in Table 4.6 is only due to the fact that the contribution to the 5 — ab
class is included in the basis of CASCI roots and then transformed back to the CSF
basis.

4.2. Atomic multiplets

We investigated the performance of DCD-CAS(2) and HQD-NEVPT?2 for the calcula-
tion of spin-orbit-coupled excitation energies of the series of free divalent 3d TM ions
from Ti** to Cu?**. The calculations used the DKH-def2-QZVPP ! basis set and the
DKH2 1132 gcalar-relativistic Hamiltonian. A minimal active space with five d-like
active orbitals was chosen and the SA-CASSCF was averaged over all possible roots of
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Table 4.7.: Vertical excitation energies (in cm™) for all d-d excited states of the Co?* ion
at the CASSCF(7,5)/DKH-def2-QZVPP level with the DKH2 scalar-relativistic Hamiltonian.
Averaged values and standard deviations thereof (in parentheses) are reported for NEVPT2
(in cm™). Values for CASSCF and all variants of DCD-CAS(2) are exactly degenerate.

Uncorr. be- D3CD- be-

Term CASSCF NEVPT2 DCD- DCD- CAS(2) D3CD- Expt.
CAS(2)  CAS(2) CAS(2)

iF 0 0(22.1) 0 0 0 0 0

ip 18782 15217 (0.0) 16184 15097 16080 15097 14561
g 18870 16823 (0.5) 16740 16740 16740 16740 16512
’p 25131 21290 (139.9) 20830 20466 20795 20466
g 25131 21927 (210.4) 22401 22044 22366 22044 22228
D 27306 23726 (0.2) 24115 23634 24068 23634
’F 43914 36880 (1.1) 38289 36805 38150 36804 36330
D 68986 58722 (0.0) 61698 58702 61422 58698

all multiplicities. To avoid numerical noise in the investigation of orbital degeneracies,
the calculations were converged to extremescf accuracy.

Before discussing the results in the presence of SOC, we first have a look at the non-
relativistic excitation energies for the Co** ion in Table 4.7. It can be seen that while
CASSCEF gives excitation energies that are systematically too large, NEVPT2 and the
bias-corrected variants of DCD-CAS(2) give excitation energies in quite close agree-
ment with the experiment. These results also show that the errors due to the ground-
state bias in the uncorrected energies can be quite large, here up to about 3000 cm™.
Another interesting aspect is the fact that NEVPT?2, like is expected for an internally
contracted theory, is not model space invariant and therefore breaks orbital degen-
eracy of the underlying CASSCF references. The corresponding standard deviation
within each (ideally exactly degenerate) LS term is given in parentheses. The break-
ing is especially large for the 2P and ?H terms. The reason for this is a peculiar
feature of d® and d” free ions or atoms like V?* and Co?*. At the CASSCF level, there
is an accidental degeneracy between the 2P and ?H terms, which is also shown in
Table 4.7. If spherical symmetry is not exploited, these two terms can arbitrarily mix
at the CASSCF level, leading to unphysical 0th order wavefunctions. A subsequent
NEVPT?2 calculation cannot correct these unphysical 0th order wavefunctions, while
DCD-CAS(2) produces pure 2P or 2H states by means of the dynamic-correlation-
induced energy splitting between the two terms.

Having shown the superiority of the bias-correction scheme and the preservation of
orbital degeneracy by all DCD-CAS(2) versions at the nonrelativistic level, we now
move on to excitation energies in the presence of SOC. We sum up the main results of
the calculations in Table 4.8. Detailed information on the excitation energies of all ions
can be found in the supplementary material of our original publication.®’ It is evident
that both NEVPT2 and DCD-CAS(2) provide significant improvements over CASSCF
and agree reasonably well with the experimental results. Only for Mn** there are still
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Table 4.8.: Results for the excitation energies of free transition metal ions, ex-
pressed as mean absolute error (MAE) and maximum absolute error (MAX)
with respect to the experiment for all total J levels of each ion (in eV).

CASSCF NEVPT2 HQD-NEVPT2 DCD-CAS(2)

MAE MAX MAE MAX MAE MAX MAE MAX
Ti%* 0.38 1.26 0.10 0.44 0.10 0.44 0.09 0.44
v+ 0.53 1.43 0.11 0.35 0.11 0.35 0.10 0.35
Cr?* 0.75 2.01 0.14 0.32 0.14 0.32 0.14 0.33
Mn?*  1.32 2.69 0.24 0.52 0.24 0.52 0.24 0.55
Fe?* 0.70 1.45 0.12 0.27 0.12 0.27 0.12 0.27
Co®* 0.57 1.54 0.09 0.26 0.08 0.27 0.08 0.26
Ni?* 0.47 1.43 0.07 0.35 0.07 0.35 0.07 0.35
Cu®* 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

relatively large errors. Note that the error for Cu?* is so small because this ion has only
one LS term (?D); hence the accuracy is not determined by nonrelativistic excitation
energies but by the treatment of SOC. The difference between NEVPT2 and DCD-
CAS(2) results is quite small, indicating that state-mixing effects in these systems are
weak. We are also interested in a comparison of NEVPT2 and HQD-NEVPT?2, since
both are not model space invariant. Table 4.9 shows the average standard deviation
within the total angular momentum multiplets, calculated with NEVPT2 and HQD-
NEVPT2. On average, HOD-NEVPT2 has slightly larger standard deviations, meaning
the breaking of degeneracies is slightly stronger. But with the exception of the Mn**
ion, the standard deviation always stays in the same order of magnitude as the NEVPT2
one. For two of the ions, namely V** and Co*", the average standard deviation of HQD-
NEVPT?2 is considerably lower than that of the nondegenerate NEVPT2. The reason
is that the degeneracy breaking at the NEVPT2 level of the >H and ? P terms for V2
and Co®* also propagates to the relativistic calculations. The exact state energies be-
longing to the 2P and 2H terms are given for the Co? ion in Table 4.10. For the 2H
term of Co** the degeneracy breaking within the two levels J = 11/2 and J = 9/2 is
so strong that we could not with confidence assign states to these two levels based on
their energy. We therefore assigned the twelve states with lowest energy to J = 11/2
and the remaining ten states to J = 9/2. The obtained standard deviations within the
two levels of 168.8 cm™ and 167.7 cm™ are larger than many energy splittings that are
of relevance for magnetic phenomena. Even though the symmetry breaking in excited
states is probably less important for magnetism, its occurrence is still disconcerting.
DCD-CAS(2) on the other hand does, like CASSCF, exactly preserve the degeneracies
also at the relativistic level. These results also demonstrate that our scheme for apply-
ing the bias-correction idea in the context of the spin-dependent DCD-CAS(2) (Egs.
(3.66) and (3.67)) leads to results that are consistent with NEVPT2 in cases where state-
mixing effects are weak. It is also quite remarkable to observe that HQD-NEVPT2 can
approximately restore the degeneracy within the different terms, considering that it is
based on state-specific 0th order Hamiltonians that are constructed for unphysically
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Table 4.9.: Standard deviation (in cm™) within total angular momentum mul-
tiplets. The averaging is done over all multiplets except J=0 and J=1/2, which
are always degenerate.

Ti** V% Cr®* Mn?* Fe?* Co?* Ni¥* Cu*
7(NEVPT2) 66 69 1.3 02 1.8 278 102 0.1
o(HQD-NEVPT2) 7.3 32 27 16 27 52 120 0.5

mixed CASCI states.

4.3. Final choices for the DCD-CAS(2) method

Based on the assembled numerical results, we make a default choice for the DCD-
CAS(2) method. Our tests have demonstrated that the difference-dedicated variant is
uniformly superior to the non-difference-dedicated method. It is also computationally
more attractive since there is only a single MP2-like energy correction for all states
that can be very efficiently computed. Likewise, our tests have indicated that the
bias correction is absolutely necessary in order to obtain good excitation energies that
mimic proper state specific results. The 1st order bias correction already appears to
be sufficient in practical applications. Finally, it is advantageous to employ the lowest
CASCl energy as Ej since this guarantees numerically stability of the method. Owing
to the bias correction, the sensitivity of the results with respect to this choice is very
limited. Hence, in the future and the remainder of this thesis we will refer to the
variant termed bc-D*CD-CAS(2) in the nomenclature of Section 3.1.4 as the DCD-
CAS(2) method.

4.4. Tests of QD-NEVPT2 and HQD-NEVPT2

4.4.1. Investigation of non-invariance in a model system

In order to assess the severeness of the model space non-invariance of the HQD-
NEVPT2 method, we use as a test case the accidental same symmetry conical inter-
section of the allene molecule in C symmetry, as investigated by Granovsky.’”* The
geometry, scan parameters, and basis set are chosen exactly identical as in the investi-
gation of the non-invariance of MS-CASPT2 and MCQDPT?2;* see also Appendix C.1.
The result is shown in Figure 4.4, where the scan angles are defined relative to the an-
gles in the minimum energy crossing point geometry of the SA-CASSCF calculation.
Since the conical intersection in this system is accidental, it is clear that it will not
occur at exactly the same geometry in the SA-CASSCF (where it occurs by definition
at both scanned angles being 0°) and in the HQD-NEVPT2. It was previously shown
that MS-CASPT2 and MCQDPT2 (which have “type I” non-invariance) show severe
irregularities of the PES around the point of degeneracy of the underlying SA-CASSCF
calculation, essentially over the whole range of scanned angles.” In contrast to that,
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Table 4.10.: Energies of the states (in cm™!) belonging to the 2P and > H terms of the Co?* ion
at the NEVPT2 and HQD-NEVPT?2 levels. Shown are also the standard deviations o within the
multiplets of a given total angular momentum quantum number .J. For NEVPT2, the energies
were sorted into the different categories by ordering them according to energy, since a clear
assignment was not possible. For comparison, the results of bc-D*CD-CAS(2), which does not
break degeneracy, are also shown.

Term NEVPT2 o(NEVPT2) HQD-NEVPT2 o(HQD-NEVPT2) bc-D3CD-CAS(2)

Py 217440 21115.0 21034.8
S U S VOt
21912.0 21125.8 21034.8

Py 222024 0 21833.5 0 21751.0
22202.4 21833.5 21751.0

“Hyyp 222354 22718.0 22621.6
22235.4 22718.0 22621.6
22452.2 22722.0 22621.6
22452.2 22722.0 22621.6
22565.6 22726.0 22621.6
22565.6 22726.0 22621.6
22615.8 1688 22733.0 124 22621.6
22615.8 22733.0 22621.6
22698.4 22737.0 22621.6
22698.4 22737.0 22621.6
22739.3 22755.9 22621.6
22739.3 22755.9 22621.6

“Hyo  22958.8 23433.3 23335.9
22958.8 23433.3 23335.9
23181.6 23436.8 23335.9
23181.6 23436.8 23335.9
23265.9 23444.0 23335.9
23265.9 1677 23444.0 s 23335.9
23371.4 23450.2 23335.9
23371.4 23450.2 23335.9
23440.9 23466.6 23335.9
23440.9 23466.6 23335.9
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Figure 4.4.: Energy difference (in Ha) between the two lowest ! A’ states of allene in Cs symme-
try calculated by HQD-NEVPT2. Shown is an unrelaxed surface scan varying the two internal
degrees of freedom described in the main text. The reference geometry (center of the figure)
corresponds to the minimum point of degeneracy between the two states at the SA-CASSCF(4,4)
level.

Figure 4.4 shows that the effect of non-invariance of the HQD-NEVPT2 method is
much smaller, and the PES is only affected in regions in the center of the figure where
the reference states are nearly degenerate (closer than about 0.1 eV) in the underlying
SA-CASSCEF. In these regions, one observes a slightly increased or reduced distance of
the isolines. Apparently, HQD-NEVPT?2 is very useful for most parts of the PES even
though it is not exactly model space invariant.

4.4.2. Occurrence of complex eigenvalues

The main advantage of a Hermitian effective Hamiltonian is that its eigenvalues are
guaranteed to be real and its eigenstates are orthonormal. A non-Hermitian real
Hamiltonian can have complex eigenvalues, which come in complex-conjugate pairs.
There is an increased tendency for the appearance of complex eigenvalues for (nearly)
degenerate states, which can be qualitatively understood by investigating as a model
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4. Tests of the DCD-CAS(2) and HQD-NEVPT2 methods

Table 4.11.: Excitation energies AF (real and imaginary parts) of [CuCly]?" calculated with
non-Hermitian QD-NEVPT2.

AE‘lreal / AEimag A-Ereal / AEimag

State (Dap) eV / meV State (Dzq) eV / meV

2

Blg 2

@ — 2 = zy) 1.568 0.0 E (zz/yz — zy) 0.798 +1.6

2Ey(xz/yz — zy) 1.832 +0.0 2B; (x*—y®> —2y) 0.953 0.0

2A14 (22 — ) 2.154 0.0 2A1 (22 = zy) 1.201 0.0

2E.(Cl - 3p — xy) 3.465 0.0 2E (Cl-3p — xv) 3.302 +1.1

2B, (C1-3p — xy)  3.735 0.0 2E (Cl-3p — xy) 4.505 +1.0

2E.(Cl - 3p — xy) 4.978 0.0 2A1 (Cl-3p — ay) 5.710 0.0
the real 2 x 2 eigenvalue problem HC = EC with

A2 a
H_E0+( b _A/2). (4.8)

It has the eigenvalues £y = Fy £ %\/ A2 + 4qab. If the matrix is Hermitian, ab is non-
negative and the eigenvalues are obviously real. For a non-Hermitian real matrix, one
can distinguish the following cases:

+ ab > 0: The eigenvalues are real and their difference is larger than A.
« ab = 0: The eigenvalues are equal to the diagonal values Fy + A/2.

« —A?%/4 < ab < 0: The eigenvalues are real and their difference is smaller than
A.

« ab = —A?/4: The eigenvalues are degenerate and equal to Fj, the average of
the two diagonal values.

« ab < —A?/4: The eigenvalues are a conjugate pair of complex numbers.

In Table 4.11 we show the ligand field and LMCT excitation energies of the [CuCl,]*
complex in two different geometries, belonging to the D,;, and Dy, point groups, and
calculated with the traditional (non-Hermitian) QD-NEVPT2. The geometries were
optimized in the gas phase. The remaining computational details and a more thor-
ough investigation of these complexes can be found in Section 5.4. For the crystal
geometries also introduced in that section, degeneracy is sufficiently broken (corre-
sponding to a larger A in the 2 X 2 model) that complex eigenvalues do not occur.
It can be seen in Table 4.11 that complex energy values appear in some cases. The
real part of the energies is very close to HQD-NEVPT2 results (see Section 5.4) and
the imaginary part is small (in this example not larger than on the order of 1 meV).
There are no pronounced state-mixing effects in these systems. The off-diagonal ele-
ments of the effective Hamiltonian have a magnitude of at most around 0.1 eV and the
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4.4. Tests of QD-NEVPT2 and HQD-NEVPT2

non-Hermitian contribution, which can lead to complex eigenvalues, is significantly
smaller than that (on the order of a few meV). This explains the observation that com-
plex eigenvalues only occur for energies that are expected to be (nearly) degenerate.
This is also the reason why possible imaginary parts cannot be large in this system.
It is then clear that for nondegenerate levels (corresponding to large A in the model
problem), even negative (small) ab will not lead to the occurrence of complex roots.
This is only possible if A is equally small. But for other systems with possibly large
state mixings, i.e. with significant off-diagonal elements, much larger imaginary parts
can be expected for nearly degenerate levels, and in general the occurrence of imag-
inary parts can be expected also for levels that are rather far from being degenerate.
As another example for the occurrence of complex eigenvalues in the non-Hermitian
theory, Figure 4.5 shows a one-dimensional PES scan of the allene system already in-
troduced before. It can be observed that in the region close to where a weakly avoided
crossing is expected, the eigenvalues of the non-Hermitian QD-NEVPT2 become com-
plex, while HOQD-NEVPT2 shows the correct expected behavior. It can also be seen that
the energies at the non-Hermitian QD-NEVPT2 level already show unphysical behav-
ior way before they actually become degenerate and acquire an imaginary part. A
similar unphysical behavior has been observed for EOM-CC applied to conical inter-
sections.’” The pragmatic practice of discarding imaginary parts and taking the real
parts as physical energies is not satisfying in such cases because it means that ener-
gies that should not be degenerate are artificially made degenerate. This is why we
prefer working with a Hermitian effective Hamiltonian from the beginning, obviating
the need to resort to such ad hoc solutions.
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0.003 1 —— HQD-NEVPT2
—— QD-NEVPT2 (real)
—==- QD-NEVPT2 (real+imag)

0.002

0.001

0.000

Total energy / Ha

—0.001 -

—0.002 A

—0.003 T T T T T T T
—8.00 —7.75 —7.50 —7.25 —7.00 —6.75 —6.50 —6.25 —6.00
CCC bend angle / °

Figure 4.5.: Vertical cut through the surface shown in Figure 4.4 at the non-Hermitian QD-
NEVPT2 and HQD-NEVPT2 levels. The CCCH torsion angle is fixed at 3° relative to the ref-
erence geometry. This is very close to the angle where the HQD-NEVPT?2 conical intersection
occurs; hence the very weakly avoided crossing at this level of theory. For non-Hermitian QD-
NEVPT?2 both the real part and the sum of real and imaginary part is plotted in case of complex
eigenvalues. The energies are plotted relative to —116.06149 Ha, which is the average energy
of the HQD-NEVPT?2 states in the avoided crossing region.
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5. Applications

The spin-dependent DCD-CAS(2) method was tested for a range of properties of TM
complexes.® After the description of the test sets and computational details, we in-
vestigate the performance of spin-dependent DCD-CAS(2) when using a minimal ac-
tive space containing the five metal d-derived MOs together with the appropriate
number n of electrons for the d" configuration of the metal center. We have calcu-
lated ZFS parameters D and E/D of six 3d TM complexes and g-shifts for a subset
of the complexes studied by Singh et al.’”* Afterwards, we present the performance
for the calculation of EPR parameters of (pseudo) square-planar Cu complexes be-
cause the failure of nondegenerate MRPT is well understood in this case. The results
of that study were one of the main motivations for the development of the HQD-
NEVPT2, whose performance for the EPR parameters of the Cu complexes is there-
fore also tested. Finally, we investigate the performance of HQD-NEVPT?2 for optical
spectra of two conformers of [CuCl]*". Figure 5.1 shows all molecules investigated
in this chapter. The used abbreviations are Ph=phenyl, iPr=isopropyl, Me=methyl,
acac=acetylacetonato, dmiz=dimethylimidazole, sacsac=dithioacetylacetonato, taca-
cen= N,N’-ethylenebis(thioacetylacetoneiminate), cyclam= 1,4,8,11-tetraazacyclotetra-
decane, en=ethylenediamine, gly=glycine, dtc=N,N-diethyldithiocarbamate, mnt=ma-
leonitriledithiolate.

5.1. Test sets and computational details

All calculations were performed using a development version of ORCA.'* For the
minimal active space calculations we used the DKH2 scalar relativistic Hamiltonian
and performed state-averaged (SA)-CASSCF calculations with the set of five d orbitals
chosen active, averaged over all roots of all multiplicities of the whole CASCI space.
For the ZFS calculations, both SOC and SSC were included in the relativistic calcu-
lations. Geometry optimizations were performed with BP86, the scalar-relativistic
DKH2 Hamiltonian, DKH-def2-TZVP, SARC/J auxiliary basis and grid5. For the Co
complexes, the linear Fe(I) complex'** as well as the two Nil complexes,**1% we used
the crystal structures and only optimized the hydrogen atom positions because the
optimized geometries otherwise deviated too much from the crystal structures. In the
case of the Co complexes, we first truncated the crystal structures, saturating with
H atoms, in order to reproduce the models previously defined as ¥3 and 4. For
the remaining complex [Mn(acac);], we constructed the structure in silico and did a
full geometry optimization. We used the AutoAux procedure'”’ in ORCA to generate
auxiliary basis sets for the Rl-calculation of two-electron electric field gradient inte-
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©oQ

[Co(N(SPPh,)(SPiPr,)),]  [CO(N(SPPh;) .
H4 model H3 model [Fe(C(SiMe3)3),1~

a—%««%é

[Mn(acac)s [Ni(dmiz),(HCOO),(H,0),] [Ni(sarcophagine)]?*

4

[Co(sacsac),] [Co(tacacen)] [CrN(CN)s]3~ [MNN(CN),]~

[VO(acac),] [VO(H,0)s1?* [Nl(cyclam)]‘r [NiH(CO);
[Cu(NH3),1%* [Cu(en),]** [Cu(gly).] [Cu(dtc),]
[Cu(mnt),]>~ D,q-[CuCl, ]2~ Dan-[CuCl,1?~

Figure 5.1.: Molecules (in the geometries employed in the calculations) used
for tests of spin-dependent DCD-CAS(2) and of HQD-NEVPT2. Rows 1 and
2: Molecules used for the investigation of ZFS with a minimal active space.
Rows 3 and 4: Molecules used for the investigation of g-shifts with a minimal
active space. Rows 5 and 6: Pseudo-square-planar Cu complexes used for
the investigation of EPR parameters (g-shifts and HFCCs) using an extended
active space.
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5.1. Test sets and computational details

grals needed for SSC. For the systems used in the g-shift study, the geometries were
taken from the supplementary material of Singh et al.'®* For both the ZFS and the
g-shift investigation we employed the DKH-def2-TZVP basis set in all multireference
calculations.

The geometries of all complexes for the study of the EPR parameters of (pseudo)
square-planar Cu'! complexes were optimized at the unrestricted Kohn-Sham (UKS)
level with the BP86 exchange-correlation functional, using the scalar-relativistic DKH2
Hamiltonian and the DKH-def2-TZVP basis set. Since picture-change effects on HFCCs
can be large already for relatively light elements (like 3d transition metals)?’ and
they are not yet implemented in conjunction with the spin-dependent DCD-CAS(2)
method, we choose to do all HFCC calculations at the nonrelativistic level. Compar-
ison of nonrelativistic domain-based local pair natural orbital coupled cluster singles
doubles (DLPNO-CCSD)®!? calculations to relativistic ones with picture-change in-
cluded show that the error introduced by this is relatively small compared to the er-
rors intrinsic to the methods. We found that the error is typically smaller than 1% for
SD contributions and smaller than 5% for FC contributions; see Appendix B.1. For g-
matrices of transition metal complexes it has been found that a relativistic calculation
(even without inclusion of picture change effects) improves the agreement with ex-
periment.'*! For 1st row TM complexes, the improvement is however relatively small,
and the g-shifts are similar between relativistic and nonrelativistic calculations; see
Appendix B.2. For consistency with the HFCC calculations, we therefore choose to
also use the nonrelativistic Hamiltonian in this case.

