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Chapter 1

Introduction

{ ver since the antiquity, the mathematical description of the surrounding world is a
1 J priority of mankind, common to all civilisations. The fascination for the rational un-
derstanding of the laws of nature can be seen as a constant throughout history. The 20th
century has experienced a revolution in the thinking about natural phenomena, through the
development of quantum mechanics. In fact, a completely new mind set and language had
to be developed, often going against the principles of our intuition. Famous is, for example,
the quote by Richard Feynman I think I can safely say that nobody understands quantum
mechanics, giving an idea of the entity of the revolutionary scope of this theory. Having
its roots in the works of Heisenberg! and Schrédinger,? quantum mechanics marks a revo-
lution in the understanding of phenomena which could not be explained through classical
mechanics: famous examples are the black-body radiation® and the photoelectric effect.?
The birth of quantum chemistry may be identified with the quantum-mechanical description
of the chemical bond by London and Heitler.® From that moment, quantum chemistry has
developed into a sophisticated and predictive theory for the understanding of chemical phe-
nomena. The mathematical object describing the interactions a system experiences is called
Hamiltonian. Its form depends on the physical forces which are taken into consideration.
The particles forming the system under study are quantum-mechanically described through
a wave function. The full analytical description of chemical systems is feasible only for the
hydrogen atom. For larger systems, the challenge consists in finding approximations to the
parameterisation of the wave function which are still accurate.

Among all approximations discussed in the literature, the exponential parameterisation
of Coupled-Cluster (CC) theory plays a leading role due to the accuracy of its results.’3
Throughout the years, a plethora of different CC flavours has been explored and developed.? 24
Restrictions of the excitation space lead to the methods of Coupled Cluster with Singles
and Doubles (CCSD),? Coupled Cluster with Singles, Doubles and Triples (CCSDT),26:27
Coupled Cluster with Singles, Doubles, Triples and Quadruples (CCSDTQ)?® and so on.
Enlarging the excitation space certainly leads to better accuracy, but also to an increase of
the computational cost of the method. Approximations based on perturbation theory have
been formulated to find a compromise between accuracy and cost: some examples are the
Second-Order approximate Coupled Cluster with Singles and Doubles (CC2),2? Third-Order
approximate Coupled Cluster with Singles, Doubles and Triples (CC3)3° or non-iterative ap-
proximations as the so-called gold-standard Coupled Cluster with Singles and Doubles and
perturbative Triples (CCSD(T) approach).?! The characterisation of excited states can be
achieved using Equation-Of-Motion (EOM) CC theory.32:33

For many chemical applications, these methods are highly successful. However, they also
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2 CHAPTER 1. INTRODUCTION

possess some limitations. First, the description of excited states near conical intersections
by means of EOM-CC theory leads to a wrong characterisation of the intersection itself.
Ref. 34 showed examples for which complex energy values are found near such intersections
and their occurrence has been analysed.?> Apart from conical intersections, also the presence
of a magnetic field leads to complex energy values. This is an unwanted result, as the energy
is a physical observable, meaning that it can be measured and is thus required to be real.
In the cases of conical intersections and in finite magnetic fields, complex energy values do
not have any physical meaning (they will be referred to as unphysical) and their appearance
is to be considered a shortcoming of CC theory. The possibility to obtain complex energy
values originates from the non-Hermitian form of the energy expression defined in the CC
framework. Furthermore, CC theory may also lead to negative transition probabilities, re-
sulting in negative and hence unphysical oscillator strengths.36:37

Another limitation of CC theory is found in the field of quantum computing, a field in con-
tinuous expansion in recent years.3® 42 Already Feynman®® and later Abrams and Lloyd**
suggested the use of quantum computers for quantum chemistry and many algorithms were
developed in this context (a short overview is provided in refs. 45 and 46). In quantum com-
puting, states need to be prepared through quantum operations, which are usually unitary.
The accuracy in the description of electron correlation makes CC theory a good candidate
for the parameterisation of the wave function. However, the CC ansatz cannot be easily
implemented through the quantum operations available on a quantum computer.*®