DLPNO-CCSD calculations of HFCCs'*® based on a preceding unrestricted HF (UHF)
calculation were performed with the decontracted def2-TZVP basis set, using Au-
toAux'”” to generate the auxiliary basis set and explicitly correlating core electrons
(no frozen core). All multireference calculations for the Cu complexes are based on
a SA-CASSCF(11,6) calculation. The active orbitals were chosen to be the Cu 3d or-
bitals together with the bonding counterpart of the d,2_,» orbital (with orbital lobes
in the direction of the coordinating atoms). In order not to have the orbitals biased
toward the ligand-field states, we chose the weight of the LMCT state to be five times
higher than each of the five ligand field states in the state averaging. Like for the
CC calculations, we use the decontracted def2-TZVP basis set (DKH-def2-TZVP for
relativistic calculations). Finally, we performed B3LYP'* calculations of g-matrices"’
and A-matrices?’ with the same basis sets and grid6. Note that in some cases we have
reverted the sign of two of the HFCCs in order to match the signs obtained experi-
mentally and/or by the CC calculations. This is possible by a unitary transformation
within the Kramers doublet, which keeps the A-matrix diagonal. In some instances we
also performed calculations with state-averaged NEVPT2 (SA-NEVPT2), which is the
usual (strongly contracted) NEVPT2 with a Dyall Hamiltonian that is not state-specific
for each state, but constructed from the state-averaged density matrix. It is exactly this
state-averaged Dyall Hamiltonian that we use in the DCD-CAS(2) method, in order to
fulfill the requirement of a common 0Oth order Hamiltonian for all states. In this way,
one can understand which part of the difference between NEVPT2 and DCD-CAS(2)
results is simply due to a different Oth order Hamiltonian, instead of state-mixing ef-

93



5. Applications

Table 5.1.: Spin Hamiltonian parameters D (in cm™) and F/ D for various mononuclear
3d complexes. Both SOC and SSC are included in the calculations. The spin of the non-
relativistic ground-state multiplets is 1 for the two Ni complexes, 2 for the Mn complex,
and 3/2 for the remainder.

CASSCF NEVPT2  DCD- ot
/QDPT  /QDPT  CAS(2) pt-
. D 21.27 15.50 15.64  +£12.9%%
[Co(N(SPPh)(SPiPr2))2] /D 0.27 0.28 0.30 0.33204
D ~16.58  —14.00 —13.30 —11.9204
[ColN(SPPhe)z): ] E/D 0.04 0.04 0.04 0.05204
. . D ~100.47 —108.59 —106.43
[Fe(C(SiMes)s).] E/D 0.00 0.00 0.00
(Mn(acac)] D —4.00  -4.32  —448  —4.52205
’ E/D 0.00 0.01 0.00 0.06205
. D ~710  —546  —542  —7.7%
[Ni(dmiz)2(HCOO):(H:0)2] 7 0.28 0.32 0.31 0.261%
D 2.42 1.61 1.42 1.441%
: : 2+
[Ni(sarcophagine)] E/D 0.27 0.21 0.25 019
fects.

We want to point out that all calculations reported in this work are single-point cal-
culations performed at the minimum nuclear configuration of the respective poten-
tial energy surface. This is an approximation and previous work has shown that
EPR parameters (especially the FC contribution to HFCCs) can in some cases change
quite drastically over the range of nuclear configurations accessible in the vibrational
ground state.?*"?®® When assuming validity of the Born-Oppenheimer approxima-
tion, the effect of vibrations can be estimated by calculating the expectation value of
the property hypersurface in the vibrational ground state (vibrational averaging). We
choose not to discuss this procedure further in the following because it is completely
independent of the underlying electronic structure method used to calculate the prop-
erty surface. Since DCD-CAS(2) is not a very high accuracy method, we consider the
vibrational effects negligible when comparing the results to experimental numbers.

5.2. Minimal active space results

5.2.1. Zero-field splittings

The results of the ZFS calculations are shown in Table 5.1. It can be seen that the pre-
dictions by NEVPT2 and DCD-CAS(2) are usually quite similar. The largest change
occurs for the [Ni(sarcophagine)]** complex, with a reduction of D by about 12%
when going from NEVPT2 to DCD-CAS(2). We included the two (pseudo)octahedral
Ni"" complexes to our test set because we expected that an influence of state mixing
behavior could show up there. In an octahedral ligand field, d® systems have a non-
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5.3. Electron paramagnetic resonance parameters of square-planar Cu complexes

relativistic ® Ay, ground state. Since the SOC operator transforms as 7}, only excited
states that transform like the product Ay; ® 11, = T4, are expected to contribute to
the ZFS. Indeed the ZFS is dominated by an excited 375, term and the lower one of
two excited 'Th, terms. Since there is a second term of the same symmetry for the sin-
glet multiplicity, some state mixing could be expected to occur. However, no sizeable
state mixing between those two terms was observed for either Ni complex. For the
[Ni(sarcophagine)]** complex, there occurs a different state mixing that can only be
explained by the fact that the complex deviates from perfect O, symmetry. The states
of the lowest T 5¢ term mix with the lowest 1Alg state, which is slightly lower in en-
ergy. The mixing is relatively weak (around 1% admixing) for the first two roots of
the Ty, term, which contribute negatively to D, and sizable (around 7% admixing) for
the third root of the T3, term, which contributes positively to D. The mixing pushes
the energy of the third ' 75, state slightly up, reducing the magnitude of its contribu-
tion to D. This can explain the smaller D value obtained by DCD-CAS(2) compared
with NEVPT2. One should also mention the importance of SSC for the accurate pre-
diction of ZFS. For example, the DCD-CAS(2) D value without SSC is —3.99 cm™! for
Mn(acac); and 1.32 cm™ for [Ni(sarcophagine)]** compared with the more accurate
values presented in Table 5.1.

5.2.2. g-shifts

The minimal active space g-shift results are shown in Table 5.2. It can be seen that
there are some changes in g-shifts between NEVPT2 and DCD-CAS(2). Compari-
son with SA-NEVPT2, which uses the same 0th order Hamiltonian, reveals that these
changes are dominated by state mixing effects for the Co" complexes. Analysis of the
state compositions shows that the doublet CASCI roots 5 and 7 of [Co(sacsac),] are
heavily intermixed in the DCD-CAS(2) state. This mixing is however difficult to an-
alyze since many different states are involved. In most cases the difference between
NEVPT2 and DCD-CAS(2) is very subtle and their (dis)agreement with experiment is
comparable. Also in those cases where DCD-CAS(2) provides a limited improvement
(Co complexes), there is still a very large error with respect to the experiment.

5.3. Electron paramagnetic resonance parameters of
square-planar Cu complexes

In this section, we follow the chronological order in which the results were origi-
nally published and first discuss only the results of DCD-CAS(2) compared with state-
specific approaches. In the last part, we then include the discussion of HQD-NEVPT?2,
which was developed as an answer to the problems found when using DCD-CAS(2).
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Table 5.2.: g-shifts (in ppt) of various mononuclear 3d complexes with spin 1/2.

NEVPT2 SA-NEVPT2 DCD-CAS(2) Expt.'*

[Co(sacsac),] Ag(1l) —-1263.7 —1301.4 —1064.9 —103
CAS(7,5) Ag(2) -1110.6  —1260.4 —840.4 ~98.3
Ag(3) 3520.6 3495.3 3261.2 1277
[Co(tacacen)] Ag(l) —1660.6 —1908.2 —1273.7 —57
CAS(7,5) Ag(2) —1617.3  —1809.5 ~1063.1 —22
Ag(3)  3609.9 3674.2 3372.8 1044
[CIN(CN)5s]**  Ag(1) -37.5 —42.3 —44.1 —26.8
CAS(1,5) Ag(2) —6.9 -8.1 —8.6 -3.3
Ag(3)  —6.9 ~8.0 ~8.6 ~3.3
[MnN(CN),]~ Ag(l) —20.6 —26.8 —27.8 -3.3
CAS(1,5) Ag(2) 44 —6.0 —6.3 2.2
Ag(3)  —4.4 —6.0 —6.3 2.2
[VO(acac);] Ag(l) —73.3 —76.0 —78.0 —57
CAS(1,5) Ag(2) —18.5 —18.7 —19.5 —21
Ag(3) —16.2 —16.5 —17.2 —21
[VOH,0)s]?*  Ag(l) —84.7 885 ~90.6 —65.3
CAS(1,5) Ag(2) 159 —16.6 ~17.2 ~18
Ag(3) —15.2 —15.7 ~16.5 —10
[Ni(cyclam)]*  Ag(1) 48.1 49.9 50.7 48
CAS(9,5) Ag(2) 496 56.1 52.2 48
Ag(3) 2354 253.2 259.0 136
[NiH(CO);]  Ag(l)  —5.0 —4.2 —4.0 ~1.9
CAS(9,5) Ag(2)  208.9 191.1 187.0 65
Ag(3)  208.9 191.2 187.0 65
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5.3. Electron paramagnetic resonance parameters of square-planar Cu complexes

5.3.1. Effect of state mixing on EPR parameters of
square-planar d’ complexes

The qualitative theory of EPR parameters for Cu” complexes has been extensively dis-
cussed over the past decades. #2729 We reiterate the pertinent details here in order
to facilitate the discussion of our computational results. The ground state of square-
planar d° molecules can be qualitatively described as a single Slater determinant in
which all MOs are doubly occupied (DOMOs) except for a single one that is singly
occupied (SOMO) and has the form of a d,2_,2 orbital. Applying 2nd order DPT'*
(see Section 2.8.1) to this kind of system leads to the following expressions for the EPR
parameters:

Agr =2 Z AE; (4 [1¥vhsonmo) (Ysomo 2|1, (5.1)
t(doubly)
ANOC/SOC = 207 YA Z AE <¢t|—|¢SOMo><¢50Mo‘Z |1/1t> (5.2)
t(doubly)
. 8T
Aj} = dua ’YAQ——WSOMO(RA)‘ ) (5.3)
SD 2 Ye 37"A7’A 5kl7’A
Ay =« ’YA—<wSOMo’—5WSOMO> (5.4)

2 T

Here it is assumed that the total spin is S = 1/2 and that all excited states that con-
tribute to the 2nd order properties (Egs. (5.1) and (5.2)) can be described as a single
Slater determinant where one electron has been excited from a DOMO ¢ to the ground
state SOMO. AE; is the corresponding excitation energy. This physical picture is vi-
sualized in Figure 5.2.

In contrast to the other d orbitals, the metal d,2_,» orbital has its lobes in the direction
of the ligands in a square-planar coordination environment. Hence the ground state
SOMO will be an antibonding linear combination of this orbital with some admixture
of ligand orbitals. A d orbital ¢ that is doubly occupied in the ground state can on
the other hand be assumed to be mostly metal-centered. The angular momentum
operator [* simply rotates it into a linear combination of the whole set of five metal
d orbitals. The overlap of its d,2_,2-like contribution with the ground state SOMO
will then be smaller if the latter has more ligand character. The same is true for the
NOC integral, where the operator is even more local due to the 7, dependence. For
the SOC operator we assume for our qualitative discussion that it has the form of
the effective nuclear charge approximation?'® and that only the contribution from the
metal nucleus is included. This is justified since ligand nuclei have smaller angular
momentum and smaller Z.g. This leads to

2

<¢50M0|Zl Wt> N <¢SOM0| |1/1t> (5.5)

One can see that under these assumptions the SOC integral is approximately propor-
tional to the NOC integral. Therefore, also the SOC integral will be smaller if the
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Figure 5.2.: Simple orbital diagram (using Dy, point group labels) for the
qualitative model assumed for the electronic structure of square-planar Cu'!
complexes. The orbital occupation belongs to the ground state and the ar-
rows designate the possible excitations leading to excited states: d-d (or lig-
and field (LF)) transitions and a ligand-to-metal charge transfer (CT) excita-
tion.

covalency in the ground state SOMO is increased. Finally, the FC and SD integrals in
Egs. (5.3) and (5.4) will be larger if the AOs of the atom for which the HFCC is evaluated
have a larger contribution to the ground state SOMO, due to the local nature of the
operators. For active spaces containing only a single hole, like the chosen CAS(11,6),
a special property arises. Any given set of states, which are unitary transformations
of the CAS CSFs, can be turned into single Slater determinants by a suitable rotation
among the active orbitals; see Appendix A.5. We call the set of these orbitals single de-
terminant orbitals (SDOs). Using these orbitals, state mixing within our chosen CASCI
space can be interpreted in terms of orbital rotations.

The problem with CASSCF is that its description of the ground state SOMO of the in-
vestigated complexes is too ionic, i.e. with too little contribution from ligand AOs. The
same problem persists for NEVPT?2, since it cannot revise the CAS part of the wave-
function. This remains true when one explicitly includes the corresponding ligand-
dominated bonding counterpart to the ground state SOMO in the active space. The
LMCT configuration, where this orbital is singly occupied, is too high in energy at
the CASSCF level; hence its contribution to the ground state is too small.?'' There
is also a recent benchmark of CASSCF and NEVPT?2 for the prediction of g-shifts,'*
where these trends were thoroughly investigated. Dynamic correlation dressing can
decrease the energy of the LMCT configuration with respect to the ground state and
therefore allow for state mixing. For the systems studied here, this state mixing be-
tween the ground configuration and the LMCT configuration can be described simply
as a change of orbitals. The larger the weight of the LMCT state, the more ligand char-
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5.3. Electron paramagnetic resonance parameters of square-planar Cu complexes

Table 5.3.: g-shifts (in ppt) calculated with different methods and compared with the experi-

ment.
DCD- HQD-

CASSCF NEVPTZ2 AS(2) NEVPT2 B3LYP  Expt.

[Cu(NH3),]%* Ag(1) 71 58 39 48 40 45212
Ag(2) 71 58 39 48 40 45212

Ag(3) 415 290 194 239 147 239212

[Cu(en);]?* Ag(1) 65 52 32 40 34 39212
Ag(2) 65 53 32 41 35 39212

Ag(3) 372 257 153 197 125 203212

[Cu(gly)] Ag(1) 42 33 29 34 30 23212
Ag(2) 89 73 44 52 45 23212

Ag(3) 363 246 177 209 138 265212

[Cu(dtc),] Ag(1) 64 54 9 18 16 18213
Ag(2) 68 55 11 20 23 23213

Ag(3) 334 222 54 94 65 82213

[Cu(mnt),]* Ag(1) 64 53 10 20 20 21214
Ag(2) 64 68 12 20 20 24214

Ag(3) 305 208 51 84 71 84214

Dog-[CuCl ] Ag(1) 181 208 70 145 71 81215
Ag(2) 181 208 70 145 71 97215

Ag(3) 895 753 334 595 242 443215

Dyp-[CuCl]?  Ag(1) 87 7 33 54 44 47207
Ag(2) 87 77 33 54 44 47207

Ag(3) 609 466 178 320 154 23027

acter will be mixed into the ground state SOMO (which is the singly occupied SDO of
the ground state), meaning the metal-ligand bond will be more covalent.

5.3.2. g-shifts

The g-shifts calculated at different levels of theory compared with experimental values
can be found in Table 5.3. One readily observes that the values at the CASSCF level
are too large, as expected from the fact that the CASSCF description of metal-ligand
bonds is too ionic. Since the g-shift is a 2nd order property, NEVPT2 can give improved
values through modified nonrelativistic excitation energies. DCD-CAS(2) can revise
the wavefunction and therefore yields smaller values than NEVPT2. The lowering in
magnitude is however too strong and the g-shifts are generally too low at this level of
theory. For the two sulfur-containing complexes ([Cu(dtc),], [Cu(mnt),]*"), the values
are even lower than the ones obtained with B3LYP, which is notorious for giving too
small g-shifts due to an overly covalent description of the metal-ligand bond.*
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5.3.3. Ligand hyperfine couplings

It was previously shown that ligand HFCCs (even for nuclei beyond the 2nd row like
sulfur) are dominated by FC and SD HFC,* while the SOC-induced NOC contribution
is relatively small and can be approximately neglected here. Therefore, we directly
compare the FC and SD contributions to the ligand HFCCs with the complete isotropic
and anisotropic parts of the experimental HFCCs. This approximation is naturally
worse for the heavier ligand nuclei S and Cl. The results are shown in Table 5.4. For
the ligand HFCCs, there are nonzero FC contributions already for the methods based
on a CAS, due to spin delocalization. The increasing covalency at the DCD-CAS(2)
level improves the values, but they are still too small compared to the DLPNO-CCSD
and experimental results. The remaining error is probably due to the missing spin po-
larization. The SD contribution is also increased when going from CASSCF/NEVPT2
to DCD-CAS(2) and agrees in most cases well with the experimental values.

5.3.4. Cu hyperfine couplings

For a CAS wavefunction, the spin density, which is proportional to the FC contribu-
tion to HFCCs, comes from partial occupation of active orbitals. If all active orbitals
have a node at the metal nucleus (as is the case for the calculations here), there is
no contribution of the FC interaction to metal HFCCs, which is in contrast to experi-
mental results. The problem is that the spin density comes from spin polarization of
the (at the CAS level closed-shell) core electrons due to dynamic correlation, an effect
that is present at the CCSD level but not at the CASSCF, NEVPT2 or DCD-CAS(2)
levels. Since this important feature is missing, we can therefore not directly compare
our results with experimental HFCCs. We can however compare the anisotropic part
of the HFCCs (which contains contributions from SD and NOC) with the experiment,
and the results of this comparison are given in Appendix B.3. As it turns out, DCD-
CAS(2) has for this anisotropic part the best agreement with the experiment among
all compared methods, which is due to fortuitous error cancellation. In the following
we take a closer look at the individual contributions. Assuming that DLPNO-CCSD
yields semi-quantitative results for the FC and SD contributions to HFCCs (see Section
5.3.3 and previous benchmarks'*®), we can compare directly with the SD contribution
as predicted by other methods. The results are shown in Table 5.5. One can see that
there is not much difference between CASSCF and NEVPT?2 results since the wave-
function is unchanged. The DCD-CAS(2) and B3LYP values are quite similar to each
other and are smaller than the CASSCF/NEVPT2 values, indicating a larger amount of
covalency in the SOMOs of the complexes. The fact that bonds are too covalent at the
DFT level manifests itself in too small HFCCs. The comparison with DLPNO-CCSD
results shows that DFT as well as DCD-CAS(2) underestimate the values, which seems
to indicate that the description of the SOMO at the DCD-CAS(2) level is too covalent.
It is surprising considering the too ionic wavefunction that CASSCF predicts the SD
contributions to the HFCCs quite well compared with DLPNO-CCSD. This good agree-
ment is probably due to a fortuitous error cancellation with electron correlation effects
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Table 5.4.: Ligand HFCCs (in MHz).

DCD- HQD- DLPNO- .
CASSCF NEVPT2 | AS(2) NEVPT2 BSLYP [ o Expt
[Cu(NH3),]%* Agc 15 15 23 20 39 32 34210
(1*N) Asp(1) =2 -2 —4 -3 -5 -3 27
Asp(2) -2 -2 —4 -3 -5 -3 2%
Asp(3) 4 4 7 6 10 7 5216
[Cu(en),]** Arc 14 14 19 18 36 29 32216
(N) Asp(1) =2 -2 —4 —4 -5 —4 420
Asp(2) -2 -2 —4 —4 -5 —4 420
Asp(3) 5 5 8 7 9 8 g216
[Cu(gly):] Agc 14 14 17 16 36 29 3121
(“N) Asp(1) -2 -2 -3 -3 -5 -3 2%
Asp(2) -2 -2 -3 -3 -5 -3 27
Asp(3) 5 5 5 5 9 7 4216
[Cu(dtc),] Arc 18 18 16 19 26 35 35217
(*3S) Asp(1) —6 —6 —14 —13 —16 -1  —13%7
Asp(2) =6 —6 -15 -13 =17  —12 —18?
Asp(3) 12 12 29 26 33 22 31217
[Cu(mnt),]* Agc 22 22 23 23 32 32 39214
(333) Asp(1) =5 -5 -13  -12 -4 —4  —11%
Asp(2)  —6 —6 -13 -13 16 -5  —1621
Asp(3) 11 11 27 25 30 9 26214
Dog-[CuClL]>  Agc 9 9 10 10 14 17
>Cly Asp(1) =5 -5 —-13 -9 18 -8
Asp(2) =5 -5 —-13 -9 —18 -8
Asp(3) 10 10 25 18 36 16
Dyp-[CuCL]> A 16 16 19 18 26 31 34%7
e\ Asp(1) =7 -7 -16 -12  -21 —12  —1827b
Asp(2) -7 -7 -16 -13 21  —12 —18%7
Asp(3) 14 14 33 25 42 24 36%7P

2Shown are the isotropic and anisotropic parts of the experimental HFCCs as estimates for the FC and

SD contributions.

PExperimental values are averages for **Cl and *’Cl because these lines could not be resolved separately.
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Table 5.5.: Comparison of different methods with DLPNO-CCSD for the prediction of the SD
contribution (in MHz) to the **Cu HFCCs.

DCD- HQD- DLPNO-

CASSCF NEVPTZ2 AS(2) NEVPT2 B3LYP o

[Cu(NH3)4]**  Asp(1) 271 278 239 251 245 282

Asp(2) 271 278 239 251 245 282

Asp(3) —553 563 —482  —507  —491  —564

[Cu(en),]** Asp(1) 269 276 224 239 232 276

Asp(2) 270 276 225 239 234 277
Asp(3) —548  —557  —452  —482  —466  —553

[Cu(gly)s] Asp(1) 206 212 214 226 204 230
Asp(2) 331 340 272 280 280 337
Asp(3)  —547  —556  —489  —509  —484  —567
[Cu(dtc),] Asp(1) 240 246 121 142 156 222
Asp(2) 240 247 122 142 159 228
Asp(3)  —489  —498  —243  —285  —315  —449
[Cu(mnt).]>  Asp(l) 240 243 129 143 162 227
Asp(2) 243 248 130 145 164 229
Asp(3)  —491  —495  —260 —290 —326  —456
Dog-[CuCL]*™  Agp(l) 198 198 190 189 219 283

Agp(2) 198 198 190 189 219 283
Asp(3) —462  —453  —392  —415  —437  —566

Dun-[CuCL > Agp(1) 249 258 191 217 211 272
Asp(2) 249 258 191 217 211 272
Asp(3) =521  —530 —386  —444  —422  —543
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5.3. Electron paramagnetic resonance parameters of square-planar Cu complexes

that are missing at the CAS level and are of the opposite sign compared to the effect
of missing covalency. The 2nd order NOC contribution to A-matrices is currently not
implemented at the DLPNO-CCSD level. In order to arrive at a reference value, we
subtracted the DLPNO-CCSD values for the FC and the SD contribution from experi-
mental HFCCs to get an estimate for the NOC contribution to the metal HFCCs. The
results of this procedure are shown in Table 5.6.

Since the NOC contribution is a 2nd order property (similar to the g-shift), there is, in
contrast to the SD results before, a large change in values when going from CASSCF to
NEVPT?2 due to the corrected excitation energies. Again, DCD-CAS(2) leads to smaller
values than NEVPT2 through the additional effect of increased covalency. Like before,
the values are very close to the B3LYP results, which severely underestimate the values
compared to the estimate obtained from the experiment and DLPNO-CCSD calcula-
tions. Together with an overly covalent SOMO, this may also be explained by overesti-
mated excitation energies; see Section 5.3.5 below. It is again surprising that CASSCF
and NEVPT? yield relatively good results despite the overly ionic wavefunction.