In summary, limitations in the applicability of CC theory are encountered in three main
areas: near conical intersections, in magnetic fields and in quantum computing. Complex
energies are found to arise due to the non-Hermiticity of the CC expression for the energy (i.e.,
the energy expression no longer corresponds to an expectation value of a Hermitian operator).
This motivates an alternative to standard CC theory via a unitary parameterisation of the
wave function, which maintains the advantages given by the exponential parameterisation
of CC theory. In particular, the exponential parameterisation allows the fulfillment of size-
consistency,” i.e., the additivity of the energies of non-interacting systems. The so-called
unitary coupled-cluster theory combines the advantages of the exponential parameterisation
with a Hermitian expression for the energy calculation, therefore ensuring real energies. The
first attempt to formulate such a theory dates back to the late 1970s.*® The UCC ansatz,
however, involves some complications in the development of the working equations which do
not find correspondence in CC theory, as they originate from the unitary ansatz. Through
the decades, a variety of different unitary coupled-cluster schemes has been suggested.?!
The UCC parameterisation of the wave function is able to solve the issues observed in the
CC case. In fact, the energy values near conical intersections and in finite magnetic fields are
real by construction. Furthermore, a unitary parameterisation of the wave function leads to
a straightforward application in the field of quantum computing.*?-46:52:53

UCC theory can hence be seen an alternative to standard CC theory. The UCC method
can be applied not only to the three aforementioned fields, but can also be exploited in all
areas of quantum chemistry. UCC theory also needs to account for the description of the ex-
cited states, in order to be able to describe conical intersections between such states. Beyond
the calculation of energies of ground and excited states, the characterisation of molecular
systems is often achieved by spectroscopic means, for which the evaluation of molecular
properties is needed.?%4 58 One major aim of this thesis consists in the formulation of a
theory for the calculation of molecular properties in the UCC framework. In the literature,
properties of non-variational, approximate wave functions are often calculated through the
evaluation of expectation values.’?%3 However, in the case of Coupled-Cluster theory, the
expectation-value formulation can lead to non size-extensive properties.% It is therefore im-



portant to consider the theoretical framework of response theory for CC, in order to lead to
the response-theory formalism?®? for UCC.

In the present work, the unitary coupled cluster ansatz is exploited for the case of an
external magnetic field.°7%9 In particular the focus is on strong magnetic fields as those
observed in the astrophysical context; the description of astrophysical conditions still rep-
resents a challenge for modern quantum chemistry. Molecular systems in this context often
experience conditions which are far from those obtainable on Earth, for example magnetic
fields of a strength which cannot be reproduced on our planet,’® urging for a rethinking of
chemical concepts. Strong magnetic fields exist on magnetic white dwarf stars.”""7> Most
stars reaching the end of their lifetime (approximately 97%) are below the critical mass to
become neutron stars or black holes, and evolve into white dwarf stars.”® These are dense
stellar objects surrounded by an atmosphere which can contain H, He, and other heavier
elements, some of which originate from accretion from planetary debris.”” % Being at the
end of their life cycle, white dwarfs eventually reach temperatures low enough to permit
the formation of molecules (among the detected ones, Ho, CH, and Cy).848%9 Interestingly,
more than 25% of all white dwarf stars are characterised by a strong magnetic field, with
field strengths up to 100000 T.%697 Under these circumstances, the magnetic forces cannot
be treated as a perturbation to the Coulomb forces, and the theoretical description of the
physics of the system needs to treat Coulomb and Lorenz forces at the same level. This
regime is usually referred to as mizing regime, where the magnetic fields are typically of the
order of the atomic unit Bg, which corresponds to about 235000 T. The interpretation of
spectra from the atmospheres of magnetic white dwarfs?® has pushed the theoretical research
towards the formulation of finite-field approaches (i.e., approaches with explicit consideration
of an external magnetic field) in recent years.6? 67788799116 \[olecules in strong magnetic
fields have been first investigated in the 1980s,”87:99-192 exploring the field strengths of the
mixing regime. In the literature, analyses consider non-linear molecules, as well as non-
parallel orientations with respect to the magnetic field.65:67:103-113
The inclusion of magnetic-field dependent terms in the Hamiltonian opens new challenges,
as the wave function is no longer real. The complex form of the wave function implies that
complex algebra is needed for the computation, requiring a significantly higher memory and
computational effort.

The finite-field methodology is of interest not only for the exotic settings of magnetic
white dwarf stars, but can also be exploited for the calculation of magnetic circular dichro-
ism (MCD) spectra, which use the magnetic field for the investigation of the structure of
molecules.' 17120 Magnetic-field effects allow to analyse transitions that are not detected by
other spectroscopies, therefore providing a powerful tool for the characterisation of molec-
ular systems. The theoretical prediction of MCD spectra has been extensively studied in
the literature.!97:121-129 The usually exploited approach is based on field-free calculations ac-
counting for the effect of the magnetic field through a perturbative expansion. A in principle
simpler procedure for the calculation of MCD spectra is introduced here in the context of
UCC theory, which includes the finite-field effects to infinite order.!°” The computation of
these spectra is based on the evaluation of transition dipole moments in the presence of the
magnetic field.

The analysis of molecules interacting with electromagnetic fields can be completed by
discussing the case in which strong coupling of matter and light is induced via confinement
of fields inside an electromagnetic cavity. The chemistry inside such cavities has gained in-
terest in the community in recent years, as it has an experimentally measurable effect on
chemical properties. 30131142 From an experimental point of view, it has been demonstrated
that the coupling of light and matter influences reaction rates, slowing down or catalysing a
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given reaction, and may induce selectivity in the formation of the products.'3 1 In order
to understand and predict the effects of this strong-coupling regime, a set of new quantum-
chemical methods has been proposed in the theoretical community. The description of light
and matter coupling needs to treat fermions (electrons) and bosons (photons) at the same
time. Thus, a formalism adopting the framework of quantum electrodynamics (QED) has
been developed. The methods describing chemistry in an electromagnetic cavity have been
conceived on the basis of the molecular quantum theories in use: quantum electrodynam-
ics density functional theory (QEDFT),'40:141152 quantum electrodynamics Hartree-Fock
(QED-HF),!36:137 quantum electrodynamics coupled cluster (QED-CC),!36:153-155 quantum
electrodynamics FCI (QED-FCI)'¥" and others.'?6 159 Among these, QED-CC can be used
as starting point for the development of a UCC approach in a cavity, the quantum electro-
dynamics unitary coupled cluster approach (QED-UCC).

In chapter 2 a compact summary of the foundations of electrodynamics and quantum
chemistry is provided, discussing in particular CC theory. The framework of response theory
is provided and applied to CC theory.

In chapter 3, the fundamental equations for UCC energies are developed and compared
to the corresponding versions in the CC framework. Special attention is given to the analysis
of the analogies and differences originating from the different parameterisations of the two
methods. Two perturbative truncation schemes of the unitarily transformed Hamiltonian are
analysed, defined by the approximation at second (UCC2) and third order (UCC3) of the
equations solving for the wave function parameters (amplitudes).'% UCC response theory is
then developed for the description of molecular properties.

In chapter 4, the focus is placed on the implementation of the working equations. For
each method the explicit formulation for the programmable expressions is discussed. The
implementation of these equations presupposes the ability to handle complex algebra. Most
quantum chemistry codes do not possess this capability. The implementation of the discussed
theories was possible in the QCUMBRE program package'®! which is specialised on finite-field
calculations and possesses the infrastructure working with a complex wave function. The
presentation of the challenges faced in the implementation is accompanied by an insight into
the most efficient and low-scaling formulation of the expressions. A discussion on the actual
steps performed by the program when calculating UCC properties is presented.