5.3.5. Reason for underestimation of Cu g-shifts and HFCCs at
the DCD-CAS(2) level

The results obtained so far indicate that at the DCD-CAS(2) level the description of
copper-ligand bonds is too covalent, which affects 1st and 2nd order properties. Fur-
thermore, the nonrelativistic excitation energies of states that can directly contribute
to the 2nd order properties are possibly too high. We now investigate the reason for
this behavior. Table 5.7 shows relative nonrelativistic energies at different levels of
theory. We also show in this table values obtained at the SA-NEVPT2 level of theory.
We can see that excitation energies are generally quite similar between NEVPT2 and
SA-NEVPT2, with one exception: The excitation energy to the highest energy state
(which is the LMCT state) is always much smaller at the SA-NEVPT?2 level than at the
NEVPT?2 level. For the two sulfur-containing complexes, the excitation energy to this
state even drops below 1 eV at the SA-NEVPT?2 level. This is clearly a deficiency of
the 0th order Hamiltonian, which cannot describe such different states as ligand field
states and LMCT states simultaneously. We therefore expect that the energy difference
of the diagonal elements of the DCD-CAS(2) effective Hamiltonian is too low due to
the use of this state-averaged Oth order Hamiltonian. Assuming that off-diagonal ele-
ments are not affected to a large extent, this means that the state mixing between the
CASCI ground state and the CASCI LMCT state is too strong. Hence the description
of the bonding at the DCD-CAS(2) level becomes too covalent. This is also nicely illus-
trated by the Lowdin Cu spin populations shown in Table 5.8. For DLPNO-CCSD, the
spin populations are based on the unrelaxed density. Compared to CASSCEF, it can be
seen that CC improves the wavefunction by delocalizing the SOMO from Cu to the lig-
ands. In DCD-CAS(2) and especially B3LYP, this delocalization effect seems to be too
strong, as demonstrated by the small Cu spin populations. Another effect of the overly
strong mixing is that the ground state energy is lowered much more than it should be.
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Table 5.6.: Comparison of the NOC contribution to the **Cu HFCCs (in MHz) for different
methods compared with the experimental/ DLPNO-CCSD reference. The CASSCF, NEVPT2
and DCD-CAS(2) values have all been obtained through the method described in this work,
while the B3LYP values are obtained via analytical derivative techniques.

Expt. /
DCD-  HQD-
CASSCF NEVPT2 B3LYP DLPNO-
CAS(2) NEVPT2 cCSD
[Cu(NH;),]%* Anoc(1) 113 85 61 73 62 1052122
Anoc(2) 113 85 61 73 62 105212
Anoc(3) 533 372 264 321 217  434%12
[Cu(en),]?* Anoc(1) 102 76 50 62 55 1062122
Anoc(2) 103 77 50 63 55 1082122
Anoc(3) 485 335 217 273 194 402212
[Cu(gly);] Anoc(1) 76 54 46 54 48 63212ab
Anoc(2) 136 105 70 82 72 170?212ab
Anoc(3) 479 324 245 285 206 480%122
[Cu(dtc);] Anoc(1) 106 80 20 36 34 92217¢
Anoc(2) 106 83 20 36 36 103217¢
Anoc(3) 423 281 79 134 124 412%7¢
[Cu(mnt);]* Anoc(1) 102 80 22 37 35 82214
Anoc(2) 106 102 23 43 37 82214
Anoc(3) 404 276 84 133 125 3992
Doyg-[CuCl]* Anoc(1) 352 365 128 270 122
Anoc(2) 352 365 128 270 122
Anoc(3) 1122 958 439 776 341
Dyp-[CuClL > Anoc(1) 157 126 56 93 64 53207¢
Anoc(2) 157 126 56 93 64 53207¢
Anoc(3) 769 587 250 430 234 481%07¢

2Experimental values were reported as field differences A B and were converted to energy units via
the relation A = upgAB.

PWhile the two smaller components were quite anisotropic in the CC calculation, they are assigned
the same value experimentally, hence these reference values might be problematic.

“Experimental values are probably averages for both Cu isotopes 63 and 65.
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5.3. Electron paramagnetic resonance parameters of square-planar Cu complexes

Table 5.7.: Nonrelativistic energies (in e€V) at different levels of theory. GS and LMCT
denote the ground state and LMCT state, which are both of QBlg symmetry. E; to E4
denote the d-d excited states.

Epcp-case)—

State AENeve2  AEsaANEVPT2 AFEpcp-cas)

E sa-NEVPT2

[Cu(NH;),]%* GS 0.000 0.000 —0.342 0.000
E; 2.083 2.178 2.160 2.502

E, 2.402 2.477 2.460 2.802

E; 2.389 2.498 2.482 2.824

E4 2.392 2.501 2.486 2.828

LMCT 5.523 4.104 4.881 5.223

[Cu(en),]?* GS 0.000 0.000 —0.462 0.000
E; 2.283 2.395 2.375 2.837

E, 2.630 2.724 2.707 3.169

E; 2.586 2.721 2.703 3.165

E4 2.623 2.751 2.734 3.196

LMCT 4.815 3.354 4.285 4.747

[Cu(gly),] GS 0.000 0.000 —0.315 0.000
E; 2.333 2.411 2.380 2.696

E, 2.294 2.408 2.388 2.703

E; 2.956 3.006 2.969 3.285

E4 2.946 3.044 3.023 3.338

LMCT 4.247 2.473 3.333 3.648

[Cu(dtc),] GS 0.000 0.000 —1.490 0.000
E; 2.419 2.667 2.272 3.762

E, 2.036 2.308 2.427 3.916

E; 2.193 2.462 2.621 4.111

E4 2.430 2.681 2.649 4.139

LMCT 2.293 0.991 2.846 4.336

[Cu(mnt),]* GS 0.000 0.000 —1.414 0.000
E, 1.570 1.831 1.805 3.219

E, 2.414 2.653 2.464 3.878

E; 2.221 2.493 2.587 4.001

E4 2.497 2.752 2.754 4.168

LMCT 2.298 0.998 2.927 4.340

Dog-[CuCly]* GS 0.000 0.000 —0.486 0.000
E, 0.498 0.589 0.566 1.051

E, 0.498 0.589 0.566 1.051

Es 0.676 0.784 0.760 1.246

E4 0.890 0.997 0.975 1.460

LMCT 3.333 1.729 2.463 2.949

Dyp,-[CuCl, )% GS 0.000 0.000 —0.669 0.000
E; 1.214 1.362 1.338 2.007

E, 1.494 1.650 1.628 2.297

E; 1.494 1.650 1.628 2.297

E4 1.740 1.875 1.855 2.524

LMCT 3.476 1.942 2.921 3.590
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Table 5.8.: Lowdin Cu spin populations at various levels of theory.

CASSCF DCD-CAS(2) HQD-NEVPT2 B3LYP DLPNO-CCSD

[Cu(NH;), % 0.84 0.70 0.74 0.63 0.76
[Cu(en),]?* 0.82 0.65 0.70 0.60 0.74
[Cu(gly),]?* 0.82 0.70 0.74 0.62 0.77
[Cu(dtc),] 0.75 0.36 0.43 0.40 0.59
[Cu(mnt), ]2 0.75 0.39 0.44 0.41 0.60
Dog-[CuCL]>  0.88 0.67 0.77 0.61 0.83
Dyp-[CuCL]*  0.83 0.57 0.68 0.54 0.74

Table 5.9.: [Cu(NH3),]** excitation energies (in eV)
of the two states that can in 2nd order PT contribute
to the g-shifts and NOC contributions to HFCCs.

DCD-CAS(2) CCSD(T)  Expt.
AE(Bay) 2.50 1.94 17478
AE(E,) 2.83 227 21748

As one can see in the last two columns of Table 5.7, this increases the excitation ener-
gies to the first excited states substantially although their total energies remain more
or less unchanged. This provides another possible mechanism for why the 2nd order
properties (g-shifts and NOC contributions to HFCCs) are too small. In the following
we will disentangle these two effects for the example of the [Cu(NH;),]*" complex.
All three operators that occur in Egs. (5.1) and (5.2) transform like rotations in the
approximate point group Dyy, i.e. they belong to the representation Ay, & E,;. Know-
ing that the ground state has approximate B;, symmetry, this means that only the
excited state of By, ® Ay, = By, symmetry can contribute to the parallel component
and only the excited state of B, ® I/, = E, symmetry can contribute to the orthogo-
nal component of Ag and Ayoc. Table 5.9 shows the DCD-CAS(2) excitation energies
for these two states compared with the corresponding values from a coupled cluster
calculation with single, double and perturbative triple excitations (CCSD(T)) and the
experiment. The CC calculations use the excited state determinants constructed from
SDOs as a reference. We loosened the thresholds slightly to enable convergence of
some of the CC calculations; see Appendix B.4 for a demonstration of the validity of
this approach. Assuming validity of DPT2, we can (since only a single state contributes
to each of the EPR parameters for the [Cu(NH;),]*" molecule) approximately correct
for the erroneous DCD-CAS(2) excitation energies by scaling the parameters with the
CCSD(T) or experimental excitation energies,

A Epcp-cas(2)

, 5.6
AEWCC/exp ( )

AGscaled = AgDCD—CAS(Z) X

and analogously for the HFCCs. The results of this procedure are shown in Table
5.10. After this correction, the scaled g-shifts come out slightly too large even though
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Table 5.10.: g-shifts (in ppt) and NOC contribution to HFCCs (in MHz) for [Cu(NHs)4]?*.
Shown are original DCD-CAS(2) results and results that are improved via scaling with exper-
imental and CCSD(T) excitation energies. The reference values are taken from Table 5.3 and
Table 5.6.

DCD-CAS(2)
DCD-CAS(2) scaled by s]c)a(ljel()i_f):yAIi(i))t Reference
CCSD(T) '
Ag 40 50 52 45
Agj 199 257 286 239
Anoc, L 61 76 80 105
Anoc,| 264 341 379 434

the wavefunction is too covalent, as demonstrated by the spin populations in Table
5.8. This seems to indicate once more that the influence of dynamic correlation on
the wavefunction cannot be neglected, especially for the g-shifts. For the HFCCs on
the other hand, the remaining discrepancy between scaled DCD-CAS(2) results and
experiment are in line with the overestimation of covalency in the ground state SOMO.

5.3.6. Performance of HQD-NEVPT2

We finally discuss the performance of HQD-NEVPT?2 for the prediction of EPR pa-
rameters in the set of square-planar Cu' complexes. One of the main motivations for
the development of HQD-NEVPT2 was that with its state-specific Dyall Hamiltoni-
ans it should be able to correct for the shortcomings of DCD-CAS(2) observed in the
previous section.

The Lowdin Cu spin populations for the different complexes computed with HQD-
NEVPT?2 are also shown in Table 5.8. It can be seen that the results from HQD-NEVPT2
agree on average best with the DLPNO-CCSD spin populations among the compared
methods, although they are still too small, especially for the S-coordinating ligands dtc
and mnt. The values are significantly larger than the DCD-CAS(2) values, which can
be traced back to a better description of the LMCT configuration with the state-specific
Dyall Hamiltonians in the framework of the HQD-NEVPT2.

We now come to the performance for the calculation of EPR parameters. In order to
facilitate the comparison, we also show the results from Tables 5.3, 5.5 and 5.6 graph-
ically. Figure 5.3 and Figure 5.4 show the results for the SD and NOC contributions
to the ®*Cu HFCCs for the different molecules in the test set, relative to the reference
values. We noticed in the previous sections that, for these properties, CASSCF/QDPT
and NEVPT2/QDPT performed best among all compared methods. This is quite coun-
terintuitive considering the too ionic wavefunction at this level as demonstrated by
the large spin populations in Table 5.8. We concluded that these properties cannot be
described sufficiently well with a CASCI type wavefunction, to which also the relaxed
wavefunctions of a DCD-CAS(2) or HOQD-NEVPT?2 calculation belong, and that there
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Figure 5.3.: Comparison of the SD contribution to ®*Cu HFCCs (in MHz) calculated with differ-
ent methods and DLPNO-CCSD as a reference. For simplicity only the component parallel to
the C axis (filled marker) and the average of the two orthogonal components (hollow marker)
are shown. Perfect agreement is indicated by the dashed gray line.
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Figure 5.4.: Comparison of the NOC contribution to ®*Cu HFCCs (in MHz) calculated with
different methods and a combined DLPNO-CCSD and experimental reference. For simplicity
only the component parallel to the C4 axis (filled marker) and the average of the two orthogonal
components (hollow marker) are shown. Perfect agreement is indicated by the dashed gray line.
The Dg4-[CuCly]?” molecule is excluded here because no suitable experimental reference was
found.
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Figure 5.5.: Comparison of g-shifts calculated with different methods and the experiment. For
simplicity only the component parallel to the Cy axis (filled marker) and the average of the
two orthogonal components (hollow marker) are shown. Perfect agreement is indicated by the
dashed gray line.
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is probably a fortuitous cancellation of errors in the case of CASSCF and NEVPT2. It
is still encouraging to see that HQD-NEVPT2 gives better results than DCD-CAS(2)
due to the more balanced description of the wavefunction.

Figure 5.5 shows the parallel and orthogonal g-shifts for the molecules of the test set
calculated with different methods and compared with the experiment. As discussed in
the previous section, NEVPT2 almost always overestimates the g-shifts, while DCD-
CAS(2) almost always underestimates them. HQD-NEVPT2 turns out to be relatively
accurate except for the [CuCl,]* complexes, where the predicted values are too large,
and the orthogonal component of the [Cu(gly),] g-shifts. Here the accuracy of the ref-
erence value is unclear because it predicts two equal orthogonal components while all
computational methods predict a quite large difference of the two components. On av-
erage, HOD-NEVPT2 performs best among the compared methods for the prediction
of this property. It therefore seems to be a serious alternative to established methods
for the prediction of g-shifts, at least for the case of Cu'' complexes.

5.4. Ligand field and LMCT excitation energies of
[CuCl,]*

In Section 5.3 there were hints that a state-averaged Hj is a bad choice when both
ligand field and charge transfer states are treated simultaneously. In order to in-
vestigate this further, we compare in this section the performance of state-specific
0th order Hamiltonians with state-averaged ones for the simultaneous prediction of
ligand field and LMCT excitation energies in the [CuCl,]* anion. This is a diffi-
cult problem for quantum chemistry, although recently there appeared a quite ac-
curate single-reference quantum-chemical treatment of the charge transfer states of
this molecule.?”® The difference between this section and Section 5.3 is that in the lat-
ter the LMCT state was an “artificial” (experimentally non-observable) one that was
only included into the active space to improve the description of the ground state. In
contrast to that, we investigate in this section experimentally observable LMCT states
in order to find out whether the previously found behavior is part of a general trend.
The [CuCl,]* anion exists in two geometries, depending on the crystal environment:
A more common distorted-tetrahedral (D,,) geometry with a 2B, ground state and
a square-planar (D) geometry with a ? By, ground state (with the ligands between
the coordinate axes, such that the SOMO is the d,,, orbital).?*® Absorption spectra of a
multitude of compounds from both categories have been recorded for many decades.
For the CI” ligand, hybridization is expected to be weak. Therefore, only those orbitals
derived from Cl-3p orbitals need to be considered as donor orbitals for the LMCT ex-
citations. There are twelve of them, of which four have o character and eight have 7
character. In the Dy, geometry, the o orbitals transform as A;; ® Byy @ E,. The
orbitals can be classified as four in-plane orbitals, which transform as Ay, ® By, ® £,
and four out-of-plane orbitals, which transform as Ay, ® By, @ E,. In the Dy; geom-
etry, the o orbitals and the “out-of-plane” 7 orbitals transform as A; & By ® F, while
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the “in-plane” 7 orbitals (having vertical nodal planes) transform as A, @ B, & E. Elec-
tric dipole-allowed transitions are only possible to £, and B, states in D, symmetry
and to F' and A, states in D,y symmetry. The experimental ultraviolet-visible (UV/Vis)
spectra in the charge-transfer region are dominated by two strong bands in the Dy,
case and three strong bands in the Dy, case. Assuming that these belong to electric-
dipole allowed transitions, there are three possible sets of ligand donor orbitals in the
Dy, case (two times e, and by,) and five possible sets in the D, case (two times a;
and three times e). For the Dy, case, we simply included all e,, and by, ligand orbitals
into the active space, which leads to a SA-CASSCF(19,10) reference calculation, with
a balanced ratio of ligand-field versus charge transfer roots in the state averaging. For
the Dy, geometry, there are differing opinions in the literature regarding the character
of the ligand donor orbitals in the three dominant bands, although there seems to be
consensus that two of them have F symmetry and one of them A; symmetry.?22% A
very thorough combined experimental and theoretical work came to the conclusion
that one of them originates from a non-bonding set of p-m orbitals with e symmetry,
while the other two correspond to an excitation from an e set of o oriented p orbitals
and an a; orbital of ¢ character.??? These results were taken into account to choose
the active space for a CASSCF(19,10) calculation on the Ds; complex. The choice of
orbitals was also verified by comparison with a larger active space CASSCF(25,13) cal-
culation including all ligand orbitals of e and a; symmetry; see Appendix B.6. The
SDOs for the two gas phase optimized structures from the previous section are shown
in Figure 5.6.

In order to describe the systems more realistically, we employed an embedded cluster
approach?? that has proven to be a viable technique for the modelling of many differ-
ent properties of solid systems.?*?* As a crystal with Dy, ions we chose Cs,CuCl,,
which crystallizes in the space group type Pnma with lattice parameters a=9.70 A,
b=7.60 A, c=12.35 A and 4 formula units (28 atoms) per unit cell.?*” For Dy;, symmetry,
we chose (N-mph),CuCl,; (N-mph = N-methylphenethylammonium), which crystal-
lizes in the space group type P2;/c with lattice parameters a=6.4952 A, b=22.678 A,
c=8.5844 A and angle 3=116.08°, and two formula units (106 atoms) per unit cell.??
The unit cells were repeated in all three directions to create a supercell whose surface
is at least 30 A from the atoms in the center. The [CuCl,]?" units were treated quantum
mechanically, and the remaining atoms of the supercell as point charges. To prevent
charge flow from the quantum region to the embedding charges, SDD effective core
potentials***~** were put on all positive point charges within a distance of 5 A from
any quantum-mechanical atom. One exception were positive charges representing H
atoms, since the latter do not have core electrons and therefore no ECP is defined for
them. We also performed calculations where Li ECPs were put on H point charges
and the results were very similar; see Appendix B.8. The embedding charges were
determined iteratively using CHELPG?** electrostatic charges from DLPNO-CCSD?*!°
calculations. The details of the embedding calculations can be found in Appendix
C.2. One important effect of this more realistic description is that the symmetry of
the [CuCL]* units is lowered. In Cs,CuCl, the symmetry is lowered from Dy, to
Cs, while in (N-mph),CuCl, it is lowered from Dy, to Dsj,. We will still use the ap-
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bag (xy) CEP bz (xy)

b1g (x2=y?) % e (xz/yz)
e, (xz/yz) ‘8;0 % by (x*—y?)
ag (22) 0&0 a; (z%)

2
. c-30) (0§00 8 23 JERICED %
W

LT

by (CI-3p) @8 e (CI-3p)
e, (Cl-3p) m) Qﬁ) a; (Cl-3p)

Figure 5.6.: Gas phase CASSCF(19,10) SDOs for [CuCl4]?" in Dy, geometry (left) and Doy
geometry (right). From top to bottom, the SDOs correspond to the SOMO of the different
electronic states in order of increasing energy. Isovalues of 0.05 were chosen.
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Table 5.11.: Excitation energies (in eV) belonging to the d-d transitions and the three strongest
bands in the charge transfer region of the Doy-[CuCly]>” UV/Vis absorption spectrum. For the
DLPNO reference, the threshold on the residual convergence was loosened to 0.003.

SA- DCD- HQD- DLPNO-
CASSCE \EveT2 case) NEVETZ NEvPT2 CosD(T) Expt. ™
’F (x2/yz — wy) 0.298  0.450  0.427 0.417  0.415 0.3 0.62
2By (x? —y? - xy) 0.621  1.077  0.907 0991  0.991 0.7 1.0
2A1 (22 = zy) 0.703 1.083 1.071 1.014  0.993 0.8 1.1
2F (Cl-3p — xv) 6.124  1.532  1.857 3.437 3435 3.9 3.1
"E+%B) 7219 2876 3.338  4.680 4.691 5.1 4.2
(ClI-3p — xy)
2A; (C1-3p — xy) 8.018 4612 5.051 6.129 6.130 6.1 5.2

aExperimentally, the 2 E d-d state is slightly split by a distortion. We use the average of the two energies
as a reference.

PThis value is obtained by averaging the energy of only two instead of all three states that correspond
to this level, since one of the calculations did not converge.

proximate Dy and Dy, symmetry labels in the following for simplicity. For the Do,
complex, the symmetry lowering had the effect that the (19,10) active space was not
stable anymore. The second e set of ligand orbitals mixed with an orbital of pseudo
b, symmetry. We therefore included this as an active orbital to end up with a (21,11)
active space, with the weights for both d-d and LMCT states adjusted such that each
group contributes 50%.

The DKH2 *»15? gcalar-relativistic Hamiltonian and the DKH-def2-TZVP ! basis set
was used throughout. The resulting excitation energies calculated with different vari-
ants of NEVPT2 and DCD-CAS(2) on top of the CASSCF references are shown in Table
5.11 and Table 5.12. We also computed excitation energies using “ground-state” open-
shell DLPNO-CCSD(T) ' with the single-determinant CASSCF roots as references and
with AutoAux'’ to generate the auxiliary basis set. The convergence threshold for
the CC residual equations unfortunately had to be slightly loosened from the default
value to enable convergence to the excited states; hence we report a reduced num-
ber of digits that, we believe, are still significant. Details can be found in Appendix
B.7. The energies of all states belonging to a degenerate term in the pseudo symmetry
group were averaged. In the case of the second 2F state of the Dy, system, we also
included a third state originating from the additional b; orbital in the average. The ex-
act numbers before the averaging are presented in Appendix B.8. It can be observed
that NEVPT2 and QD-NEVPT2 results are very close, so there is only limited occur-
rence of state mixing and the CASSCF states provide reasonable 0th order references.
On average, both methods overestimate the excitation energies but still compare rel-
atively well with the experiment. The DLPNO-CCSD(T) excitation energies are quite
similar to the NEVPT2 ones, but predict slightly lower excitation energies for d-d tran-
sitions. We assume that the CC results provide good reference numbers to judge the
other methods. We presume that the still relatively large deviations of the CC calcu-
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Table 5.12.: Excitation energies (in eV) belonging to the d-d transitions and the dipole-allowed
bands in the charge transfer region of the D,j,-[CuCly]?” UV/Vis absorption spectrum (with
all H atoms modeled as point charges). For the DLPNO reference, the threshold on the residual
convergence was loosened to 0.0005.

casscp o8 DED- - \pypr, HQD-  DLPNO-

NEVPT2 CAS(2) NEVPT2 CCSD(T) Expt.

2
B;g 5 1.234 2048 2.047 1.901 1.900 1.43  1.5%%
(z* —y” — ay)
2B, (xz/yz — xy) 1.507  2.260 2.263  2.103  2.103 1.65  1.83%%
2A14 (2% — 2y) 1.550  2.600 2.605 2.475 2476  1.84  2.12%
2E, (Cl-3p — av) 6.206 2436  2.683  4.117  4.059 428  3.22%2
B, (C1-3p — zy)  6.526  2.511  2.852 4229  4.236  4.51
2E, (Cl-3p — av) 7.732 3986 4.545 5.608 5.663 577  4.7%%

aExperimentally, the 2 E d-d state is slightly split by a distortion. We use the average of the two energies
as a reference.

lations from experiment has other reasons than the electronic structure method itself.
For example, some sources of error might be the use of geometries obtained from the
crystal structures, the fact that our methodology cannot describe the polarizability of
the crystal environment, and deviations between vertical excitation energies and ab-
sorption band maxima. Note that the calculated oscillator strength (not shown in the
table) for the transition to the 2 By, excited state in Dy geometry is very small, which
explains why it is not observed experimentally. SA-NEVPT2 and DCD-CAS(2) give
decent results for the ligand field excitations but severely underestimate the LMCT
excitation energies compared to the CC results. This is another demonstration of the
fact that the state-averaged Dyall Hamiltonian is simply not accurate enough when
treating ligand-field and charge transfer states simultaneously. State-specific Dyall
Hamiltonians are necessary, which means that multi-partitioning theory becomes a
necessity.
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6. An improvement of AILFT by
means of multistate perturbation
theory

Already in our initial work on the DCD-CAS(2) method,® we observed for one specific
complex, [CrF¢]*", that this new method might provide a better starting point for the
AILFT parametrization than the NEVPT2 method that has been predominantly used so
far to include dynamic correlation. In the present chapter, we investigate if this finding
is part of a more general trend by comparing the performance of our newly developed
multistate methods DCD-CAS(2) and HQD-NEVPT2 when they are combined with
AILFT.