Once the theory for the computation of energies and properties has been developed, it is
applied to molecular systems in order to test whether the discussed UCC is accurate enough
to be used in place of CC theory. The discussion of the results on the chosen systems is the
topic of chapter 5. First, the accuracy of the UCC method is assessed and compared to CC
results for systems which are well-described by CC theory. The issue of complex energies is
discussed through the examples of the water molecule, in a strong magnetic field, and the
excited states of boric acid, as the latter prove to be problematic already in the field free
case. The issue of negative transition probabilities is discussed next, introducing as examples
the silicon dication and the CH™ cation.

Chapter 6 aims at the characterisation of MCD spectra through a finite-field approach.
The spectra obtained for CC and UCC are compared for urea and cyclopropane. Lastly, a
comparison of the spectra obtained with the developed finite-field approach with experimen-
tal spectra of pyrazine and pyrimidine is discussed.

Chapter 7 provides a discussion on QED theory, going from its general formulation to
its application to quantum chemistry, leading to the first development of QED-UCC2. This
method has been developed to describe a molecular system in a cavity, to which an addi-
tional external magnetic field is applied. A pilot application is given by the investigation
of the phenomenon of perpendicular paramagnetic bonding®16? in an electromagnetic cav-



ity, calculated for the Hes molecule. Here, the predictivity of QED-UCC2 is discussed in
comparison to the more expensive QED-CCSD approach.

In chapter 8, the theoretical advances given by this thesis are summarised, discussing
the general results which have been found applying the UCC formalism to the investigated
molecular systems. Furthermore, an outlook on the most intriguing perspectives of the
present work are given.
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Chapter 2

Theory

As this thesis aims at the description of molecular systems interacting with a magnetic
field, this chapter provides some preliminary tools on wave-function methods and
electromagnetic fields.

2.1 Mbolecular Hamiltonian

The Schrédinger equation is the fundamental equation for a quantum mechanical description
of particles

A 0
H—i—)|¥)=0. 2.1.1
(f—ic)|v) (2.1.1)
For a conservative system, also a time-independent version of the Schrédinger equation can
be formulated as H |¥) = E |¥). In the field-free setting, the molecular Hamiltonian is

FI:Te‘FTN‘i“Afee"‘VNN‘F%N, (212)

where 7, represents the kinetic energy of the electrons, Tx the kinetic energy of the nuclei, Vee
the Coulomb interactions between two electrons, Ve ~ the Coulomb interactions of electrons
and nuclei, and VNN the Coulomb interactions between two nuclei.

In atomic units, where the mass and the elementary charge, as well as i are fixed to one,
the molecular Hamiltonian reads

- V2,
H__z; 2 ZQMI DD

>]

7,2, 1
- 2.1.3
LR R IR/ —Ry| %:\ri—Rﬂ (213)

|r’l_rj| I>J

where the sum over ¢, j runs over the electrons, while the capital letters I,J are used to label
the nuclei. Electronic coordinates are marked with r;, nuclear ones with R;. Z; corresponds
to the atomic number, M; to the nuclear mass. As the nuclear masses are much larger
than the mass of the electron, it is common to consider the nuclei as fixed and the electrons
as instantaneously adapting to a change in the nuclear positions (Born-Oppenheimer (BO)
approximation). This nearly complete though approximate separation in the degrees of
freedom allows to assume an adiabatic formulation of the wave function as the product of a
nuclear and an electronic part

|Wexact (T3 R)) = [Wnue(R)) [Par(r;R)) . (2.1.4)

The electronic wave function depends on the electronic coordinates as variables and the
nuclear coordinates as parameters, while the nuclear part depends only on the nuclear po-

sitions. The electronic eigenstates W[; and energies B} are found by solving the electronic

7
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Schrédinger equation
Ho|Uh) = ER(R)|UR),  Ha=Te+ Voo + Ven. (2.1.5)
After having solved the electronic part of the Schrédinger equation, the nuclear part is

(Tx + Van + E§(R) W4 (1 R)) [Wc (R)) = By [V (15 R)) [¥1,. (R)) (2.1.6)

nuc nuc

Projection on an electronic eigenstate (¥[}| over the electronic coordinates yields

(W (1 R)| (T + Vo + B (R)) [ (15 R)) (W2, (R)) = By (W2 (1 R)| W (15 R)) [ W, (R)) .

(2.1.7)

Different eigenstates satisfy the orthonormality condition (W}'|W7) = 6. The nuclear po-

tential VN depends only on the nuclear coordinates. An effective potential Vg is defined
as

(U] (P + E(R)) [00) [ = VG [ 0,) (2.1.8)

nuc nuc

The BO approximation neglects any contribution given by applying the nuclear kinetic
operator on the electronic wave function, thereby assuming this term to be small

T [ W3 (13 R)) [ W, (R)) ~ |02 (r: R)) Ty [ 0,0 (R)). (2.1.9)

nuc nuc

The total energy of the system in the BO approximation is given by the following equation

(Tn+ V) [We(R)) = Bioi™C | UL (R)). (2.1.10)

nuc nuc

The BO approximation is usually exploited in quantum chemistry. However, there are
some physical settings, for example near conical intersections, in which a slight perturbation
in the nuclear coordinates leads to a large change in the electronic wave function. In these
cases, the BO approximation is not a good approximation.!63-166

2.2 Electromagnetic fields

The Hamiltonian in eq. 2.1.3 describes a molecule in free space. However, molecular systems
can also interact with electromagnetic fields. A description of the fundamental laws of
electrodynamics is at the basis of the correct formulation of the Hamilton operator describing
these systems.
A particle of charge ¢ moving with velocity v in an electromagnetic field experiences the
Lorentz force
F=¢(E+vxB). (2.2.1)

The electric field E and the magnetic field B are coupled by the fundamental equations of
electrodynamics, the Maxwell equations.

V-E= £ (Gauss’ law), (2.2.2)
0
OE .
V x B = g (J +€08t> (Ampere’s law ), (2.2.3)
V-B=0, (2.2.4)
0B .
VXE= 5 (Maxwell-Faraday’s equation). (2.2.5)

The first two equations are referred to as inhomogeneous Maxwell equations, because of the
presence of the sources on the right hand-side: p is the charge density, J the current density;
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in vacuum, these equations become homogeneous. ey and g are the electric permittivity
and the magnetic permeability, respectively. The Maxwell equations need to be satisfied
simultaneously; the electric and magnetic fields are thus coupled.

Exploiting the vector identity V-V x v =0, the third Maxwell equation is automatically
satisfied by expressing the magnetic field as the curl of a vector potential

B=VxA. (2.2.6)
Inserting this expression for the magnetic field in Faraday’s law (eq. 2.2.5) yields
0A

As a general continuously twice-differentiable function f satisfies the vector identity V X
V f =0, the following relation can be written
oA

The electric and magnetic fields can therefore be expressed through a scalar and a vector
potential; their components are found by solving the inhomogeneous Maxwell equations, as
these contain the sources of the system.

The introduction of the scalar potential ¢ and the vector potential A has the advantage
of reducing the number of functions from six (the three components of the electric-field vector
E and the three components of the magnetic-field vector B) to four (the scalar potential ¢
and the three components of the vector potential A). However, this reduction is associated
with some freedom in the choice of the potentials (gauge freedom). A transformation of the
form

o =p-
ot (2.2.9)
A'=A+Vf
leads to the same fields (E,B)
OA’ 0A 0OVf of
g OA gy 0A OV Y _p
A A TR TR L (2.2.10)

B =VxA'=VxA+VxVf=B.

Thus f may be chosen to obtain A and ¢ which satisfy some additional conditions. In
this thesis, the Coulomb gauge will be exploited, characterised by a divergenceless vector
potential

V-A=0. (2.2.11)

However, it has to be noted that the adoption of the Coulomb gauge, though restricting
the degrees of freedom, does not uniquely determine the potentials. The Coulomb gauge
is usually adopted in non-relativistic theory, in which instantaneous interactions between
charges are assumed. Note that it is not the only possible choice and other gauges are
advantageous for other applications.*

In the Coulomb gauge, eq. 2.2.2 and 2.2.3 are given by

Vip=-2 (2.2.12)
€0
1 9?A I 10Vy
A 2 S OVY 2.2.1
v c? Ot? goc? 2 Ot ( 3)