6.1. Choices for the ab initio effective Hamiltonians

The most obvious choice for the ab initio effective Hamiltonian to be used in the AILFT
procedure (see Section 2.9) is a CASCI Hamiltonian with the corresponding d-like or
f-like MOs chosen as active orbitals. One can write the CASCI matrix via a spectral
resolution as

Hser = CeasciBeasciCeascrs (6.1)

where Ecascr is a diagonal matrix containing the CASCI energies and Ceascy is the
CASCI coeflicient matrix with respect to the CSF basis. As we noted in Section 2.7.2,
the only approximation when describing Eq. (6.1) via the LFT model is the parametriza-
tion of the two-electron integrals. For a real complex, with a symmetry-lowering lig-
and environment, the active orbitals have lower than full spherical symmetry. For
example, the d orbitals in an octahedral complex split into distinct e, and ¢y, sets. If
covalency is not too large, the CASCI Hamiltonian is usually nevertheless very well
described by the LFT model. Apart from extreme cases, the root-mean-square devia-
tions (RMSD) between ab initio and LFT state energies at the CASCI level are typically
not much larger than 0.1 eV.'*

One problem with this version of AILFT is that dynamic correlation is missing from
the CASCI method, which also limits the accuracy of the derived AILFT model. A
way to incorporate dynamic correlation in a computationally efficient way is MRPT2,
a popular variant of which is NEVPT2. One can define a NEVPT2 effective Hamilto-
nian in analogy to Eq. (6.1) via back-transformation of the NEVPT2 energies with the
CASCI coefficients,

Hf\gvpm = CcasciEnever2 CEASCI. (6.2)
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6. An improvement of AILFT by means of multistate perturbation theory

This means that the CASCI part of the wavefunction is unchanged, while the total
energies are corrected for dynamic correlation. Here, Exgypr; is a diagonal matrix
containing the NEVPT2 energies. This choice of effective Hamiltonian often leads to
better agreement with the experiment than the CASCI Hamiltonian. However, past ex-
perience has shown that the LFT model provides a significantly inferior parametriza-
tion for this Hamiltonian than for the CASCI Hamiltonian, as is evident from a larger
RMSD between ab initio and LFT energies, which is often increased by an order of
magnitude or more.'* This large discrepancy can partially absorb the gain in accu-
racy of NEVPT2 over CASCL

The two multistate methods developed in this thesis, DCD-CAS(2) and HQD-NEVPT2,
do not fix the CASCI parts of the wavefunctions, but instead allow them to mix and re-
lax under the effect of dynamic correlation. This potentially provides a more balanced
modification of the CASCI matrix under the effect of dynamic correlation, compared
to the NEVPT2 approach where only the diagonal energies are modified but the CASCI
coefficients stay identical. In DCD-CAS(2), one defines the effective Hamiltonian as

ff T
H]e)CD—CAS(z) - CDCD—CAS(Z)EDCD—CAS(Z)CDCD_CAS(Z)- (6.3)

Here, the energies Epcp.cas) contain the 1st order bias correction. In HQD-NEVPT2,
the effective Hamiltonian in the CSF basis must also be reconstructed from energies
and CI coefficients,

ff T
HI(:IQD-NEVPTz = CHQD-NEVPTZEHQD-NEVPTZCHQD_NEVPTZ, (6.4)

since the effective Hamiltonian is usually formulated in the basis of eigenstates of a
prior CASCI calculation. The effective Hamiltonians Eqs. (6.3) and (6.4) have been
newly implemented in a development version of the ORCA electronic structure pro-
gram'® for the present work.

Egs. (6.2), (6.3) and (6.4) represent the different choices for ab initio effective Hamilto-
nians including the effect of dynamic correlation that we investigate in this chapter.
By fitting the LFT model to these effective Hamiltonians, one can then obtain “renor-
malized” parameters in the sense of Gerloch et al.?*

6.2. Test set and computational details

To test the different approaches, we compiled a diverse set of spectroscopically well-
documented TM complexes. It includes homoleptic octahedral 3d® complexes (Cr™
with ligands F-, CI, Br™, I, CN", NHj3), the 4d> complexes [MoCl,]*~ and [TcF]%,
and the 5d® complexes IrFg and [ReX;]?" (with X=F, Cl, Br). In order to have differ-
ent d" occupations present, we also include the series of tetrahedral divalent chloride
complexes of metals from the first transition row from Ti to Ni. The 3d® Cr(acac)s
and 3d* Mn(acac); complexes are included as examples for chelate complexes, and the
3d? [FeO4]* and [MnO,4]*" complexes as examples for TM complexes with high +VI
and +V oxidation states, respectively. Systems with only 1 electron or 1 hole in the d"
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manifold were not included, since electron-electron repulsion does not play a role for
them and they can always be exactly parametrized by the LFT model.

We performed all calculations with a development version of the ORCA electronic
structure program.'” The DKH2 scalar-relativistic Hamiltonian'>'** was used in all
calculations. Since there is no basis set optimized for a relativistic Hamiltonian for
all elements present in the test set, we used DKH-def2-TZVP ! for elements lighter
than Kr (including 3d TMs), Sapporo-DK-TZP? for elements lighter than Xe (includ-
ing 4d TMs), and SARC-DKH-TZVP 128240 for everything heavier. The reason for
this choice is that we wanted to treat as many elements as possible consistently, and
the DKH-def2-TZVP was specifically recontracted for use together with the SARC ba-
sis sets.’! Only for 4d elements, where neither of these two basis sets is defined, the
Sapporo basis set was used. Auxiliary basis sets, if needed, were constructed using
AutoAux.' Geometry optimizations were performed with DFT using the BP86%*! 242
exchange-correlation functional with D3BJ***%* dispersion correction, grid5 integra-
tion grids, and the conductor-like polarizable continuum model (C-PCM)** with in-
finite permittivity in order to approximately account for environment effects. Unless
otherwise mentioned, the multireference calculations were performed on top of ref-
erence states and orbitals obtained from a CASSCF(V,5) calculation averaged over
all possible roots of all multiplicities. The default option in ORCA was used, where
all multiplicity blocks are assigned the same total weight. For a d* system there are
for example 10 quartet and 40 doublet roots. This gives a weight of 0.5/10=0.05 for
each quartet root and a weight of 0.5/40=0.0125 for each doublet root. The strongly-
contracted ®*¢ version of (HQD-)NEVPT2 was used throughout.

6.3. Results

6.3.1. Validation of the computational protocol

TM complexes usually exist in some environment (solution, crystal) that influences
their properties. An often applied computationally inexpensive approach to account
for such environment effects is the use of an implicit solvation model like C-PCM.?*
We start by investigating its effect for a set of octahedral Cr' complexes with different
ligands.

Table 6.1 shows the bond lengths obtained in a geometry optimization with or without
C-PCM. Table 6.2 shows the quartet excitation energies obtained from CASSCF and
NEVPT?2 calculations on top of those geometries, with averaging over all quartet and
doublet states. It can be observed that the structures optimized with C-PCM have
smaller metal-ligand bond lengths, which agree better with the experimental bond
lengths in all cases except for the CN™ ligand, where even the gas-phase-optimized
bond length is too short. Taken together, this suggests that the inclusion of C-PCM
will in general be beneficial for accurate structures. For excitation energies the situ-
ation is less clear-cut. Using C-PCM geometries, the first excitation energy is usually
well represented, while the second one is typically overestimated. Using the gas phase
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Table 6.1.: Cr-X bond lengths (in A) for the [CrX4]" series with and
without C-PCM, compared to the experiment.

X Expt. 1% BP86-D3  BP86-D3/C-PCM
1.901 (CrFs)
F~ 1.933 (K2NaCrFy) 1.998 1.941
1.913 (Cs,NaCrFy)
Cl 2.347 (CrCls) 2.446 2.378
Br~ 2.524 (CrBrs) 2.609 2.539
I 2.817 2.750
C(CN") 2.078 (K3Cr(CN)s) 2.063 2.017
N (NH;) 2.074 ([Cr(NH3)6](ClOg);  2.140 2.081

Table 6.2.: Quartet excitation energies (in eV) for the [CrX¢]" series ob-
tained with different geometries.

gas phase structure C-PCM structure
CASSCF NEVPT2 CASSCF NEVPT2  Expt.
[CrFq]*" 1.42 1.64 1.64 1.88 2.00°
2.32 2.58 2.64 2.88 2.902
3.93 3.94 4.29 4.34
[CrCle]*" 1.18 1.52 1.36 1.73 1.70P
1.97 2.41 2.23 2.66 2.38P
3.50 3.63 3.76 3.96
[CrBrg]*” 1.10 1.51 1.25 1.69 1.66¢
1.85 2.40 2.07 2.61 2.16°
3.37 3.58 3.58 3.86
[CrIs]*" 1.09 1.64 1.21 1.80
1.84 2.56 2.02 2.74
3.33 3.72 3.51 3.99
[Cr(CN)e]?" 3.01 3.69 3.37 4.12 3.29¢
4.18 4.71 4.56 5.13 4,024
6.60 7.64 7.27 8.48
[Cr(NHs), > 2.08 2.52 2.41 2.89 2.67¢
3.17 3.58 3.56 3.96 3.53¢
4.98 5.47 5.56 6.17

aK,NaCrF, 24 This system has an experimental metal ligand distance that is clos-
est to the C-PCM geometry among the systems in Table 6.1.
b 246
CI'C13
CCI’BI’3 246
ngCI’(CN)G 247
¢[Cr(NH3)6](ClO4)3 in H,O %%
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geometries, this situation is reversed: the first excitation energy is usually underes-
timated, while the second excitation energy is usually closer to experiment. There
is a general trend that the NEVPT2 method with triple-zeta basis sets overestimates
excitation energies for d-d transitions, as exemplified by our recent study of the exci-
tation energies of free ions in the gas phase,®” where discrepancies due to an incorrect
description of the environment can be excluded. This overestimation of excitation en-
ergies was also discussed in the recent AILFT review article.'®® This means that the
good results for second excitation energies using NEVPT2 and the gas phase geome-
tries rely on error cancellation between the too long bond distances (leading to smaller
excitation energies) and errors in the NEVPT2 method (leading to larger excitation
energies). We therefore prefer the results based on the C-PCM-optimized geometries,
since they do not rely on such error cancellation. The data suggests that a smaller
metal-ligand distance leads to larger excitation energies, which is also intuitively ob-
vious since in this case the ligand field is stronger. This explains that the calculation
of excitation energies based on the gas phase geometry (which is closer to the exper-
imental geometry) agrees better with the experiment for the CN™ ligand.

Apart from state averaging over all roots (quartet and doublet), we also investigated
results obtained with state averaging over only the quartet roots; see Appendix B.9.
The results are very similar in the two state averaging protocols. This implies that
here the exact choice is not too important for the results. One should note however
that the quality of the AILFT fit can of course suffer if several multiplicity blocks of
the effective Hamiltonian are parametrized simultaneously.

6.3.2. RMSDs and comparison with experimental excitation
energies

Before comparing the RMSD between LFT and ab initio energies for the different meth-
ods investigated in this work, we discuss some fundamental limitations of the most
simple LFT model used here. The parametrization of the electron-electron repulsion
in terms of the three Racah parameters assumes that the partially occupied orbitals
are pure spherically symmetric d orbitals. This is only exactly true for free atoms and
ions. In complexes, this assumption is not exactly fulfilled due to covalency, which
renders the electron-electron repulsion anisotropic. In the most general case, the 120
permutationally distinct two-electron integrals between the d orbitals are all unique
and should be considered as independent parameters in the model. For systems with
some residual symmetry, the number of independent parameters is of course smaller.
For example, in an octahedral complex there are 10 independent parameters which
completely capture the anisotropy of the electron-electron repulsion at the CASSCF
level.?°77%51 Neglecting this anisotropy will inevitably lead to disagreement between
the model energies and the ab initio energies, which correctly include this anisotropy.
Hence the RMSD will be larger. One should however note that for Werner type com-
plexes with limited covalency, the assumption of isotropic electron-electron repulsion
is often a very good one and then RMSDs at the CASSCF level are small. While in this
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Figure 6.1.: Total RMSDs between AILFT and ab initio state energies for
different methods and complexes.

work we focus on the pure LFT model with isotropic electron-electron repulsion, we
plan to investigate models that explicitly include anisotropy in future work.

Figure 6.1 shows the RMSD between the LFT energies and the ab initio energies for all
investigated methods and complexes. The exact numbers are given in Appendix B.11.
Some general trends can be observed. Even at the CASSCF level, the RMSD varies
between 0.01 eV and 0.32 eV, correlating well with the covalency of the d-like active
MOs. This is expected, since overlap with ligand orbitals will reduce the symmetry of
the orbitals from purely spherical and therefore make the approximation of the two-
electron integrals in terms of the three Racah parameters worse. The NEVPT2 RMSD
is always significantly larger than the CASSCF RMSD, and they correlate well: If the
CASSCF RMSD is large for a particular compound, then usually also the NEVPT2 one
will be large compared to other compounds. The RMSDs for the multistate methods
HQD-NEVPT2 and DCD-CAS(2) improve significantly over the NEVPT2 values. DCD-
CAS(2) performs best for all molecules, but its performance is usually closely matched
by HQD-NEVPT2. Only for a few cases (the octahedral 5d complexes, [MnCl,]*", and
[FeO,]*") is the HQD-NEVPT? fit slightly worse than the NEVPT2 one.

The effect of these RMSDs is seen in Table 6.3, which shows excitation energies cal-
culated with the ab initio methods and the LFT models derived from them, compared
to experimental band maxima. This comparison is obviously inflicted with a num-
ber of uncertainties since the band maxima do not correspond to vertical excitation
energies and are also influenced by a variety of environment effects that we do not
attempt to model here. Nevertheless, as shown below, there is still reasonably good
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agreement. It can be observed in Table 6.3 that in cases where NEVPT2 gives results
that are in closer agreement with the experiment, like for the Cr'! halide complexes,
the large RMSD of the corresponding AILFT fit (see Appendix B.11 for exact numbers)
leads to AILFT(NEVPT2) energies that are often not better than the CASSCF values.
HQD-NEVPT2 and DCD-CAS(2) on the other hand give, thanks to the much better
fit as reflected by the smaller RMSDs, LFT models that have a closer agreement with
the experiment than the one fitted to NEVPT2. Also for many other complexes does
the smaller RMSD at the HQD-NEVPT2 and DCD-CAS(2) levels lead to LFT models
that have a better agreement with the experiment than the models that are derived
from state-specific NEVPT2. In some cases, one can observe that the large RMSD for
NEVPT2 leads to fortuitous cancellation of errors when the NEVPT2 ab initio ener-
gies already deviate strongly from the experimental values. This is for example the
case for IrFs. Here, NEVPT2 and DCD-CAS(2) both predict a first excitation energy
of 1.25 eV, which is larger than the experimental 1.09 eV. Due to the larger RMSD, the
AILFT(NEVPT?2) value of 1.07 then agrees better than the corresponding AILFT(DCD-
CAS(2)) value of 1.15 eV. Also for the two complexes with metals in high oxidation
states, [FeO4]*" and [MnO,]*", the AILFT values, especially the DCD-CAS(2) ones,
benefit from such error cancellation. One should be careful in using such a model that
has a large RMSD, since the parameters might have limited physical significance.

Table 6.3.: Excitation energies (in e€V) compared with the experiment. Al denotes the pure ab
initio numbers, while LFT denotes the energies predicted via the extracted AILFT models.

. Term
Point = m- CASSCF  NEVPT2 HQD- DED- g ot
group NEVPT2 CAS(2)
Al LFT Al LFT Al LFT Al LFT

[CrFs]* Op *Tp 164 1.64 1.88 165 1.88 1.84 1.88 1.84 2.00'*
Ty 2.64 263 288 261 284 280 2.83 280 290'%

[CrCls]* Op Ty 136 130 1.73 139 1.73 1.61 1.68 1.56 1.70'%
Ty 223 213 266 222 260 246 252 241 2.381%

[CiBre]*>  On Ty 1.25 1.18 169 130 1.69 1.54 1.64 149 1.66'%
Ty, 207 195 261 208 254 236 245 230 216

[Cr(CN)]*~ On Ty 3.37 3.32 4.12 3.84 412 4.00 4.05 3.97 3.29'%
Ty 456 449 513 4.96 509 498 500 4.96 4.02'%

[Cr(NH3)]** On Ty 241 236 289 254 289 278 285 2.75 2673
Ty, 356 3.50 3.96 3.70 391 382 3.85 3.79 3.53%

[MoCL]*~  On Ty 222 215 245 222 245 233 243 234 23722
Ty, 3.05 297 310 294 3.07 295 3.03 296 2.96%*

’E, 1.67 159 1.36 1.30 1.36 1.26 1.35 1.28 1.20%2

’Ty, 256 242 218 2.03 216 198 215 2.01 1.83%?

[TcFe]* On *Tp 351 346 3.76 3.56 3.76 3.63 3.78 3.69 3.52%%
“Tig 453 447 452 441 450 4.37 450 4.44 4.27%?

E, 190 1.84 158 1.52 1,58 148 1.57 1.51 1.38%2

’Ty,  3.00 2.89 257 242 255 237 255 241 221%?
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Table 6.3.: (Continued.)

. Term
Pomnt CASSCF  NEVPT2 HOD- DED- ot
group bol NEVPT2 CAS(2)
Al LFT Al LFT Al LFT AI LFT
IrFe O, 2B 146 156 1.25 1.07 1.25 1.05 1.25 1.15 1.09%2
’Tpe 2.59 254 200 1.75 200 1.72 1.99 1.87 1.75%%
[ReF¢]* On Ty 4.03 398 4.17 4.01 417 4.05 4.21 413 4.07%?
Eg 1.79 1.74 158 1.48 1.58 1.45 1.58 147 1.38%%
Ty 286 277 252 238 251 232 251 237 22752
[ReClg]* On %Eg 159 147 140 120 1.40 116 1.39 1.19 1.18%2
Ty 255 232 224 193 222 1.86 220 191 1.84%2
[ReBrg]%" Opn %E; 156 1.41 138 113 1.38 1.08 1.36 1.11 1.14%2
Ty 249 222 220 1.80 218 1.73 215 1.79 1.75%2
[MnCl]>> T4 *T; 3.62 361 3.16 3.09 3.14 3.00 3.14 3.02 2.63%?
T, 371 372 3.32 318 3.31 315 3.31 317 2.78%%2
‘A, 3.74 3.74 337 3.19 337 3.18 336 3.20 2.88%2
‘E 375 374 3.38 319 3.38 318 3.37 320 2.88%%
[CoCly]* Tg 4T, 055 0.58 075 0.58 0.75 0.77 0.74 0.77 0.642%
T, 257 260 233 223 234 238 233 238 1.82%%2
2E 243 243 228 216 227 217 226 217 1.98%72
[NiCl4]?~ Tqg 3T, 034 038 054 044 0.54 056 0.55 0.57 0.522%3
3A; 0.61 0.67 095 0.77 095 1.00 096 1.01 0.91%3
STy 2,61 264 241 243 242 251 241 251 1.82%3
IT, 209 211 190 190 1.89 192 1.88 1.93 1.50%%
'E 223 226 211 207 211 215 210 216 1.50%3
T, 317 3.19 3.01 288 3.01 294 3.00 295 22923
Cr(acac); Ds3(Op) *A;  2.04 2.03 238 209 238 231 236 230 2.19%*
‘£ 207 207 243 212 243 237 241 236 2.29%*
‘E 314 313 344 318 339 334 336 3.34 2907
Mn(acac); (%il) A 114 112 129 1.06 129 1.23 1.30 1.24 1.18%5
Bye 213 207 259 210 259 244 258 242 2222
Eg 234 227 281 228 281 265 281 264 267
[FeO,4]* Tq 3T, 191 211 381 213 381 231 3.05 170 1.60%°
ST, 259 293 448 3.09 4.23 283 3.46 230 2.29%°
'IE 148 142 138 0.66 1.35 048 1.35 0.59 0.77%¢
'A; 272 251 255 1.36 249 095 245 1.14 1.13%¢
[MnO4]3" Tqg 3T, 171 1.69 247 1.83 247 2.01 225 1.81 1.40%7
T, 255 256 3.30 276 3.15 268 291 252 1.80%7
'E 1.67 1.56 1.48 1.17 1.47 1.04 147 1.09 1.04%7
1A; 294 270 266 219 260 1.89 258 1.97 1.64%7

We also display the correlation between the calculated and experimental excitation
energies from Table 6.3 in Figure 6.2 for the exact ab initio numbers and in Figure 6.3
for the numbers obtained from the different AILFT models. The complexes [FeO,]*
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Figure 6.2.: Correlation between experimental excitation energies and exci-
tation energies calculated with different ab initio methods for the data shown
in Table 6.3 (excluding the two complexes with high oxidation states). The
gray dashed line denotes perfect agreement.

and [MnO,]*", for which LFT was not expected to work well in the first place, were ex-
cluded from these figures since they would significantly distort the results. Table 6.4
gives the slopes of the linear least-squares fits for the relationship between experimen-
tal and calculated excitation energies. For the methods including dynamic correlation
(NEVPT2, HOD-NEVPT2, DCD-CAS(2)), it can be observed that the slopes of the ab
initio numbers are usually larger than the slopes of the AILFT models. For the lat-
ter, the slopes are much closer to the ideal value of 1.0, which would mean that there
is no systematic under- or overestimation. This behavior is another manifestation
of the above-mentioned error cancellation between the overestimation of excitation
energies at the level of 2nd order perturbation theory and the systematic underesti-
mation of the energies through the imperfect AILFT fits. As mentioned above, this
error cancellation is partially removed by the better fit and hence lower RMSDs of the
AILFT models derived from the multistate theories HQD-NEVPT2 and DCD-CAS(2).
Therefore, the AILFT slopes of these two methods are slightly larger than the cor-
responding AILFT(NEVPT2) slope. Comparing the Pearson correlation coefficients r
also shown in Table 6.4, one can observe that the value is closer to the ideal value
of 1.0 for the methods including dynamic correlation than for CASSCF. The AILFT
models have a slightly smaller correlation coefficient, which can be attributed to the
fitting errors. One can also see that AILFT based on the multistate methods HQD-
NEVPT2 and DCD-CAS(2) has a slightly improved correlation coefficient compared
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Figure 6.3.: Correlation between experimental excitation energies and en-
ergies of the AILFT models derived from different ab initio methods for the
data shown in Table 6.3 (excluding the two complexes with high oxidation
states). The gray dashed line denotes perfect agreement.



6.3. Results

Table 6.4.: Slopes m of the linear regression line, Pearson correlation coefficient 7,
and MAD between theoretical and experimental excitation energies (excluding the
two complexes with high oxidation states). Al denotes the pure ab initio prediction,
while AILFT denotes the prediction from the extracted LFT model.

CASSCF NEVPT2 HQD-NEVPT2 DCD-CAS(2)

Al AILFT Al AILFT Al AILFT Al AILFT
m 1.11 1.09 1.14 1.05 1.13 1.08 1.13 1.09
T 0.90 0.89 0.98 0.96 0.98 0.97 0.98 0.97

MAD /eV 042 0.41 0.31 0.23 0.30 0.21 0.29 0.22

to the state-specific NEVPT2 method. The mean absolute deviations (MAD) shown in
Table 6.4 are around 0.3 eV for the correlated methods. This is less than the deviations
at the CASSCF level and certainly in reasonable agreement considering the intrinsic
accuracy of 2nd order perturbation theory® as well as the neglect of explicit environ-
mental effects and experimental uncertainties. It can be observed that the multistate
methods have a slightly smaller MAD than state-specific NEVPT2, while the AILFT
models have the smallest MADs, again due to the above-mentioned error cancellation.

6.3.3. Trends in the extracted ligand field parameters

We now investigate the behavior of the ligand field parameters extracted via AILFT
from the different ab initio effective Hamiltonians. For octahedral and tetrahedral com-
plexes, the one-electron ligand field matrix can be parametrized by a single number,
the ligand field splitting A. This quantity is the difference between the ligand-field or-
bital energies of the 5, and ¢, set. Figure 6.4 shows A for all complexes in the test
set which are (approximately) tetrahedral or octahedral. For the complexes which do
not have this symmetry exactly, orbital energies were averaged to derive the ?5(,) and
e(y) orbital energies. One can observe that there is a clear trend toward slightly larger
ligand field splittings when using multistate perturbation theory methods compared
to the state-specific NEVPT2. Only for the extremely covalent complexes [FeO,]*
and [MnO,]*" there is an exception to this finding at the DCD-CAS(2) level. Figures
6.5 and 6.6 show the values of the extracted Racah parameters B and C, while Fig-
ure 6.7 shows their ratio C'/B. It can be seen that in almost all cases the extracted
B is smaller, while C' is usually slightly larger for the multistate methods than for
NEVPT2. For [FeO,]* the C parameter is even negative at the NEVPT?2 level, which
is clearly unphysical, and a result of the bad fit via the LFT model as a consequence of
the large covalency and anisotropy in this system. At the level of the two multistate
methods, the value of C for this complex is positive, but remains unreasonably small
in magnitude. As a consequence of the larger values of C' and smaller values of B
at the multistate level, also the ratio C'/ B increases in most cases. This results in a
value that is closer to the often cited estimate of C'/ B ~ 4 for 3d TM complexes that
can be derived under the assumption that the radial parts of the d orbitals are Slater
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Figure 6.4.: Ligand field splittings A for all complexes in the test set that are ap-
proximately octahedral or tetrahedral. All ligand field orbital energies belonging
to degenerate sets in the pseudo symmetry group were averaged.
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Figure 6.5.: AILFT Racah parameter B derived from different ab initio methods
for all complexes in the test set.
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AILFT (NEVPT2) NEVPT2 HQD-NEVPT2 AILFT (HQD-NEVPT2)

Figure 6.8.: All ligand field energies of [CrF4]*~ relative to the ground state
calculated with NEVPT2 and HQD-NEVPT2 together with the correspond-
ing AILFT fits. The quartet energy levels are shown in red and the doublet
energy levels in blue. The vertical axis is cut at 5 €V, i.e. some higher-lying
doublet states are calculated but not shown, to make the differences between
the different methods better visible.

functions.®

6.3.4. Analysis of state-mixing effects in [CrXg]*"

In order to better understand the observations reported above, we investigate the ef-
fect of state mixing in the multistate MRPT methods for the example of the Cr'" halide
complexes, in particular [CrF4]*". The ab initio and AILFT energies of this system cal-
culated at the state-specific NEVPT2 and at the HQD-NEVPT?2 level are depicted in
Figure 6.8. At first sight, there is no significant difference between the energy lev-
els for the different methods. However, upon closer inspection, one observes that
the AILFT(NEVPT2) values differ much more strongly from the NEVPT2 values than
the AILFT(HQD-NEVPT?2) values from the HQD-NEVPT2 values. This finding is in
agreement with the larger RMSD discussed above. When looking at the energy level
diagrams, this behavior is quite surprising since the results of NEVPT2 and HQD-
NEVPT?2 seem very similar. Hence, state mixing seems to have a very minor effect on
the energies. Also the general trend that the imperfect AILFT fit leads to an under-
rather than overestimation of the excitation energies at the AILFT level compared to
the ab initio energies is nicely illustrated by Figure 6.8. The ligand field energies calcu-
lated with the state-specific NEVPT2 and HQD-NEVPT2 are also shown in Table 6.5.
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Table 6.5.: Energies (in eV, relative to the ground state)
of all d-d states of [CrF¢]* for different methods. Pairs
of states in which clearly a repulsion of energies levels
due to state mixing happens are printed in bold.

Level NEVPT2 HQD-NEVPT2 Difference

1Ay, 0.000 0.000 0.000
Ty 1.877 1.877 0.000
1Tg(1)  2.879 2.838 —0.041
1Tg(2) 4.345 4.385 0.040
2E,(1) 2.181 2.173 —0.008
2T,(1) 2.316 2.310 —0.006
2The(1) 3.135 3.114 —0.021
2A4, 3.699 3.699 0.000
2Th4(2) 4.060 4.058 —0.002
2T1,4(2) 4.164 4.161 —0.003
2E,4(2) 4.354 4.350 —0.004
2T1,4(3) 4.853 4.844 —0.009
2To4(3) 5.651 5.567 —0.084
2Ty4(4) 5.951 5.953 0.002
2Agg 5.988 5.989 0.001
2To4(4) 6.163 6.250 0.087
2E,(3)  6.854 6.762 —0.092
2Ty4(5) 7.052 7.069 0.017
2E,(4)  8.962 9.064 0.102
2T4(5) 9.224 9.242 0.018

One can clearly see that some state mixing between states of the same symmetry takes
place at the HQD-NEVPT?2 level, which repels the energy levels compared to NEVPT2.
For example *T7,(1) and *T7,(2), *T2,4(3) and *T5,(4), and *E,(3) and *E,(4) (high-
lighted with bold font in Table 6.5) are such pairs of levels whose energies are repelled
by letting them mix under the influence of dynamic correlation.

For simplicity we now focus on only the quartet roots and try to understand why
state mixing leads to a better parametrization via the LFT model. As shown in Ap-
pendix A.9, one component of the *T}, level can be chosen as the zy — 2? — 2
excited Slater determinant, while the xy — 2? singly excited Slater determinant and
the rz,y2z — 2%,2% — y* doubly excited Slater determinant correspond to the same
component (belonging to the A, irreducible representation of the Dy subgroup) of
the two 4T1g CSFs, which will mix to form the final 4T1g states. In order to make sure
that these states stay pure in the calculations, i.e. not mixed with the other excited
states of the same energy, we very slightly tetragonally distorted the complex along
the z direction from perfect octahedral symmetry, such that the effective point group is
Dyy,. More explicitly, we elongated the bonds in the z direction by 1075 A. A graphical
depiction of the CSFs is shown in Figure 6.9.

The ligand field Hamiltonian for the quartet states of an octahedral d° system (setting
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Figure 6.9.: Quartet CSFs for an octahedral d*> complex. Only one represen-
tative for each multidimensional irreducible representation is shown.

the energy of the lowest state equal to 0) can be written in the basis of the quartet CSFs
Oy =[xy, 12,yz2), @3 = [2? — %, 02,y2), ©3 = [2%, 02, yz) and &y = |zy, 2, 2" —y?)
as

00 0 0

e oA 0 0

HY =190 0 a+12B 6B (65)
0 0 6B 2A+3B

One can see that in this model the first excitation energy is exactly identical to H35' =
A. The difference between the diagonal values H5T and HXET (the energies of the two
singly excited Slater determinants) is 1253, which is exactly twice the off-diagonal
element of the *T}, block. The last diagonal element is equal to Hit' = 2HYT + 3B.
It is also important to note that in the LFT model Eq. (6.5) the ratio of ligand field
splitting A and Racah parameter B can be written as a function of the coefficients of
the lower-energy AT 14 state, i.e.

A Cy, (O
—=6(=2-= 6.6
5-5(g-a)+o (69

where C] and Cj are the coeflicients of the first and second 4Tlg CSF, respectively. The
derivation of this equation is shown in Appendix A.10. The ab initio Hamiltonians for
the fluoride, chloride, and bromide complexes are given in Table 6.6. When going
from CASCI to NEVPT2, one can observe in all three cases that the first excitation
energy (corresponding to A in the LFT model) increases, while the off-diagonal matrix
element of the *T}, block (proportional to B in the LFT model) decreases. At the
same time the eigenfunctions of the CASCI and NEVPT2 effective Hamiltonians are
identical by definition. This means that, according to Eq. (6.6), the ratio A/B should
stay constant if the LFT model provides a perfect fit. These two requirements are
obviously in conflict, which explains why it is not possible to fit the NEVPT?2 effective
Hamiltonian as well as the CASCI Hamiltonian with the LFT model. For the DCD-
CAS(2) and HQD-NEVPT2 effective Hamiltonians on the other hand, the diagonal
elements of the *T}, block have a much larger difference, corresponding to a larger
A/ B ratio. This leads to better fits of these effective Hamiltonians via the LFT model,
with smaller RMSDs.
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Table 6.6.: Quartet blocks of the ab initio effective Hamiltonian matrices for complexes [CrX]*~
with different halide ligands X~. The matrix elements are given in €V. The DCD-CAS(2) effective
Hamiltonians are similar to the HOQD-NEVPT?2 ones and can be found in Appendix B.10.

X HeCf/f\SCI Hf\Iﬂ;LVPTz HglﬁQD—NEVPTZ
0 0 0 0 0 0 0 0 0 0 0 0
F 0 1.644 0 0 0 1877 0 0 0 1877 0 0
0 0 3239 0.796 0 0 3413 0.705 0 0 3174 0.638
0 0 0796 3.685 0 0 0705 3.808 0 0  0.638 4.047
0 0 0 0 0 0 0 0 0 0 0 0
cr- 0 1364 0 0 0 1726 0 0 0 1726 0 0
0 0 2848 0.755 0 0 3189 0.638 0 0 2901 0.582
0 0 0755 3.140 0 0 0638 3436 0 0 058 3724
0 0 0 0 0 0 0 0 0 0 0 0
Br- 0 1.252 0 0 0 1.689 0 0 0 1.689 0 0
0 0 2706 0.747 0 0 3140 0.614 0 0 2822 0.564
0 0  0.747 2.940 0 0 0614 3331 0 0 0564 3.649

Table 6.7.: Racah parameter B (in eV) extracted from
different matrix elements of the effective Hamilto-
nian after fixing the ligand field splitting.

CASCI NEVPT2 HQD-NEVPT2

FF DBy 0133  0.128 0.108
Bsy 0133 0.117 0.106
By 0133 0.018 0.098

Cl- Bs; 0.124  0.122 0.098
By, 0.126  0.106 0.097
By 0.137  —0.005 0.091

Brr B33 0.121  0.121 0.094
Bsy 0124 0.102 0.094
By 0145  —0.015 0.091

That the HQD-NEVPT?2 effective Hamiltonian can be better approximated by the LFT
model than the NEVPT?2 effective Hamiltonian can also be seen in a different way.
From Eq. (6.5) it follows that, once the parameter A is set equal to the matrix element
H 2L§T , B can be determined from three different matrix elements, i.e.

Bss = (H3y' — Hyy')/12, (6.7)
By, = H3;' /6,
By = (HZET —2HET) /3. (6.9)

In the LFT model, these three equations must of course lead to exactly the same B
value. One can however also apply these equations to the ab initio effective Hamil-
tonian instead of the LFT Hamiltonian, and then the values for B will in general be
different. Their variance is then a measure for how good the effective Hamiltonian
can be described with the LFT model. Table 6.7 gives the values for different ab ini-
tio methods and ligands. It can be seen that for CASCI, the three values are almost
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Table 6.8.: Excitation energies and LFT parameters (all quantities
except the nephelauxetic ratio in eV) for octahedral [CrF¢]*~ with
a bond length of 1.9408 A (averaged).

CASCI NEVPT2 HQD-NEVPT2 DCD-CAS(2)

T, 1.644  1.877 1.877 1.880
Tig(1) 2636  2.878 2.837 2.822
Tg(2) 4288  4.342 4.383 4.397
A 1.641  1.654 1.839 1.835
B 0.133  0.121 0.109 0.111
B 0.92 0.97 0.88 0.89

identical for the quite ionic complex [CrF¢]*", while their difference grows when go-
ing to the more covalent chloride and bromide complexes. The reason is that the #54
and e, orbital sets differ more in the complexes with stronger covalency, which leads
to more anisotropic electron-electron repulsion. For NEVPT2, the B33 and Bs, values
are similar for all three complexes, but By, is very small or even negative, which is
unphysical. This can again be seen as an effect of the too constrained form of the
NEVPT?2 effective Hamiltonian, which incorporates dynamic correlation only on the
level of total energies, but not on the level of the wavefunctions. HQD-NEVPT?2 cor-
rects this shortcoming and the three resulting B values are quite similar, as is expected
by the better AILFT fit for this level of theory.

When comparing the NEVPT2 and HQD-NEVPT?2 effective Hamiltonians for [CrF,]*
in Table 6.6 one can also observe that the matrix elements change quite substantially,
e.g. by 0.24 eV for the diagonal matrix elements of the “T}, block. At the same time
the effect of the state mixing on the total energies is relatively small (about 0.04 €V,
see Table 6.5). This explains the question raised by Figure 6.8 why the fit is so much
worse at the NEVPT2 level and shows that one should not judge the importance of
state mixing by only looking at total energies.

The fitted LFT parameters for [CrF¢]*>~ are shown in Table 6.8 together with the quar-
tet energies. The nephelauxetic ratio 5 = Bcomplex/ Bgaseous also given in Table 6.8 is
determined with respect to calculations on the free Cr’* ion. It can be clearly seen
that the better fit for DCD-CAS(2) and HQOD-NEVPT2 improves the value of A, which
corresponds to the first excitation energy and has an experimental estimate of 2.00 eV
(see Table 6.3). Allen et al. e.g. obtained A = 1.88eV and B = 0.092eV by LFT fitting
to experimental energies, corresponding to a roughly 20% nephelauxetic reduction
with § = 0.81.%% It is interesting that the LFT parameters derived from the multi-
state methods are closer to those parameters than the prediction of the state-specific
NEVPT2 method.
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7.1. DCD-CAS(2) and HQD-NEVPT2

In the present work, we have developed two new 2nd order perturbative multistate
methods for the inclusion of dynamic correlation on top of CASSCF references. Mul-
tistate dynamic correlation methods do not perform a state-specific correction on top
of a single CASSCF state, but construct an effective Hamiltonian in a model space, such
that the CASCI coefficients can relax under the effect of dynamic correlation. This is
important whenever there are components in the CASCI space that have large differ-
ential dynamic correlation, which means that their energetic separation at the CASCI
level is wrong. The amount of mixing of those components in the CASCI states does
then not match that encountered in the exact wavefunctions.

The method developed first, DCD-CAS(2), is inspired by an intermediate effective
Hamiltonian (IEH) with a one-dimensional main model space, the generalized degen-
erate perturbation theory (GDPT).”® This makes the effective Hamiltonian Hermitian
by using a single main model space energy £ in the denominator, which is chosen as
the ground-state CASSCF energy of the respective multiplicity block. DCD-CAS(2) is
completely uncontracted, i.e. it does not use the CASCI roots in the definition of the
0th order Hamiltonian, which leads to the preservation of orbital degeneracies in con-
trast to the widely used contracted perturbation theories like CASPT2 and NEVPT2.
DCD-CAS(2) suffers from size-inconsistency problems that we have thoroughly dis-
cussed and for which we suggested suitable remedies. Using the CASSCF ground state
energy in the denominator introduces a bias toward the ground state that leads to over-
estimated excitation energies. We introduced the successful bias correction to remove
this problem, of which the 1st order version was already shown to be sufficient in
practice. Our numerical results show that the size-consistency and bias issues can be
efficiently alleviated for both ground and excited state calculations by means of the
combination of the difference-dedicated scheme and bias correction. This results in
a pragmatic two-step approach: first, obtain a stable, intruder-free ground state and
second, get good excitation energies by applying the bias correction. This variant was
therefore chosen as the default for DCD-CAS(2) calculations. In general, DCD-CAS(2)
provides results close to NEVPT2 in cases where the 0th order CASSCF wavefunc-
tion is good and superior results otherwise. Recently, first results from other groups
appeared that used DCD-CAS(2) for their computational chemistry work. %26

The DCD-CAS(2) method was also extended to include spin-dependent relativistic ef-
fects into the Hamiltonian. The method consists in the construction of an effective
Hamiltonian that contains static correlation, dynamic correlation, and relativistic ef-
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fects on an equal footing. Solving the eigenvalue problem of this Hamiltonian yields
energies that contain dynamic correlation and spin-dependent effects and yields wave-
functions that are mixed with respect to the CASCI ones under the combined effects
of electron correlation and relativity. The spin-dependent operators considered in this
work comprise everything that is necessary for the prediction of magnetic properties
and EPR parameters, namely, SOC, HFC, Zeeman interaction, and SSC. In order to be
able to directly compare with experimentally determined quantities, we implemented
EPR g-matrices, A-matrices, and D-tensors and presented a novel way to find their
principal values and decompose the latter according to different physical contribu-
tions. In the investigation of EPR parameters of square-planar Cu'' complexes, it was
however found that the use of a single state-averaged Dyall Hamiltonian in DCD-
CAS(2) is a severe limitation for the accuracy of the method, especially if states of
different physical character (like ligand-field and charge transfer states) are described
simultaneously.

This led to the development of the HQD-NEVPT2 method. It is based on a novel combi-
nation of multi-partitioning theory with canonical Van Vleck perturbation theory. At
2nd order, the nonrelativistic version of the method turns out to be an effective Hamil-
tonian that is simply the Hermitized version of the QD-NEVPT2 effective Hamiltonian.
Spin-dependent effects are incorporated along the lines of the spin-dependent DCD-
CAS(2) method. Compared with DCD-CAS(2), the proposed method retains the ad-
vantage of a Hermitian effective Hamiltonian, which ensures that eigenvalues are real
and makes a mapping to Hermitian model Hamiltonians, like the LFT Hamiltonian,
possible. Due to the state-specific 0th order Hamiltonians used in its construction, the
method is expected to perform better in cases where states with very different physi-
cal character are present in the CASCI space. Furthermore, it will be possible to apply
it to much larger active spaces than DCD-CAS(2), essentially for all systems where
state-specific NEVPT?2 is applicable. One disadvantage of the new approach compared
with DCD-CAS(2) is that it is not based on the IEH idea. This could possibly lead
to intruder state problems when constructing an effective Hamiltonian including all
roots of a very large CASCI space. In most cases where DCD-CAS(2) is applicable (due
to the high computational cost when applying it to larger active spaces), e.g. if only
the five metal d orbitals are chosen active, it should however not pose any problems
to treat the whole CASCI space as the model space within this method. In such cases
an IEH treatment is often not necessary because there are no unphysical high energy
roots in the CASCI space.

Our analysis showed that it is probably not possible to formulate a multi-partitioning
theory that is exactly model space invariant, a desirable property of multistate meth-
ods that was introduced several years ago.” Previously, it has been shown that non-
invariant theories can lead to artifacts and irregularities. However, we demonstrated
for the example of the same symmetry conical intersection of the allene molecule that
the non-invariance of HQD-NEVPT?2 is much less severe than that of theories like MS-
CASPT2 or MCQDPT?2. The small disadvantage of a not exactly invariant theory was
shown to be outweighed by the possibility to use state-specific 0th order Hamiltonians.
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7.2. Applications

The nonrelativistic DCD-CAS(2) method was shown to be successful in describing the
avoided crossing between a neutral and ionic state in the LiF molecule, as well as for
the description of magnetic exchange in exchange-coupled dimers. A big advantage of
the method is the fact that it preserves orbital degeneracies. In the absence of strong
state-mixing effects, the default version of DCD-CAS(2) was shown to give energies
that are in close agreement with state-specific NEVPT2.

Tests of the spin-dependent DCD-CAS(2) method on transition metal systems using
a minimal active space containing only metal d orbitals showed only small effects
of state mixing and results that are mostly in agreement with the nondegenerate
NEVPT2/QDPT method. We also compared our new method with other approaches
for the prediction of EPR parameters of pseudo-square-planar Cu'' complexes, where
it is well understood that CASSCF and nondegenerate NEVPT2 give too large values
due to a ground state SOMO that has too little contribution from ligand orbitals. The
spin-dependent DCD-CAS(2) method was shown to ameliorate this problem by effec-
tively reducing the energy of the LMCT configuration with respect to the ground state
configuration under the effect of dynamic correlation. This leads to enhanced mixing
between the two, which corresponds to a rotation of the ground state SOMO such that
it becomes more covalent. However, we observed that this effect is too pronounced
such that the values of EPR parameters are overcorrected compared to results at the
CASSCF or NEVPT?2 levels. In many cases, we observed values that were quite similar
to predictions by B3LYP. We found the reason for this behavior of the DCD-CAS(2)
method to be the use of a state-averaged 0th order Hamiltonian.

HQD-NEVPT2 was shown to perform well for the simultaneous treatment of ligand-
field and charge transfer states, as shown for the calculation of the excitation energies
of [CuCl,]*" in two different geometries. For this problem, the use of a state-averaged
Dyall Hamiltonian leads to a drastic underestimation of the LMCT excitation ener-
gies. Furthermore, it was shown that it is advantageous to have a Hermitian effective
Hamiltonian since the traditional non-Hermitian QD-NEVPT2 leads to the appearance
of complex energy eigenvalues especially in cases of (near-)degeneracy. Tests for the
calculation of EPR parameters in the set of square-planar Cu! complexes have shown
that HQD-NEVPT2 leads to a better description of the covalency in the ground state,
due to a more realistic description of the LMCT configuration that is included in the
active space. This improves the results compared to the spin-dependent DCD-CAS(2)
values. For SD and NOC contributions to HFCCs, the resulting values are still too
low, and the surprising quality of CASSCF and NEVPT2 results indicates that there
are some sizable errors due to the CAS-only wavefunction. However, the description
of g-shifts with our new method is better than with any other method of similar com-
putational cost that we are aware of. Hence, HQD-NEVPT?2 is a promising candidate
for the calculation of this property.