*For example, in the relativistic setting, the Lorenz gauge is often adopted, where the condition is

V-A+1de—o.
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It has been proven in the literature'6":168 that any sufficiently smooth, rapidly decaying
vector field can be decomposed into the sum of a curl-free part and a divergence-free part.
Exploiting this theorem for eq. 2.2.13, the curl-free vector field is

1 %A J+
2 _
while the divergence-free part is
JI v
-2 _ ) 2.2.15
€0 ot ( )

The continuity equation itself is found to be a reformulation of eq. 2.2.12, taking the diver-
gence of eq. 2.2.15 and using the definition of V?¢ from eq. 2.2.12
op

V- I+ =0. 2.2.16
+ 25 ( )

2.3 Hamiltonian in a magnetic field

In the previous section, the fundamental laws of electrodynamics have been discussed. The
description of the interaction of a particle with the electromagnetic field can be performed
both via the Newtonian formalism and the Hamiltonian formalism. The latter is exploited
here, as it is more suitable for the transition to quantum mechanics. For a particle in an
electromagnetic field, the Hamiltonian function is

2
H=— 2.3.1
5 TP (2.3.1)
where 7 is the kinetic momentum of the system, given by @ = p —gA and m the electronic
mass. The transition from classical to quantum mechanics is given by substituting
. . . 0
p—DP=—iAV r—f H—)H:ma. (2.3.2)
From the definitions of the Hamiltonian in eq. 2.3.1 and eq. 2.3.2 and by acting on a wave
function W(r,t), the following equation is obtained

in LW 1) = 2L (Sl — gA) - (—ihV — gA) + g U (r,1). (2.3.3)
ot 2m

However, eq. 2.3.1 describes a system in the non-relativistic frame. Pauli noticed that this
formulation does not correctly represent all physical properties of a system, as it neglects
the intrinsic angular momentum (spin) of the electrons.'®® To account for the spin in the
Hamiltonian, he introduced the formulation

A A2
A -7
=T (2.34)

where & contains three operators, which in their matrix representation are the Pauli spin
matrices. It is related to the spin operator by the condition § = FL%. With some manipulation
and exploiting the Dirac identity (6-A)(6-B)=A-B+ié-(A x B), the Hamilton function
in classical mechanics becomes

H=——-""B-6+qp. (2.3.5)
m
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From eq. 2.3.5 and eq. 2.3.2, the following equation is obtained

0 1 qh
ih—Y(r,t) = [=—(—iAV —qA)- (—ihV—qA)— —B-6é W(rt 2.3.
iz U(r,t) =[5 (=ihV —qA) - (=ihV —qA) = 5 =B -6 +qp]¥ (1, 1), (2.3.6)
which corresponds to the time-dependent Schridinger equation in an electromagnetic field.
The action of the kinetic momentum operator squared can be simplified as follows
A0 = (p—qA) (P~ qA)¥ =P’V —gp- ATV — A - PV +¢*A°T
=p’U—q (p-A) U—2¢A-pVU +A%T, (2.3.7)

——

—ihV-A=0
The Schrodinger equation therefore reads

N 2
H:L_QA.ﬁ_iB.§+LA2+q@. (2.3.8)
2m m m 2m

In the case of a uniform constant magnetic field, the vector potential is given by
1
Ap(r) = §B x(r—Rg), (2.3.9)

where Ro is an arbitrary point in space, chosen as origin coordinate on which the vector
potential is defined. The second term in eq. 2.3.8 can be simplified

A-p= Bx(r—Rg) p=;B (r—Rg)xp=;B-Lo, (2.3.10)

where the angular momentum operator Lo = (r—Ro) x p has been introduced.” The dia-
magnetic term givesi

A= i(B « (r—Ry))-(Bx (r—Ry)) = 3(32@—;{0)2 “(B-(r-Ry)?).  (23.11)
From now on, the equations will be applied to electrons. Atomic units are used, with the
following conventions: m =1,q = —1,h = 1. With these conventions, the Hamiltonian in its
final form is