Finally, we introduced the DCD-CAS(2) and HQD-NEVPT2 effective Hamiltonians
into ab initio ligand field theory (AILFT). We compared the new AILFT versions with
the previous ones based on CASSCF and NEVPT?2 for a diverse test set of transition
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metal complexes with metals from different periods and groups of the periodic table,
different ligands, different coordination environments, and different oxidation states.
Compared to NEVPT2, which is so far the standard choice for including the effects of
dynamic correlation into AILFT, the multistate methods were shown to yield better
fits of the ligand field model to the ab initio effective Hamiltonians. For some sys-
tems (e.g. the octahedral Cr'! halide series), the better RMSD between the ab initio
energies and the energies predicted by the extracted LFT models led to better agree-
ment between the AILFT energies and the experiment. An investigation of the LFT
parameters for the whole test set showed that for the multistate methods there is a
clear trend for the ligand field splitting A of tetrahedral and octahedral complexes to
increase compared to NEVPT2. The Racah parameter B usually decreases, while the
value of C' (and therefore also the ratio C'/ B) increases. Since the agreement of the
extracted model with the ab initio effective Hamiltonians is better, these model param-
eters reflect more closely the physical picture described by the ab initio methods. In
order to understand the mechanism for the smaller RMSDs at the multistate levels, we
investigated in detail the case of the quartet states of the [CrF,]* complex. We found
that after inclusion of dynamic correlation, there is a tendency to increase the ligand
field splitting A, which can be interpreted in terms of increased metal-ligand cova-
lence, and to decrease at the same time the magnitude of the Racah parameter B. At
the NEVPT2 level, these parameters cannot change independently from their CASSCF
values since the wavefunctions are required to stay the same. At the multistate level
on the other hand, the CASSCF wavefunctions can mix under the effect of dynamic
correlation, which allows A and B to vary independently. We think that a similar
mechanism for the reduction of RMSDs when going from NEVPT2 to the multistate
methods is occurring for the whole test set, i.e. that only after the possibility of state
mixing the parameters A and B are independent of each other and can follow their
individual preferences for change after dynamic correlation. This could explain the
general trends observed for the extracted LFT parameters.

7.3. Outlook

Based on the results in this thesis, there are many interesting possible routes for future
work. We found that CASSCF and NEVPT2 perform quite poorly for the prediction of
g-shifts but give relatively decent results for SD and NOC contributions to HFCCs. In
contrast to that, the values at the HQD-NEVPT?2 level, which was thought to provide
a better description due to the better description of covalency, were too low. This
shows that fixing the problem of missing covalency in the CASSCF wavefunction is
probably not sufficient in order to arrive at accurate results for these parameters, and
the influence of dynamic correlation on the wavefunction, beyond a rotation within
the 0th order CASCI space, cannot be neglected. In this respect, the further exploration
of two-component correlated methods based on a scalar reference calculation seems
to be a promising direction.*®!

Our AILFT results showed that methods that allow for state mixing can lead to better
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fits via the LFT model. The accuracy was however limited by some systematic errors
of the perturbation theory methods. A natural extension would therefore be the use of
more accurate electron correlation treatments that include state mixing, e.g. using the
MR-EOM-CC method.??26* This can potentially have the same benefits of a better fit
between LFT model and ab initio effective Hamiltonian as the new methods introduced
in the present work, while not suffering from the limitations of low-order perturbation
theory. A downside of this approach would be the much larger computational cost.
While many problems have been solved in the presented work, some are still left open.
The two developed multistate perturbation theory methods DCD-CAS(2) and HQD-
NEVPT?2 have different advantages and disadvantages. DCD-CAS(2) is very flexible by
using the complete CASCI space as a model space. Since it is based on the IEH concept,
its lowest states are not affected by intruder states occurring for high-energy model
space components. Another advantage is that it exactly preserves orbital degenera-
cies. Disadvantages of DCD-CAS(2) are its high computational cost for larger active
spaces and deficiencies in the state-averaged Dyall Hamiltonian used in its construc-
tion. These problems are solved by HQD-NEVPT2, which improves the simultaneous
description of states with very different physical character, due to the state-specific
0th order Hamiltonians used in its construction. However, it acts in a model space
of manually chosen CASCI roots, which limits its flexibility and generality. Further-
more, it was shown in this work that the multi-partitioning concept cannot easily
be reconciled with model space invariance, another desirable property. Therefore,
HQD-NEVPT?2 energies show artifacts around points of degeneracy and break orbital
degeneracy, although it was demonstrated that this is much less severe than for other
non-invariant theories like MS-CASPT2 and MCQDPT2. One should mention that it
was previously found that a state-averaged Dyall Hamiltonian can be superior to a
state-specific one also in other cases.'”’'** A method that is generally applicable to
any multiconfigurational problem and that fulfills all desirable properties mentioned
in this work while being applicable also to larger molecular systems does therefore
still not exist.

An interesting alternative to the current work is the 0th order Hamiltonian suggested
by Fink in the context of the “retaining the excitation degree perturbation theory”. 26>
It consists of all terms of the Fock space Hamiltonian that leave the number of elec-
trons in the different orbital subspaces (inactive, active, virtual) invariant. Therefore,
it does not depend on the specific reference state under investigation. It is very close
to the full electronic Hamiltonian but costly to evaluate since perturber CSFs with
different non-active occupations can be coupled. Using a canonical MRPT implemen-
tation, it is only possible to use this 0th order Hamiltonian for small model systems.
However, there has been interesting recent work that made the use of this 0th or-
der Hamiltonian feasible by using MPS compression’®?% or stochastic sampling.?® A
combination of these approaches with spin-dependent effects could be a promising
route for future work. Another alternative is the use of MRCC. Although successful
variants have been developed in recent years, they are still usually limited to rather
small systems. Also the complexity of these theories is very high, and they can only be
implemented using automatic code generation.* One could also think about includ-
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ing the effect of higher excitations by moving toward perturbation theory methods
that are truncated at higher than 2nd order. The equations presented in this work for
the multi-partitioning canonical Van Vleck perturbation theory lay the foundations
for such further developments.

Many of the problems associated with finding better multireference methods probably
stem from the desire to develop methods that can be applied to any electronic state.
However, the partitioning into single-configurational and multi-configurational states
is a highly artificial one. By definition a multiconfigurational system is anything that
is not single-configurational. This includes examples like the ozone molecule,*’ the
Be atom,?”® excited states,”’! systems with multiple broken bonds, as well as many
transition metal compounds. Therefore, methods that are supposed to be able to treat
such diverse situations need great flexibility, and therefore are nowadays usually based
on CASSCF reference calculations. A possible route for future work are methods that
are not applicable to any multiconfigurational situation but are tailored toward specific
applications. Considering the success of single reference theory, it e.g. seems desirable
to develop methods that can accurately treat the ground states of multiconfigurational
transition metal complexes close to their equilibrium geometry, even if those methods
do not allow for correct bond breaking. Such methods could for example be based
on reference states that correspond to a single orbital configuration,?’? instead of a
whole CASSCF reference. This would mean that some of the “black box” character that
quantum chemical method developers often aim for is lost. Instead, the calculations
need an a priori idea of the electronic structure of the system under investigation,
which could be provided by experimental insight. One should not forget that even for
the highly successful single reference methods the user makes a biased assumption
about the electronic structure of the system under investigation, namely that it can be
described well by a single Slater determinant. Therefore, experimental insight into the
electronic structure of molecules will be necessary to guide our thinking and obtain
meaningful results from computations for a long time to come.
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A. Additional derivations and
theoretical discussion

A.1. Proof that any one-electron operator can be
written as a sum of singlet and triplet parts

The Hilbert space () of a single electron can be written as the tensor product of a
spin space and a coordinate space,

HY = H @ H" (A.1)

Here, H* is isomorphic to the Hilbert space C? of complex 2-component vectors and
‘H" is the space of square-integrable complex functions on the three-dimensional co-
ordinate space. A complete basis for the operators on H! is given by tensor products
of basis operators of the spaces H°® and H'. Let s; (¢ = 0 to 3) denote a set of ba-
sis functions for operators on spin space and o; an infinite set of basis functions for
operators on coordinate space. Then an arbitrary operator A acting on one-electron
wavefunctions can be written as

A= Z Cijsi X 0; = Z Si X Z Cijoj- (AZ)
i J

]
If one defines a(i) := Y C;;0, and chooses as a basis in spin space the 2 x 2 identity
J

matrix together with the irreducible spin operators s(™ (m = 0, &1), this means that
A can be written

A=a+ Z a(m)s™, (A.3)

where a and the a(m) are pure spatial operators. The Fock-space version of the oper-
ator A is then given by

A= Z apgEpg + Z Z apq(m)sl(,gl). (A.4)
P

m=0,£1 pq

A.2. Important Clebsch-Gordan coefficients

(S 15);# (A5)
S 0[S )T s+ |

141



A. Additional derivations and theoretical discussion

S—1 1S\

S—1 1|5 ) 7

S+1 18\ [25+1

S+1 —-1|S8 ) Va2s+
S 2185\ S(2S—-1)
S 0SS ) \(S+1)

S—12]5Y) _  [5—-1

S—11/8) VsSs+1

S—2 2|8 _

S—-2 2|8 ) 7

S+1 2 |S

S+1 —-1|8

S+2 2 |SY) [25+1

S+2 =218 ) Va2s+

A.3. Derivation of the permutational relation

B S(25+1)
V(S +2)(2S +3)’

The space of operators acting on the four-dimensional space of two coupled spin 1/2
systems is spanned by sixteen basis operators. Among these there are five quintet

operators that have the form?”

g2 _ Lo+

231 S3 s
S0 = =3 6758 + 55,
5O = Zs{7sf) - S(6fsf
LK !
S2 = %sg)sg)

(A.13)
(A.14)

(A.15)

(A.16)

(A.17)

A good explanation of how to couple tensor operators of lower rank (here 1) to those
of higher rank (here 2) can be found in the book by Boc¢a.?”* For our purposes it is
useful to look at the matrix representation in the basis {|a«), |af), |Ba), |55)}:

S(+2) _

o O OO
o O OO
o O o O
S O O
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0 —3 —1 0
o 0 o 1
(+1) _ 4
S 00 o 1| (A.19)
0 0 0 0
1
S0 = 0 G o | (A.20)
26 26
0 0 0 ﬁé
0 0 0 0
10 0 o0
1) _ | 12
S Lo ool (A.21)
0 —3 —3 O
0000
0000
(-2) _
S 0000 (A.22)
1000

We denote the Hermitian permutation operator for the two spins by the symbol P. Its
matrix representation is given by

(A.23)

o O O
o= O O
o O = O
_— o O O

One can see that for all five S™ operators the 2nd and 3rd columns are identical,
which means that there is the identity

Sm — gtm p, (A.24)
From this follows
S — (o7|S™ k) = (07| ST PAK) = (o7|ST™|kA) = ST, | (A.25)

so the quintet double excitation operators fulfill the permutational relation

SI()Z;)S = Z SS,T;KG;U@;T@SHGM = — Z SngzAa;UagTaMam = —SISZZL. (A.26)

OTAK OTAK

Here we used Eq. (A.25) and anticommuted the two annihilation operators. Anal-
ogously, one can conclude that S(™ = PS(™ because the 2nd and 3rd row in any
of the 5™ operators is identical. Hence, .S (m) _ 6 which leads to the second

OTAK TOAR?
permutational relation
Sim) — _ g(m) (A.27)

pqrs qprs?
where we have this time anticommuted the creation operators. This concludes the
proof of Eq. (3.113).
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A.4. Vanishing contribution of closed shells

If the matrix representations of the S(™ operators (Egs. (A.18) to (A.22)) are divided
into four blocks of size 2 x 2 each, it can be checked by visual inspection that the
diagonal elements of each of these 2 x 2 blocks have opposite sign (or are zero). We
can express this in the form of the equation

Sc(:g/)\a = ngw (A.28)

which is true for any m and spin labels o, A and can be rewritten as
Z sim — (A.29)

Now, let |®,;) be a state in which spatial orbital r is doubly occupied and let p, ¢ be
two orbitals that are different from r. Then

p7‘q7‘|q)7"7“ ZS[ST))\HOLLU(IL&M%)\@W Z crr/\n paana 2| Prr). (A30)

OTAK OTAK

Here, it is used that g and r are unequal in order to anticommute the annihilator past
the creator. Using

aifarn‘q)m?> = 57—n|q>r7">7 (A-31)
we arrive at

S, = 3 (z s::;) ol =, s

oA T

which is zero because of Eq. (A.29). By using the permutational relation, it also follows
that

®,) = 0. (A.33)

rprq |

A.5. Single determinant orbitals

For an active space with 2m — 1 electrons in m orbitals (i.e. one hole in the active
orbital space), each CSF (we choose the principal component with M = S = 1/2) is
associated with exactly one hole in a certain active orbital ¢, i.e. it can be written

’(I)t> = atg‘ﬁlll), (A34)

where [full) is the closed-shell Slater determinant that has all active orbitals doubly
occupied. Both CASCI or DCD-CAS(2) states |¥;) are defined via a unitary transfor-
mation of those CSFs, i.e.

(W) = [®)Cir = digg|full) (A.35)
t
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with
drp =Y apCir. (A.36)
t

These are annihilators for a unitarily rotated set of active orbitals

Uy = Z Cl_tl@/%- (A.37)

The determinant |full) is invariant under this unitary transformation of orbitals. Hence
the states | V) are single Slater determinants, with all active orbitals doubly occupied
except for 1, which is singly occupied. We therefore call this new choice of active
orbitals single-determinant orbitals (SDOs). We note that the set of SDOs is also the
unique set of simultaneous natural orbitals for all the states | V). The idea of SDOs has
been discussed for the first time (without giving it this name yet) in the supplementary
material of our previous work on the DCD-CAS(2) method.®

A.6. Auxiliary result for the diagonalization of the
Dyall Hamiltonian

For a given total spin S, we use a counting index K for all the different perturber
CSFs |®%.) from the space Sl(k). Such a CSF has well-defined occupation numbers,
both in the set of non-active orbitals and in the set of active orbitals. / is a label that
denotes collectively the non-active occupation numbers. Let furthermore [, (K) be
a label that denotes the active occupation numbers of the CSF K. Let ](IDi) be the
full set of Slater determinants with non-active occupation / and having empty active
orbitals, while |® “t(K)) is the full set of Slater determinants with active occupation
numbers /,(K) and having all non-active orbitals empty. There are 2" such Slater

determinants if there are N SOMOs among the occupation numbers [ or /,. The full
set of the antisymmetrized products (tensor products) |(I>l ® Pl )> forms a complete
basis for any state that is characterized by the occupation numbers [ and l,.;(K'). One

can therefore write
[Bh) =D CR @l @ @) = 7|0l @ Wy ) (A.38)
v 7
with
Wk ) Z K | laa(K) (A.39)

This result is similar to the Schmidt decomposmon. Since the active part of the Dyall
Hamiltonian acts only on the active part of the wavefunction, one has

Dyall Dyall Dyall
<q)l |Hac¥ |CDZL> = Z<¢L|®L’><\DK,H|H%¥ |\IJL7#'> = Z(WK,#lHacif |\IIL7#>7
g %
(A.40)
which is Eq. (3.10). Here we used that the determinants |®!,) are orthonormal.
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A.7. Nature of the eigenfunctions of the canonical
Van Vleck effective Hamiltonian

Let (I) and (C) denote objects in the intermediate normalization or canonical Van Vleck
formalism, respectively. We start by showing that the operator U, g) Uy is positive def-
inite. It is obviously Hermitian, which means that there exists an orthonormal basis
{|a)} of eigenstates. The corresponding eigenvalues

a = (| UjUla) = [|Ugla)l|* > 0 (A.41)

must be positive, since Uy, is assumed to be invertible, which is only possible if Uy a) #
0. Hence, we conclude that U&) Uy is positive definite. This is important since it means
that its inverse, square root, and inverse square root all exist.

We can write an exact eigenstate of the Hamiltonian that is modeled by the chosen

model space as . )
U) = Ug|9P) = Ug)|TP). (A.42)

Then Eq. (2.30) immediately leads to
UF) = Ug Upl¥7) = (UU)21¥7). (A.43)

Since (Uy))x is anti-Hermitian, one has Uy = 1 + (Uy)) x and Ug) =1— (Uy)x and

therefore Ué) Uy =1— Uy ) . This shows that U(I) Uy is also block diagonal. One can
therefore write

UL U ¥P) = PU{ U WD) Z B )P( WUolEP)

Uny
= Z [UF)P (W 0) = Z (WD) 26,1 =|0P)".

Here |U)P is the dual (contravariant) state with respect to | ), which can be ex-
pressed as

(A.44)

(oPyP Z w57} (A.45)

with the overlap matrix S;; = <\I/g | II)> Combining Eqgs. (A.43), (A.44) and (A.45),
one obtains Eq. (2.31), i.e. the |¥'”) are given by Léwdin symmetrical orthonormal-
ization of the states |U').

A.8. Antilinear operators, complex conjugation, time
reversal, and Kramers symmetry

This section is mainly based on the book by Abragam and Bleaney."*® Apart from
the content found there, our own observations are added to the discussion in a few
occasions.
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A.8.1. Antilinear and antiunitary operators

An antilinear operator A on Hilbert space is an operator that fulfills
A(a|W) 4 B|®)) = a*A|¥) + " A|D). (A.46)

Most operators encountered in quantum mechanics are linear operators. From their
theory, one is used to the fact that they can also act to the left on bra states. This does
not make sense for antilinear operators. For example, the expression (®|A, where
A is an antilinear operator, is obviously an antilinear functional on Hilbert space.
Hence, it is clear that it cannot be written as a single bra state, since any bra is a linear
functional. When encountering matrix elements like (®|A|¥), one should therefore
remember that A is only defined for operation to the right. To avoid pitfalls, it makes
sense to consider this in the notation and write (®|AW). It is also a useful fact that
the product of two antilinear operators is linear and the product of a linear and an
antilinear operator is antilinear.
The adjoint AT of an antilinear operator A is defined such that for arbitrary states |®)
and |V) one has

(D|AT) = (ATD|T)* = (T|ATD). (A.47)

An antilinear operator A is called antiunitary if it fulfills for arbitrary states |®) and
| W) the relation
(AD|AY) = (D|W)*, (A.48)

which is equivalent to

AAT = ATA = 1. (A.49)

The latter relation is identical to that fulfilled by linear operators that are unitary:.

A.8.2. Complex conjugation

Given a certain orthonormal basis {|a) } of Hilbert space, the complex conjugation op-
erator K, with respect to this basis is defined to be the antilinear operator which maps
any basis vector |a) to itself, i.e.

K,la) = |a). (A.50)

For an arbitrary Hilbert space state | V') with basis set expansion |[¥) = > C,|a), one
then gets

K, |W) =) " Cila) (A51)

by extension. In other words, the operator K, maps any state to the one which has
complex-conjugated coefficients when represented in the basis {|a)}. The most com-
mon one-electron basis is that formed by simultaneous eigenstates of the position and
s, operator, |r, ms). When talking about the complex conjugation operator in the fol-
lowing, we will always implicitly mean complex conjugation with respect to this basis.
We will therefore drop the label and simply write /. One should also mention that
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the complex conjugation operator is not only antilinear but also antiunitary, i.e. one
has
Kl=K=K"! (A.52)

Equipped with the definition of the complex conjugation operator, one can also rigor-
ously define what is meant with the complex conjugate |¥)* of a state |¥), namely

T)* = K|, (A.53)

This means that the complex-conjugate of an electronic 1-particle state has a 2-com-
ponent wavefunction (representation in the |r, m;) basis) that is simply the complex
conjugate of the wavefunction of the original state. We define the complex conjugate
of an operator A as

A* = KAK. (A.54)

In analogy to numbers, one calls states and operators real if
)" = |¥), (A.55)

A=A (A.56)

and one calls them purely imaginary if
) = —|w), (A.57)

A" = A (A.58)

A useful property of real Hermitian operators / is that their eigenstates can be chosen
real. The reason for this is sketched in the following. Let |¥) be an eigenstate of a
real Hamiltonian. Then also |¥V)* is an eigenstate with the same energy. One can
distinguish two cases. If |¥') and |V)* are linearly dependent, their linear combination
|W) + |W)* is real and is also an eigenstate with the same energy. If they are linearly
independent, one can construct the two linearly independent real states |¥) + |U)*

and 1(|¥) — [¥)°).

A.8.3. Time reversal

Time reversal is an operation that transforms any quantum state into a state that has
all momenta and angular momenta (including spin) reversed. Since this represents a
“symmetry operator” according to Wigner (meaning that it leaves transition proba-
bilities between states unchanged), the operator can only be represented by a unitary
or antiunitary operator on Hilbert space. This is called Wigner’s theorem. One can
conclude by simple arguments that only the 2nd option leads to physically meaning-
ful results, i.e. time reversal must be represented by an antiunitary operator.'**%”
Since the product of two antiunitary operators is a unitary operator, it is clear that
one can pick an arbitrary antiunitary operator and that time reversal can be written
as a product of this operator and a unitary operator. In practice this auxiliary antiuni-
tary operator is usually chosen as the complex conjugation operator K defined above.
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For a single electron, one can then show that the unitary operator is given by a 180°
rotation in spin space around the y-axis, such that one has

0 = K exp(—ims,). (A.59)

On the many-electron Hilbert space, the time reversal operator is simply defined as
the tensor product of the time reversal operators on the one-electron Hilbert spaces,
Le.

0 = Q) bn = K exp(—inS,), (A.60)

where now K = K; ®... Ky is the complex conjugation operator with respect to the
many-electron space-spin standard basis and S, is the y-component of the total spin
operator. Given an electronic state |¥), one defines the Kramers conjugate |¥) to be
the state that results from action of the time reversal operator, i.e.

W) = 0|T). (A.61)
One calls a linear operator A even or odd under time-reversal if
0AOT = 0TA0 = + AT (A.62)

Examples for odd operators are the momentum as well as spin and orbital angular
momentum operators. One can easily show that a time-odd operator A has opposite
expectation values for a given state and its Kramers conjugate,

(U|A|T) = (U|0TAOD)* = —(U|AT|T)* = —(T|A|D). (A.63)

A.8.4. Kramers theorem

Consider a system where the number of electrons /N is odd. The operator exp(—imS),)
is real and therefore one has

0* = exp(—2miS,) = ®exp(—27risyn) = ®(—1) =—1. (A.64)

n n

Here we used that a 360° spin rotation changes the sign of a one-electron wavefunction
and that there is an odd number of terms in the tensor product in Eq. (A.64). The
overlap of a state and its Kramers conjugate is then given by

()W) = (U]|00) = (0V|0*°T)* = —(V|T). (A.65)

This shows that any state is orthogonal to its Kramers conjugate for systems with an
odd number of electrons. If | V') is an eigenstate of a time-reversal-invariant Hamilto-
nian H (ie. 0THO = H),

H|V) = E|¥), (A.66)

then obviously also B B
H|V) = E|¥). (A.67)
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A. Additional derivations and theoretical discussion

The Hamiltonian is always time-reversal-invariant in the absence of external magnetic
fields. This shows the famous Kramers theorem: For a system with an odd number of
electrons, the degeneracy of each energy eigenvalue is even in the absence of magnetic
fields. In the simplest case where there is no other symmetry, the degeneracy of each
level is twofold and one calls the pairs of degenerate states Kramers doublets.

A.9. Representatives of orbitally degenerate quartet
states of octahedral d° complexes

It is possible to investigate an octahedral system in the Dy, subgroup. In this case
xz,yz belong to the E,, zy to the By, 2° to the A, and 22 — y? to the By, irreducible
representations. A state that has a half-filled F, shell, i.e. both the xz and the yz
orbital singly occupied with a spin-up electron, has symmetry A,,. The ground state,
with zy, zz, and yz singly occupied, therefore has Ay, ® By, = By, symmetry. The
singly excited Slater determinants have the following symmetries:

* ITY — 222 Agg 0% Alg = Agg
s TY — .12 — y22 A2g X Blg = B2g

e 22/yz = 2% E; @ By @ Ay = E,

rz/yz = 2* —y* E; @ By @ By, = E,
The doubly excited Slater determinants have the following symmetries:
o x2,y7 — 22, 2% — y* By @ A1y @ By = Ay,
e xzfyz,xy = 22,2 —yH E,Q A1y ® By = E,
The irreducible representations of O}, transform in the D, subgroup as
« Agg: Byg
o Thg: Aoy @ E
« Tog: Byy @ Ey
One can see that this is in accordance with the above results and that the zy — 22 —
y? excited Slater determinant is one component of the 4T29 excited level, while the

xy — 2% and 2z, yz — 22, 2% — y? excited Slater determinants will mix to form one
component of each of the two excited *T}, levels.
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A.10. Derivation of A/ B in terms of *T}, coefficients

A.10. Derivation of A/B in terms of T}, coefficients

An arbitrary real 2 x 2 Hermitian matrix can be written

~AE/2 V ) |

V. AE)2 (A.68)

H:EOI+(

where Fj is a constant shift that does not influence the eigenvectors, I is the 2 x 2
identity matrix, AF is the difference between the diagonal elements, and V' is the
off-diagonal coupling matrix element. Diagonalizing H, i.e. solving its eigenvalue
equation, leads to two solutions with energies

1
By =+ (AE)® +4V2, (A.69)

The eigenvector belonging to the lower-energy solution /_ can be written as

< gl ) _ N( —(AB/V +/(AE/V) +4)/2 ) , (A.70)
2 1

where N is an arbitrary normalization constant. This means that

—(AE/V +\/(AE/V)* +4)/2 = C,/C,. (A.71)
Solving this equation for AE/V gives

AE  Cy, ¢4
— === A.72
Vv Cy Oy (A.72)
For the 2 x 2 *T}, block of the LFT Hamiltonian of an octahedral d® complex (see Eq.

(6.5)), one has
AE  A-9B A/B-9

A.73
Vv 6B 6 ’ ( )
which leads, combined with Eq. (A.72), to Eq. (6.6),

A AFE Cy, O

—=6—49=6(—=—— — 9. A.74

B v T (01 02) * (A7)

A.11. Derivation of spin Hamiltonian parameters
using DPT

A.11.1. g-matrix

We start with the derivation of the g-matrix. There is a 1st order contribution coming
from the spin Zeeman interaction,

H;I;ie;nan = ,UBgeB - S. (A75)
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A. Additional derivations and theoretical discussion

This is apparently already in the form of the spin Hamiltonian in Eq. (2.79) and leads
to a contribution to the g-matrix given in Eq. (2.87). Apart from that, there is a 2nd
order contribution coming from the orbital Zeeman interaction,

H® = upB-L (A.76)

Zeeman ~—

and the SOC operator Hsoc. We assume that the SOC operator is in the form of an
effective one-particle operator, like the SOMF operator Eq. (2.9) or the effective nuclear
charge SOC operator.?! Inserting these operators into Eq. (2.86), the contribution of
the effective Hamiltonian is given by

— > AN | Hy

eeman’\Ilebe><\Ij§be’HSOC|\IJgMI> + C'C‘]' (A77)
b0, M,

Since the orbital Zeeman operator is a singlet operator, it cannot couple different total
spins or Mg sublevels. Hence, the matrix element is given by

(UM HEE [ T5M) = 555, 00rar, s B - (U5 5| L|TS). (A.78)

Zeeman

The matrix element of the SOC operator is given by (already including the restrictions
imposed by the Kronecker deltas in the previous expression)

(UM Heoe|U5M)y = > (UM HG (m) |05

m=0,£1

Z (SM|S™|SM") (US| H G (m)|W55)
m=0,%

szlH

(A.79)

CQ |

3
Z (SM|S'|SM") (W3 Hyor (1) 95).

Here we first wrote the SOC operator as a sum over spherical spin tensor components
(see Eq. (3.71)), then applied the Wigner Eckart replacement theorem,'® and finally
switched back from spherical to Cartesian components. Using Egs. (A.78) and (A.79),
one sees that Eq. (A.77) assumes the form of the SH in Eq. (2.79) with the correspond-
ing contribution to the g-matrix given by Eq. (2.88).

A.11.2. A-matrix

There are two 1st order contributions to the effective Hamiltonian that come from the
FC and SD contributions to the hyperfine interaction operator,

ge 8T

HiS. = 22 3 g S g §3(ria)si, (A.80)
e 3 A % i AR

H®e = a?% Z ATA Z FiA(S rA s, (A.81)
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A.11. Derivation of spin Hamiltonian parameters using DPT

Both operators are triplet operators, like the SOC operator. In close analogy to Eq.
(A.79), one can therefore write the matrix elements of these operators as

3
(UM [HESEP UMy = Z (SM|S|SM') (WSS | Hygee ™ (D] W5%)  (A82)
with
HFC(O) N = 2&8_71- AIA,l 53 ) z A.83
A i
SD(0) 29e A Ak 3T§Ar7l;A - 5klrz'2A 2
Hipe (1) = o o Z’Y Z[ ’ Z 5 s;. (A.84)
A k i iA

With this, Eq. (A.82) is clearly of the form of the SH Eq. (2.79) if the corresponding
contributions to the A-matrix are defined as in Egs. (2.89) and (2.90). Apart from these
two contributions, there is a 2nd order contribution that is given by

— > AT HREE W) (M Hyoc [ U5M) + c.c] (A.85)
b£0, My
and arises from SOC and the NOC part of the HFC Hamiltonian,
14
FNOC _ 2 ATA i A.86
HFC a 2,4: Y 22: T?A ( )

Like the orbital Zeeman operator, this is a singlet operator and its matrix elements are
therefore given by

17
(UM HNRS W) = S5, 6nan,0” Yy T4 - (W55 TT]\IJ(§5>. (A.87)
A i A

Inserting this, together with Eq. (A.79), into Eq. (A.85) shows that this contribution is
also in the spin Hamiltonian form of Eq. (2.79), with the corresponding contribution
to the A-matrix given by Eq. (2.91).

A.11.3. Derivation of the 1st order contribution of direct
electronic spin-spin coupling to the D-tensor

Using the Wigner Eckart replacement theorem, ' one obtains
(5| Hose (m) | 05%)
(SS|[S ® SJ3|SS)

The matrix element of the full SSC operator is then given by (after writing the dot
product of 2nd rank tensors in terms of Cartesian instead of spherical components)

(TS| H (m) | w5y = (SM|[S @ S]2,|SM").  (A88)

i (WSS|HSL (K L)|W§S)

(5SS @ SJ§|59)

(WM | Hsc| ™M) = (SM|SkSp|SM').  (A.89)

K,L=1
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A. Additional derivations and theoretical discussion

Using [S ® S]2 = —-=(35? — S?), the denominator can be shown to be

V6
1
SS|[S ® SJ5|SS) = —=S(25 — 1). A.90
(S5][S ® S[5|SS) 7 ( ) (A.90)
Together with
202 3rkel — §per? 1
HO(KL) = — %2 R Yo (25757 — sTst — sYsY A91
SSC( ) 4 ; T?j \/6< ] 7] 7 j) ( )
this gives the final result
3
(UM |Hssc|U5™) = (SM| > Dk SkSi|SM') (A.92)
K,L=1
with
2 2 Swrrs — 3rEyL
. Ge Q SS KL 5 1)1 z_ z x X SS
Dk = Zm(‘ljo |; = L (2s7s; — sisj — sisY)|VG7). (A.93)
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B. Additional numerical data

B.1. Comparison of nonrelativistic and relativistic
DLPNO-CCSD Cu-HFCCs

A comparison of nonrelativistic and relativistic DLPNO-CCSD Cu HFCCs can be
found in Table B.1.

B.2. Relativistic g-shifts for square-planar Cu"
complexes

Table B.2 shows the scalar-relativistic g-shifts for the test set of square-planar Cu"
complexes.

B.3. Comparison of calculated and experimental
anisotropic HFCCs

Table B.3 compares the anisotropic part of the HFCCs obtained from calculations
with the experimental values. Note that the SD contribution (which is completely
anisotropic) and the anisotropic part of the NOC contribution have opposite signs.
Both contributions are individually too small in magnitude at the DCD-CAS(2) level
(see the main text), but the opposite sign of the contributions leads to a fortuitous
error cancellation. Thus it turns out that DCD-CAS(2) has the best agreement with
experiment among the compared methods.

B.4. Calculation of CCSD(T) excitation energies for
[Cu(NH;),]*

We calculated CCSD(T) energies for all six states of the [Cu(NH;),]* molecule based
on the CASSCEF single-determinant wavefunctions (in the basis of SDOs) of a preceding
SA-CASSCEF calculation. We used a nonrelativistic Hamiltonian and the contracted
def2-TZVP basis set. With the default convergence threshold of 2.5 X 107, only
three of the calculations converged. We therefore loosened the threshold to a value of
1.5 x 104, which made all calculations converge. Table B.4 shows the comparison of
the total energies obtained with the two thresholds.
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B. Additional numerical data

Table B.1.: Comparison of nonrelativistic and relativistic DLPNO-CCSD %*Cu HFCCs (in MHz).
The relativistic calculation uses the DKH2 Hamiltonian and picture change effects as well as a
finite nucleus model.

scalar-relativistic nonrelativistic ~difference difference(%)

[Cu(NH3),]* Arc —480 —456 24 —5.0
Asp(1) 281 282 1 0.4
Asp(2) 281 282 1 0.5
Asp(3) —562 —564 -3 0.4
[Cu(en),]* Afc —485 —466 18 —3.8
Asp(1) 277 277 1 0.2
Asp(2) 275 276 1 0.3
Asp(3) —551 —553 -1 0.3
[Cu(gly):] Agc —464 —443 21 —4.5
Asp(1) 334 337 3 0.9
Asp(2) 230 230 1 0.2
Asp(3) —563 —567 -3 0.6
[Cu(dtc),] Arc —453 —439 14 —3.1
Asp(1) 231 228 -3 —1.4
Asp(2) 224 222 -3 —1.2
Asp(3) —455 —449 6 -1.3
[Cu(mnt),]* Arc —440 —426 14 —3.2
Asp(1) 232 229 —2 —~1.0
Asp(2) 229 227 -2 —0.9
Asp(3) —461 —456 5 —-1.0
Dog-[CuCl]>  Apc —389 —365 24 —6.1
Asp(1) 283 283 1 0.2
Asp(2) 282 283 1 0.4
Asp(3) —565 —566 -2 0.3
Dyp-[CuCLT>  Apc —451 —428 23 —5.1
Asp(1) 272 272 0 0.0
Asp(2) 271 272 0 0.1
Asp(3) —543 —543 0 0.1
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B.4. Calculation of CCSD(T) excitation energies for [Cu(NH;),J**

Table B.2.: Scalar-relativistic (without picture change) g-shifts (in ppt) calculated
with different methods and compared with the experiment.

CASSCF NEVPT2 DCD-CAS(2) B3LYP Expt.

[Cu(NHs)4]**  Ag(1) 71 58 40 42 45212
Ag(2) 71 58 41 42 45212
Ag(3) 417 291 199 152 239212
[Cu(en);]* Ag(1) 65 52 33 36 39212
Ag(2) 65 53 33 36 39212
Ag(3) 375 258 159 130 203212
[Cu(gly),] Ag(1) 42 34 30 31 23212
Ag(2) 89 73 45 47 23212
Ag(3) 365 246 181 142 265%2
[Cu(dtc),] Ag(1) 65 56 11 18 18213
Ag(2) 70 57 13 24 23213
Ag(3) 342 228 63 71 82213
[Cu(mnt),]* Ag(1) 66 54 11 21 21214
Ag(2) 66 70 13 22 24214
Ag(3) 312 212 55 76 84214
Dog-[CuCl]*  Ag(1) 183 209 76 77 81215
Ag(2) 183 209 76 77 97215
Ag(3) 910 772 360 256 44321
Dyp-[CuCL]>  Ag(1) 87 78 35 46 47207
Ag(2) 87 78 35 46 47207
Ag(3) 620 475 192 163 230207
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B. Additional numerical data

Table B.3.: Comparison of calculated and experimental anisotropic ®*Cu HFCCs (in MHz).

CASSCF NEVPT2 DCD-CAS(2) B3LYP Exp.

[Cu(NH;)4]*

[Cu(en),]**

[Cu(gly)-]

[Cu(dtc)]

[Cu(mnt),]*

ng-[CuC14]27

Dyp-[CuCly]*

Aaniso(1) 134 185 173 194 173212
Aaniso(2) 134 184 172 194 173212
Aaniso(3)  —269 —369 —345 —388 —3452%12
Aaniso(1) 144 191 169 229 178212
Aaniso(2) 146 192 170 231 178212
Aaiso(3)  —290 —383 —339 —460 —356%12
Aaniso(1) 54 106 141 169 162212
Aniso(2) 240 286 223 300 162212
Amiso(3)  —295 —392 —364 —469 —325°%12
Aaniso(1) 137 179 101 125 129217
Aaniso(2) 138 184 102 130 11127
Amiso(3) =275 —363 —204 —255  —240%7
Aaniso(1) 142 171 108 196 124214
Aaniso(2) 147 199 110 201 121214
Amiso(3)  —289 —370 —219 —397 —245%14
Aaniso(1) -37 19 90 145

Aaniso(2) =37 19 90 145

Aaniso(3) 73 —38 —180 —291
Aaniso(1) 53 109 128 154 129207
Aaniso(2) 53 109 128 154 129207
Amiso(3)  —106 —218 —256 —309 —258%7

Table B.4.: Comparison of CCSD(T) total energies (in Ha) with default and loosened

threshold.
Total energy for Total energy for
State loosened Difference (in eV)
default threshold
threshold
0 —1865.005187 —1865.005146 1.12 x 1073
1 —1864.933946 —1864.933929 4.61 x 1074
2 —1864.922772
3 —1864.921843
4 —1864.921866
5 —1864.764801 —1864.764782 5.21 x 1074
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B.5. Comparison of SA-NEVPT2 and state-specific NEVPT2 total energies

For the three states that also converged with default thresholds, one can observe that
the difference is smaller than the two digits after the decimal point (in eV) that we
report for excitation energies, hence we conclude that the loosened threshold is ac-
ceptable.

B.5. Comparison of SA-NEVPT2 and state-specific
NEVPT2 total energies

As an example of our observation that total energies obtained with state-specific NEVPT2
are usually significantly lower than total energies obtained with state-averaged NEVPT2,
we show in Table B.5 the energies of all ligand field roots of the [Co(sacsac),] complex
calculated with the two methods, using the geometry and computational details from
our previous work.*’

Table B.5.: Total energies for all ligand field
states of the [Co(sacsac);] complex with a SA-
CASSCEF(7,5) reference.

E(NEVPT2)/Ha E(SA-NEVPT2)/Ha AFE/eV

—3376.288 —3375.757 14.5
—3376.285 —3375.754 14.4
—3376.276 —3375.747 14.4
—3376.261 —3375.735 14.3
—3376.242 —3375.718 14.3
—3376.219 —3375.690 14.4
—3376.169 —3375.648 14.2
—3376.154 —3375.627 14.3
—3376.141 —3375.616 14.3
—3376.119 —3375.590 14.4
—3376.312 —3375.768 14.8
—3376.311 —3375.770 14.7
—3376.294 —3375.750 14.8
—3376.238 —3375.703 14.6
—3376.207 —3375.675 14.5
—3376.202 —3375.668 14.5
—3376.203 —3375.668 14.6
—3376.204 —3375.671 14.5
—3376.196 —3375.663 14.5
—3376.196 —3375.663 14.5
—3376.193 —3375.658 14.6
—3376.191 —3375.657 14.5
—3376.174 —3375.644 14.4
—3376.167 —3375.634 14.5
—3376.191 —3375.653 14.7
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B. Additional numerical data

Table B.5.: (Continued.)
E(NEVPT2)/Ha E(SA-NEVPT2)/Ha AFE/eV

—3376.156 —3375.621 14.6
—3376.153 —3375.617 14.6
—3376.164 —3375.632 14.5
—3376.139 —3375.600 14.7
—3376.097 —3375.570 14.3
—3376.091 —3375.566 14.3
—3376.084 —3375.562 14.2
—3376.078 —3375.556 14.2
—3376.081 —3375.553 14.4
—3376.076 —3375.548 14.3
—3376.070 —3375.547 14.3
—3376.067 —3375.541 14.3
—3376.066 —3375.540 14.3
—3376.065 —3375.532 14.5
—3376.061 —3375.529 14.5
—3376.064 —3375.531 14.5
—3376.052 —3375.518 14.5
—3376.042 —3375.508 14.5
—3376.041 —3375.506 14.5
—3376.032 —3375.501 14.5
—3376.012 —3375.474 14.6
—3375.981 —3375.448 14.5
—3375.961 —3375.429 14.5
—3375.939 —3375.400 14.7
—3375.940 —3375.401 14.7

B.6. Results of CASSCF(25,13) for Dy;-[CuCl,]*

In the CASSCF(25,13) calculation, we included all ligand-based orbitals of e and a4
symmetry together with the d orbitals into the active space. In order to have a bal-
anced treatment of ligand-field versus charge transfer states, the latter got assigned a
lower weight, such that the total weight of ligand-field versus charge transfer states
is 1:1. As can be seen in Table B.6, the CASSCF(25,13)/NEVPT2 excitation energies
correlate very well with the experimental band maxima and also the computed oscil-
lator strengths predict three dominant transitions. Looking at the SDOs in Figure B.1,
one can see that the ligand donor orbitals belonging to these three dominant LMCT
transitions are exactly the ones that are included in the active space in the calculations
of Section 5.4.
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B.6. Results of CASSCF(25,13) for Day-[CuCl,J*

d;

Figure B.1.: Ligand-centered SDOs of the CASSCF(25,13) calcula-
tion on Dyy-[CuCl,]*". From top to bottom, they are the SOMOs
of the LMCT states in order of increasing energy.
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B. Additional numerical data

Table B.6.: Excitation energies (V) and oscillator strengths f belonging to the d-d transitions
and all bands in the charge transfer region belonging to A; and E symmetry of the Dog4-
[CuCl4]* UV/Vis absorption spectrum.

SA- 222
CASSCF NEVPT? NEVPT2 f(NEVPT2) Expt.  f(Expt.)
2F (zz/yz — xy) 0.509 0.964 0.953 0.000 0.6234a

2B (2 —y?> — zy)  0.586 1.033 0.960 0.000 1.02%

241 (22 — 2y) 0.736  1.315  1.266  0.000 1.1
2E (Cl-3p — zv) 5972 1291 3278  0.028  3.122  (.050
24, (Cl-3p — zy) 6.484  1.764  3.794  0.001
2E (Cl-3p — zy) 6.536  2.120  3.990  0.007  3.622  0.008
2E (Cl-3p — z) 6.960 2562  4.455  0.040  4.222  0.095

2A; (Cl-3p — x) 7642 4015 5683  0.054  53%22 (.03

aExperimentally, the 2E d-d state is slightly split by a distortion. We use the average of the two
energies as a reference.

B.7. Thresholds for the CC calculations of excitation
energies in [CuCl,]*

It was demonstrated in Appendix B.4 that one can expect meV accuracy by reducing
the residual convergence threshold to s = 0.00015. Since not all calculations con-
verged with this threshold, we successively loosened the threshold and investigated
the changes in total energy when going from one threshold to the next one. These
numbers are presented in Tables B.7 to B.9. All values that are left out correspond to
calculations that did not converge.

It can be seen that s = 0.0005 introduces errors in the range of a few meV. We therefore
choose to present two digits after the decimal point for numbers obtained with this
threshold. The s = 0.003 threshold introduces additional errors of up to 0.06 eV. We
therefore choose to present only one digit after the decimal point for numbers obtained

with this threshold.

B.8. Excitation energies of [CuCl,;]* before
averaging

Tables B.10 to B.12 show the excitation energies for [CuCl,]*" before averaging over
quasidegenerate roots.
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B.8. Excitation energies of [CuCl,J*~ before averaging

Table B.7.: Coupled cluster total energies (in Ha) with different convergence thresh-
olds s for the Doy complex.

State s=0.00015 s=0.0005 Change/eV s=0.003 Change/eV

0 —3505.5887 —3505.5886 0.002 —3505.5879 0.021
1 —3505.5782  —3505.5781 0.002 —3505.5773 0.022
2 —3505.5756 —3505.5755 0.002 —3505.5747 0.022
3 —3505.5634 —3505.5633 0.002 —3505.5612 0.058
4 —3505.56 —3505.5595 0.013
) —3505.4458 —3505.4458 0.001
6 —3505.4434 —3505.4434 0.001
7

8 —3505.4001

9 —3505.4008

10 —3505.3627

Table B.8.: Coupled cluster total energies (in Ha) with different convergence thresh-
olds s for the Dy, complex without ECPs on H point charges.

State s5=0.00015 s=0.0006 Change/eV s=0.003 Change/eV

0 —3499.291  —3499.2909 0.003 —3499.2902 0.020
1 —3499.2384 —3499.2383 0.001 —3499.2379 0.010
2 —3499.231 —3499.2303 0.021
3 —3499.2295 —3499.2288 0.019
4 —3499.2232  —3499.2232 0.000 —3499.2213 0.051
5 —3499.1342 —3499.1336 0.016
6 —3499.1329 —3499.1324 0.014
7 —3499.125 —3499.1246 0.012
8 —3499.0792 —3499.0804 0.031
9 —3499.0782 —3499.0791 0.025

Table B.9.: Coupled cluster total energies (in Ha) with different convergence thresh-
olds s for the Dy, complex with Li ECPs on some H point charges.

State s =0.00015 s=0.0006 Change/eV s=0.003 Change/eV

0 —3503.1371 —3503.137 0.003 —3503.1363 0.020
1 —3503.0848 —3503.0847 0.002 —3503.0843 0.011
2 —3503.0768 —3503.0767 0.003 —3503.0759 0.021
3 —3503.0753 —3503.0752 0.002 —3503.0745 0.020
4 —3503.0684 —3503.0684 0.000 —3503.0666 0.051
) —3502.983 —3502.9824 0.017
6 —3502.9816 —3502.9811 0.015
7 —3502.9712 —3502.9707 0.013
8 —3502.9277

9 —3502.9254 —3502.9257 0.010
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B. Additional numerical data

Table B.10.: All excitation energies (in eV) of Doy-[CuCly]?" in crystal embedding be-
fore averaging over energies that should be degenerate in the pseudo symmetry group.
A residual convergence threshold of 0.003 was used for the DLPNO-CCSD(T) calcula-

tions.

SA- DCD- HQD-  DLPNO-

Term CASSCE  \eveT2  case)  “EVPTZ \gveT2  cospem)
E 0.266 0.397 0.385 0.367 0.366 0.3
0.329 0.502 0.469 0.467 0.464 0.4
B 0.621 1.077 0.907 0.991 0.991 0.7
A 0.703 1.083 1.071 1.014 0.993 0.8
E 6.106 1.487 1.798 3.404 3.401 3.9
6.141 1.577 1.915 3.470 3.469 3.9

E+ B 7.135 2.779 3.196 4.589 4.525 not conv.
(mixed) 7.261 2.865 3.403 4.664 4.744 5.1
7.262 2.983 3.414 4.787 4.805 5.1
A 8.018 4.612 5.051 6.129 6.130 6.1

Table B.11.: All excitation energies (in eV) of Dy,-[CuCl;]?>" in crystal embedding
(with bare point charges at H atom positions) before averaging over energies that
should be degenerate in the pseudo symmetry group. A residual convergence threshold
of 0.0005 was used for the DLPNO-CCSD(T) calculations.