~ P71, a1 2 2
H= ?+§B-LO+B-S—|—§(B (r—Ro)"—(B-(r—Rg))") — . (2.3.12)

The Hamiltonian depends on the magnetic field through both linear and quadratic terms in
B. The linear terms are called paramagnetic and couple the magnetic field to the angular
momentum and the spin of the system. The first is usually referred to as orbital-Zeeman
term and splits degenerate orbitals according to their angular momentum; it favours high
negative angular momenta. The second is labelled spin-Zeeman term and splits degenerate
states with different spins; it favours high-spin open shell systems with a large negative spin
component aligned along the magnetic field. The term quadratic in B is called diamagnetic
and results in a positive contribution to the energy of the system. It can be seen as a
confining term in the plane perpendicular to the direction of the magnetic field.
In the presence of an external magnetic field, the full Hamiltonian for a molecular system
is
o= ﬁo+%ZB'Ez‘OJrZB'@HréZ(BZT?o— (B-ri0)?)
1 L ! 1 ' (2.3.13)
+ izB-Llo—l-ZB'@I—i-gZ(BQT%O —(B-110)%),
I I I

where Hjy is the field-free Hamiltonian of eq. 2.1.3.

*The vector identity (a X b)-c= (b X c)-a=(cxa)-b has been exploited.
!The vector identity (a x b)-(a x b) = (a-a)(b-b)— (a-b)? has been exploited.
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2.4 Hartree-Fock Theory

The simplest ansatz for an electronic wave function, satisfying the requirements of antisym-
metry, is given by the Slater determinant (SD)

e1(1)  @2(1) en(1)
Wgp = L AR ) =|p1p2...N)
©1(N) ¢n(N)

Here ; labels the different spin orbitals, while the number in brackets (for example (7))
represents all spatial and spin variables of the j-th electron. The SD is a normalised wave
function, provided that the orbitals are orthonormal, giving

<\IISD’\I’SD>:<901902-~90N’901§02-~90N>:1' (2.4.1)

This ansatz for the wave function is adopted by the Hartree-Fock method.!"0-173

The Hartree-Fock wave function and energy are found by minimising the expectation
value of the Hamilton operator

. o 1
Enp = (Vsp| H [¥sp) =Y _ (@il hloi) + 52 (pivsillpivs) (2.4.2)

% i

with respect to the choice of the spin orbitals, where h is the one-electron operator in the
Hamiltonian, while (@;p;||@ip;) is the antisymmetrised two-electron integral

(pijllpips) = (@i(L)p;(2)] 7; i (1) (2)) = (pi(1)e;(2)] TL ;i (1)@i(2)) - (2.4.3)

The first integral in eq. 2.4.3 describes the Coulomb interaction between the electronic den-
sities of electron 1 in orbital ¢; with electron 2 in orbital ;. The action of the Coulomb
operator on the ; orbital is given as

Jilei(1)) = / gaj(Q)*;%(n%(z)erdaQ, (2.4.4)

where the integration is performed with respect to the spatial and spin coordinates (rp and
o9, respectively) of the second electron. The Coulomb integral (¢;(1)¢;(2)] é lpi(1)p;(2))
is usually written as (@;p;|pi¢;) and denoted J;;.

The exchange integral (p;(1)y;(2)] % |0 (1)p;(2)) is usually written as (@;p;|p;pi) and de-
noted Kj;;. The second integral in eq. 2.4.3 is the exchange integral and is a purely quantum-
mechanical effect, arising from the antisymmetry of the wave function. The exchange oper-

ator is defined through its action on the orbital ;

. L 1
Kilpi(1)) = / 032" - pu(2)ps (dradon. (2.4.5)
The HF energy is expressed as

1

(]
The optimal energy is obtained through a minimisation procedure with respect to the or-
bitals. This procedure is based on the variational principle: the HF energy calculated with
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a Slater determinant constructed with some chosen orbitals is always larger than or equal to
the exact energy of the system,
EHF > Eexact~ (2-4-7)