SA- DCD- HOD-  DLPNO-

Term CASSCE  \eveT2  case)  “EVPTZ \gveT2  cosper)
B, 1.234 2.048 2.047 1.901 1.900 1.43
E, 1.491 2.225 2.228 2.075 2.075 1.63
1.522 2.294 2.297 2.130 2.131 1.67
Ay, 1.550 2.600 2.605 2.475 2.476 1.84
E., 6.188 2.404 2.648 4.074 4.025 4.26
6.224 2.468 2.717 4.159 4.092 4.30
Bia 6.526 2.511 2.852 4.229 4.236 4.51
E, 7711 3.973 4.519 5.589 5.640 5.76
7.753 3.999 4571 5.626 5.686 5.79
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B.9. Results for the Cr'! series with only quartet roots included

Table B.12.: All excitation energies (in eV) of Dy,-[CuCl;]?>" in crystal embedding
(with Li ECPs at some H atom positions) before averaging over energies that should be
degenerate in the pseudo symmetry group. A residual convergence threshold of 0.0005
was used for the DLPNO-CCSD(T) calculations, except for the highest energy E), level,
where a threshold of 0.003 was necessary to achieve convergence.

SA- DCD- HQD-  DLPNO-

Term CASSCE  \EveT2  cas@p) —NEVPTZ NE%PTZ CCSD(T)
B, 1.234 2.040 2.039 1.891 1.891 1.42
E, 1.506 9.244 2.246 2.081 2.081 1.64
1.536 2.309 2.311 2.141 2.142 1.68
Ay, 1.575 2.633 2.637 2.505 2.505 1.87
E., 6.105 2.353 2.582 4.029 3.976 4.19
6.133 9.441 2.621 4.096 4.024 4.23
B 6.516 2.504 2.868 4.259 4.255 4.51
E, 7.640 3.973 4.539 5.579 5.651 5.7
7.694 4.045 4.580 5.647 5.706 5.7

B.9. Results for the Cr'" series with only quartet
roots included

111

Table B.13 shows the quartet excitation energies of the complexes in the Cr™ series

with only quartet roots included in the state averaging.

B.10. Additional ab initio effective Hamiltonians

The quartet block of the DCD-CAS(2) effective Hamiltonian in the CSF basis is

o 0 0 0
o (o180 o 0
Hocoeaso = [ 0 0 3168 0.652 (B.1)
0 0 0652 4.052
for the [CrFs]*" complex,
o 0 0 0
o o162 0 0
Hococaso = [ 0 0 2.844 0.603 (B2)
0 0  0.603 3.640
for the [CrCl;]*” complex and
o 0 0 0
o (o016 0 0
Hococaso = g 0 2767 0.501 (B3)
0 0 0591 3.550
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B. Additional numerical data

Table B.13.: Quartet excitation energies (in eV) for the [CrX¢]" series
obtained with different geometries and averaged over only the quartet

roots.
gas phase structure C-PCM structure
CASSCF NEVPT2 CASSCF NEVPT2 Expt.
[CrFs]* 1.41 1.62 1.64 1.86 2.00*
2.32 2.56 2.64 2.86 2.90?
3.95 3.92 4.31 4.32
[CrClg]*" 1.18 1.48 1.36 1.69 1.70P
1.97 2.37 2.23 2.62 2.38P
3.53 3.58 3.79 3.91
[CrBre]*" 1.10 1.46 1.25 1.64 1.66°
1.85 2.34 2.07 2.55 2.16¢
3.40 3.51 3.61 3.79
[CrIs]*" 1.09 1.57 1.22 1.73
1.84 2.47 2.03 2.65
3.36 3.62 3.55 3.88
[Cr(CN)¢]?" 3.00 3.61 3.37 4.04  3.29¢
4.20 4.64 4.57 5.05  4.024
6.61 7.50 7.29 8.32
[Cr(NH3)6]** 2.07 2.48 2.40 2.85 2.67¢
3.18 3.53 3.57 3.92 3.53¢
5.00 5.39 5.57 6.09

aK,NaCrF4 24 This system has an experimental metal ligand distance that is
closest to the C-PCM geometry among the systems in Table 6.1.
b 246
CI’Clg
CCI'BI'g 246
dK,;Cr(CN)s 247
¢[Cr(NH;)5](ClO4); in H,O 24824
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B.11. Exact numerical data for RMSDs and trends in ligand field parameters

Table B.14.: Total RMSDs (in €V) between AILFT and ab initio state en-

ergies.
CASSCF NEVPT2 HQD-NEVPT2 DCD-CAS(2)
[CrFq]*~ 0.01 0.25 0.09 0.08
[CrClg]*" 0.10 0.41 0.20 0.18
[CrBrs]* 0.12 0.48 0.25 0.23
[CrIs]* 0.15 0.61 0.33 0.31
[Cr(CN)s]> 0.08 0.24 0.17 0.11
[Cr(NH3)s]%* 0.08 0.32 0.17 0.13
[MoClg]*" 0.10 0.19 0.13 0.10
[TcFs]% 0.07 0.16 0.14 0.09
IrFs 0.12 0.25 0.26 0.07
[ReFg]* 0.05 0.15 0.16 0.10
[ReClg]* 0.14 0.30 0.31 0.23
[ReBrg ]2 0.15 0.40 0.41 0.31
[TiCl4])*" 0.05 0.09 0.08 0.07
[VCl,]* 0.03 0.14 0.10 0.08
[CrCl,]* 0.02 0.31 0.16 0.14
[MnCly]?- 0.01 0.17 0.19 0.16
[FeCly])* 0.02 0.16 0.13 0.12
[CoCl4]?™ 0.02 0.17 0.07 0.06
[NiCl4]* 0.03 0.13 0.08 0.07
Cr(acac); 0.01 0.29 0.11 0.09
Mn(acac)s 0.05 0.41 0.23 0.20
[FeO,]* 0.32 1.32 1.37 1.16
[MnO,]* 0.14 0.53 0.51 0.45

for the [CrBry]*>” complex.

B.11. Exact numerical data for RMSDs and trends in
ligand field parameters

The exact numbers for the RMSDs between AILFT and ab initio state energies are
shown in Table B.14. Tables B.15 to B.18 show the exact numbers for the ligand field
parameters A, B, C, and the ratio C'/B.
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B. Additional numerical data

Table B.15.: Ligand field splittings A (in eV) for all complexes in the test
set that are approximately octahedral or tetrahedral. All ligand field or-
bital energies belonging to degenerate sets in the pseudo symmetry group
were averaged.

CASSCF NEVPT2 HOQD-NEVPT2 DCD-CAS(2)

[CrFs]* 1.64 1.65 1.84 1.84
[CrCle]*" 1.30 1.39 1.61 1.56
[CrBre]* 1.18 1.30 1.54 1.49
[CrIs]* 1.13 1.31 1.60 1.51
[Cr(CN)s]3 3.32 3.84 4.00 3.97
[Cr(NH;)s]** 2.36 2.54 2.78 2.75
[MoCl¢]* 2.15 2.22 2.33 2.34
[TcF]* 3.46 3.56 3.63 3.69
IrFg 5.33 4.92 4.94 5.24
[ReFq]?> 3.98 4.01 4.05 413
[ReClg]* 3.16 3.27 3.32 3.35
[ReBrg]? 2.86 3.00 3.06 3.09
[TiCl4]*" 0.40 0.38 0.40 0.39
[MnCl4]?" 0.33 0.29 0.38 0.38
[FeCly]* 0.33 0.32 0.42 0.42
[CoCly]*" 0.33 0.33 0.44 0.44
Cr(acac); 2.05 2.11 2.35 2.34
[FeO4]% 2.11 2.13 2.31 1.70
[MnO4]*~ 1.69 1.83 2.01 1.81
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B.11. Exact numerical data for RMSDs and trends in ligand field parameters

Table B.16.: AILFT Racah parameter B (in e€V) derived from different ab
initio methods for all complexes in the test set.

CASSCF NEVPT2 HQD-NEVPT2 DCD-CAS(2)

[CrFe > 0.133  0.121 0.109 0.112
[CrCl]* 0.124  0.110 0.099 0.101
[CrBre]> 0.121  0.106 0.095 0.099
[CrIg]* 0.117  0.102 0.090 0.094
[Cr(CN) >~ 0.113  0.104 0.089 0.091
[Cr(NH;)]>* 0125  0.122 0.102 0.103
[MoClg]*- 0.081  0.068 0.056 0.058
[TcFg]> 0.094  0.077 0.065 0.068
IrFy 0.085  0.051 0.045 0.047
[ReFq]% 0.088  0.072 0.066 0.067
[ReClg ]2 0.072  0.060 0.052 0.054
[ReBrs]? 0.067  0.057 0.049 0.051
[TiCl,]? 0.095  0.080 0.078 0.079
[VCL,]? 0.107  0.088 0.085 0.087
[CrCL]* 0.118  0.104 0.095 0.098
[MnCl, ]2 0.130  0.105 0.105 0.107
[FeCL, > 0.138  0.113 0.113 0.115
[CoCl ]2 0.146  0.122 0.122 0.124
[NiCL,]% 0.154  0.137 0.135 0.135
Cr(acac)s 0.128  0.123 0.103 0.106
Mn(acac)s 0.136  0.124 0.110 0.114
[FeO4]> 0.081  0.101 0.047 0.059
[MnO4]3 0.098  0.105 0.064 0.072
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B. Additional numerical data

Table B.17.: AILFT Racah parameter C' (in e€V) derived from different ab
initio methods for all complexes in the test set.

CASSCF NEVPT2 HQD-NEVPT2 DCD-CAS(2)

[CrFq]*~ 0.499 0.426 0.446 0.448
[CrCl]*~ 0.471 0.397 0.414 0.416
[CrBrg]*~ 0.467 0.391 0.405 0.407
[CrIs]* 0.459 0.373 0.387 0.390
[Cr(CN)s]* 0.435 0.363 0.361 0.371
[Cr(NH3)¢]**  0.476 0.393 0.416 0.422
[MoClg]* 0.329 0.262 0.276 0.280
[TcFs]* 0.374 0.307 0.320 0.326
IrF 0.294 0.215 0.226 0.252
[ReFy]* 0.353 0.302 0.305 0.313
[ReClg]*~ 0.303 0.244 0.246 0.256
[ReBry]% 0.297 0.225 0.227 0.238
[TiCl4]* 0.364 0.296 0.297 0.300
[VCl,]* 0.407 0.346 0.346 0.349
[CrCl,]* 0.444 0.379 0.386 0.390
[MnCl,]%" 0.487 0.428 0.425 0.427
[FeCl,]* 0.512 0.459 0.452 0.456
[CoCly]?™ 0.543 0.491 0.482 0.484
[NiCl4]?~ 0.572 0.500 0.501 0.504
Cr(acac); 0.484 0.398 0.426 0.429
Mn(acac); 0.515 0.438 0.453 0.456
[FeO4]*" 0.394 —0.060 0.056 0.067
[MnO4]*~ 0.402 0.183 0.269 0.271
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B.11. Exact numerical data for RMSDs and trends in ligand field parameters

Table B.18.: AILFT Racah parameter ratio C'/ B derived from different ab
initio methods for all complexes in the test set.

CASSCF NEVPT2 HQD-NEVPT2 DCD-CAS(2)

[CrFe]3" 3.75 3.51 4.07 4.05
[CrClg]*" 3.81 3.61 4.20 4.14
[CrBrg]* 3.85 3.69 4.21 4.18
[CrIs]* 3.93 3.67 4.31 4.19
[Cr(CN)g]?" 3.84 3.49 4.12 4.06
[Cr(NH3)6]**  3.82 3.22 4.09 4.14
[MoCl4]*~ 4.07 3.84 4.92 4.92
[TcFq]% 3.99 4.01 4.89 4.89
IrFs 3.46 4.22 5.06 5.43
[ReFq]?~ 4.02 4.17 4.64 4.71
[ReClg]* 4.23 4.09 4.73 4.86
[ReBr]? 4.46 3.94 4.63 4.80
[TiCl,]* 3.85 3.71 3.79 3.86
[VCl4]*~ 3.79 3.96 4.05 4.07
[CrCL]* 3.75 3.65 4.05 4.03
[MnCl,]* 3.73 4.06 4.04 4.03
[FeCly])% 3.72 4.06 3.99 4.00
[CoCl,]*" 3.71 4.03 3.94 3.95
[NiCl,]* 3.71 3.66 3.71 3.75
Cr(acac)s 3.77 3.25 4.12 4.08
Mn(acac)s 3.77 3.54 4.10 4.03
[FeO4]* 4.87 —0.59 1.21 1.16
[MnO,]* 4.08 1.75 4.22 3.83
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C. Miscellaneous

C.1. Geometries and basis set for the non-invariance

test in the allene molecule

The Z-matrix for the scan of the two angles v1 (CCC bend angle) and v2 (simultaneous
CCCH torsion angles) in the ORCA input format is given by

00O

T IT T T OO0
NN WWR =
S = SN o)
W wNoND OO
[ Y )

.076186
.082524

.0 0.0 0.0
.396886 0.0 0.0
.396886

{134.128769+v1} 0.0

121.393623
118.809540

.076186
.082524

121.393623
118.809540

{149.053879+v2}
{-51.126972-v2}
{-149.053879-v2}
{51.126972+v2}

The basis set (in the GAMESS-US?’® basis set format), which is a modification of the
Dunning-Hay SVP basis set?”’ as downloaded from the EMSL Basis Set Exchange*’®
website, is given by

5.
1.

HYDROGEN
S 3
1 19
2 2
3 0
S 1
1 0
CARBON
S 7
1 4233
2 634.
3 146.
4 42.
5 14.
6
7
S 2
1 5.

.2384000
.8987000
.6535000

.1630642

.0000000

9000000
1000000
5000000
1900000
1480000
9670000

1480000

o O

S OO OO OO0

.0328280
.2312040
.8172260

.0000000

.0012200
.0093420
.0454520
.1546570
.3588660
.4386320
.1459180

.1683670
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C. Miscellaneous

2 0.4962000 1.0600910
S 1

1 0.1533000 1.0000000
P 4

1 18.1600000 0.0185390

2 3.9860000 0.1154360

3 1.1430000 0.3861880

4 0.3594000 0.6401140
P 1

1 0.1146000 1.0000000
D 1

1 0.7500000 1.0000000

C.2. Description of the embedded cluster approach

C.2.1. Supercell of the Dy; compound

Cs,CuCl, crystallizes in the space group type Pnma with lattice parameters a=9.70 A,
b=7.60 A, c=12.35 A and 4 formula units (28 atoms) per unit cell. For modelling, we
repeated the unit cell 8 times in a direction, 10 times in b direction and 6 times in ¢
direction, which leads to an approximately cubic cell of dimension 77.6 A x 76 A x
74.1 A and a total of 13440 atoms. Of those, only a central [CuCl,]*" unit is treated
quantum mechanically.

C.2.2. Supercell of the D,;, compound

(N-mph),CuCl, crystallizes in the space group type P2;/c with the lattice parameters
a=6.4952 A, b=22.678 A, c=8.5844 A and angle $=116.08°, and two formula units (106
atoms) per unit cell. In our chosen coordinate system, the lattice vectors (in A) are
given by
6.4952
a= 0.0 , (C.1)
0.0

0.0
b= 22678 |, (C.2)
0.0

- 3.77392262
0.0 . (C.3)
7.71034574

C

In order to have a minimal distance of 35 A from the center of the supercell to the
surface, one needs a rhombus in the a-c-plane of side length 70 A / sin(180°-f3) ~
78 A. In order to approximately fulfill this, we repeated the unit cell 12 times in a
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C.2. Description of the embedded cluster approach

Table C.1.: Point charges of Doy-[CuCly]?" deter-
mined with CHELPG from DLPNO-CCSD densities.
The charges obtained in iteration 2 are the ones used

for the calculation of excitation energies.

Atom  Gas phase Iteration1 Iteration 2
Cu 0.889659 0.604132 0.606962

Cl —0.734461 —0.659272 —0.654081
Cl —0.719149 —0.646083 —0.647632
Cl —0.718515 —0.644436 —0.647592
Cl —0.717534 —0.654341 —0.657657

direction, 4 times in b direction and 9 times in ¢ direction. This gives a supercell with
dimensions of approximately 78 A x 91 A x 78 A. One would expect that this leads to
a total of 45792 atoms (12x4x9x106), but since we chose a unit cell that has Cu atoms
on its surface, the actual total number (including the “duplicates” on the surface) is
45948. To keep the total system neutral, the charges of surface Cu atoms are scaled
down in the embedding calculations, as explained below.

C.2.3. Determination of charges

For the determination of the point charges, we decided to perform calculations only
on single ions. We also tried quantum calculations of larger clusters including both
cations and anions, in order to allow for non-integral total charge on the individual
ions. The presence of several unpaired electrons (on the Cu anions) made it however
hard to converge the SCF. This means that by definition the charge of Cs* is +1, since
it is monoatomic. For the other ions (the two forms of [CuCly]*" and N-mph"), we
selected representatives from roughly the center of the supercell and performed a se-
ries of DLPNO-CCSD calculations with CHELPG to determine the charges: First a gas
phase calculation, then a calculation with the quantum-mechanical system embedded
in the gas phase charges (iteration 1), and finally a calculation with the quantum-
mechanical system embedded in charges from the previous embedding calculation
(iteration 2). The resulting charges from that calculation were roughly converged
and were used to calculate the excitation energies presented in the main part of the
manuscript. The detailed values of the point charges are shown in Tables C.1 to C.5.
The order of the atoms in those tables is the same as the order within the Cartesian
coordinates given in Tables C.6 to C.8.

For the Dy, crystal, a centrosymmetric unit cell is only possible if some atoms lie on
the border of the cell. If all these atoms are included, the total supercell is charged,
while when leaving only some of them away, the supercell might have a permanent
dipole moment. Both situations are unfavorable. We solved this problem by scaling
the charges of atoms lying on the border of the supercell by 1/2 for atoms lying on a
face, by 1/4 for atoms lying on an edge, and by 1/8 for atoms lying on a corner. For the
specific crystal investigated in this work, we managed to construct a centrosymmetric
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C. Miscellaneous

176

Table C.2.: Point charges of Dy,-[CuCly]?" deter-

mined with CHELPG from DLPNO-CCSD densities
without ECPs on H atom point charges. The charges
obtained in iteration 2 are the ones used for the cal-

culation of excitation energies.

Atom  Gas phase Iteration1 Iteration 2
Cu 0.870512 0.774803 0.76939
Cl —0.724692 —0.709682 —0.706339
Cl —0.710611 —-0.678634  —0.6793
Cl —0.710646 —0.677606 —0.678383
Cl —0.724564 —0.708881 —0.705368

Table C.3.: Point charges of Nmph* determined
with CHELPG from DLPNO-CCSD densities with-
out ECPs on H atom point charges. The charges ob-
tained in iteration 2 are the ones used for the calcu-

lation of excitation energies.

Atom Gasphase Iteration1 Iteration 2
H 0.156951 0.142092 0.141809
N 0.041217  —0.016514 —0.023548
C 0.303324 0.22869 0.239468
C —0.384757 —0.309056 —0.308529
C 0.014434 —0.216146 —0.20904
C —0.195 —0.066735 —0.089262
C —0.277243 —0.235912 —0.250294
C 0.059501 0.250861 0.248742
C —0.258651 —0.249969 —0.253016
H 0.197159 0.181837 0.183921
H 0.127663 0.210218 0.205824
H 0.172749 0.125244 0.127283
H 0.09195 0.075263 0.082499
H 0.055769 0.016814 0.02146
H 0.066556 0.00441 0.010187
H 0.248821 0.300483 0.302288
H 0.2418 0.288897 0.290336
H 0.153045 0.15771 0.158097
H 0.141757 0.111994 0.115117
C —0.054445 —0.097818 —0.104797
C —0.342493 —0.324428 —0.317676
H 0.160251 0.151176 0.151848
H 0.175666 0.170391 0.173412
H 0.103977 0.100501 0.103868




C.2. Description of the embedded cluster approach

Table C.4.: Point charges of Dy;-[CuCly]*" deter-
mined with CHELPG from DLPNO-CCSD densities
with Li ECPs on H atom point charges in the vicin-
ity of the quantum region. The charges obtained in
iteration 2 are the ones used for the calculation of
excitation energies.

Atom  Gas phase Iteration1 Iteration 2
Cu 0.870512 0.764366 0.758158

Cl —0.724692 —0.705513 —0.701963
Cl —0.710611 —0.677597 —0.678137
Cl —0.710646 —0.675931 —0.67648
Cl —0.724564 —0.705325 —0.701579

Table C.5.: Point charges of Nmph® determined
with CHELPG from DLPNO-CCSD densities with Li
ECPs on H atom point charges in the vicinity of the
quantum region. The charges obtained in iteration
2 are the ones used for the calculation of excitation
energies.

Atom  Gas phase Iteration1 Iteration 2
H 0.156951 0.142065 0.141702
N 0.041217  —0.020254 —0.028798
C 0.303324 0.210648 0.220526
C —0.384757 —0.302277 —0.301245
C 0.014434  —0.21469 —0.208611
C —0.195 —0.038628 —0.058895
C —0.277243 —0.227573 —0.240522
C 0.059501 0.241242 0.240822
C —0.258651 —0.251022 —0.253361
H 0.197159 0.180939 0.182936
H 0.127663 0.204406 0.200427
H 0.172749 0.115364 0.116848
H 0.09195 0.074047 0.080175
H 0.055769 0.019 0.02297
H 0.066556 0.008456 0.01385
H 0.248821 0.301274 0.303502
H 0.2418 0.290387 0.292092
H 0.153045 0.15792 0.15838
H 0.141757 0.11468 0.117275
C —0.054445 —0.107239 —0.114569
C —0.342493 —0.320541 —0.313449
H 0.160251 0.150081 0.150446
H 0.175666 0.171754 0.174679
H 0.103977 0.09996 0.102817
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C. Miscellaneous

Table C.6.: Cartesian coordinates of
ng—[CuCL;]Z’.

Atom T Y z

Cu 41.419 36.1 36.0249
Cl 4365 36.1 35.815
Cl 40.74 38.0 35.1357
Cl 40.74 342 35.1357

Cl 40.449 36.1 38.0133

Table C.7.: Cartesian coordinates of Dyy,-

[CuCl4]2’.
Atom T Y z
Cu 25.236149  45.355999  34.696552
Cl 25.130869 43.772400 36.334461
Cl 27.087030 44.378578 33.878563

Cl 23.385269 46.333420 35.514542
Cl 25.341429 46.939610 33.058643

unit cell that had atoms only on faces, not on edges or corners. More information is
provided in the supplementary material of our original publication.
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C.2. Description of the embedded cluster approach

Table C.8.: Cartesian coordinates of Nmph™*.

2=
]
3

x Y z
21.701370 46.605560 30.625492
22.030109 47.126701 32.598572
22.048269 50.844082 33.393513
20.983099 51.541199 32.883854
21.095490 52.883049 32.617073
22.230179 53.541401 32.859955
21.953840 49.374088 33.630215
22.136290 48.585800 32.365711
22.253250 46.313240 31.384962
20.199039 51.032299 32.699574
20.444960 53.218460 32.236954
22.234760 54.424931 32.707283
21.099379 49.140961 33.925522
22.935600 48.723679 32.098171
21.446869 48.825729 31.689524
22.598949 46.904911 33.223885
21.237579 46.875431 32.900043
22.259640 45.417229 31.581573
23.198879 46.462688 31.095823
23.292610 52.890308 33.376541
23.219570 51.537571 33.642551
24.032999 53.220730 33.624813
24.028889 51.011890 34.018044
22.617689 49.054779 34.233932
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