Therefore, the minimum of the energy functional in eq. 2.4.6 with respect to the orbitals
gives the best approximation to the exact energy in the HF framework. The wave function
with the lowest energy is found by searching for stationary points in the energy functional,
through the minimisation of a Lagrange functional, which imposes the orthonormality of the
spin orbitals as constraint. This leads to the Hartree-Fock equations

Floy =Y eijle)),  F=h+> (J;-Kj). (2.4.8)
J J

F' is referred to as the Fock operator; the elements ¢;; are Lagrange multipliers used in the
minimisation. The solution of the HF equations is not unique and the Lagrange multipliers
do not have any physical meaning. Applying a unitary transformation U to the spin orbitals
and to the Fock operator, an equivalent formulation of the HF equations is obtained

Floy = cijlos) T4 Flohy=>"¢; g0;>, (2.4.9)
J J

where it has been used that the Fock operator is invariant under unitary transformation,
giving F’ = F'. Without loss of generality, the unitary transformation U diagonalising €’ can
be chosen, and the so-called canonical HF equations are obtained

Floi) =eilgi). (2.4.10)

g; are the elements of the diagonalised matrix, 5%7 = g;0;5. These matrix elements can be
interpreted as the orbital energies of the orbitals ¢; in eq. 2.4.10. A common choice for the
spin orbitals is to express them via the product of a spatial orbital and a spin function (either

a or f3)
pir,o) =t (rala) ¢ (r,0)=0](r)8(o). (2.4.11)

Integration over the spin coordinate leads to the HF equations depending only on the spatial
orbitals. In the case of a closed-shell system, all spatial orbitals are doubly occupied, giving
pairs of spin orbitals with the same spatial part, ¢ = ¢f = ¢;. This variant is referred
to as restricted Hartree-Fock (RHF) method.!™ In the most general case of an open-shell
system, the choice of having ¢ = (ﬁf = ¢ROUY for the doubly-occupied orbitals (restricted
open-shell Hartree-Fock (ROHF))'™ maintains solutions for the HF wave function that are
eigenfunctions of the spin operators 52 However, this might not be the only way to describe
an open-shell system, where the most general ansatz of different spatial orbitals for the «
and (3 spin orbitals is often applied, giving ¢ # qﬁf (unrestricted Hartree-Fock (UHF)).\76

For the solution of the HF equations, the spatial orbitals are usually expressed as a linear
combination of atomic orbitals {x,} (LCAO ansatz)

67 = CuiXps (2.4.12)
I

where ¢,; are the molecular orbital (MO) coefficients.
Substituting the LCAO ansatz in eq. 2.4.10, the Roothaan-Hall equations are obtained

FC = SCe, (2.4.13)
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where F is the Fock matrix (F,, = (x| F'xy)), S the overlap matrix of the basis set (Sw =
(Xulxv)). C are the molecular orbital (MO) coefficients and € is the diagonal matrix of the
SCF orbital energies.

The MO coefficients are found through diagonalisation of the Fock matrix (after or-
thogonalisation of the basis set); however, the Fock matrix F(C) itself depends on the MO
coefficients through the Coulomb and the exchange terms (J(C),K(C)). The Roothaan-Hall
equations 2.4.13 are pseudo eigenvalue equations and need to be solved iteratively, through
the so-called self-consistent field (SCF) method. Starting from a guess Cy matrix, the Fock
matrix is diagonalised and new MO coefficients are found, which are used to form the Fock
matrix of the next step. This procedure is repeated until self-consistency is reached.

The Hartree-Fock method is the simplest theory describing an atomic or molecular system
of N electrons. The HF energy can be seen as the sum of one-electron energies and the
interactions of each electron with the mean field generated by all the others. The HF method
gives a good approximation of the electronic energy; however, it does not account for the
dependence of the motion of the electrons on the position of all other electrons. The only
correlation of the electrons accounted for in HF theory comes from the antisymmetric form
of the wave function and is achieved through the exchange operator. If a single SD is
still sufficient to give a qualitatively correct description of the wave function, the system is
said to be dynamically correlated.'™™'™® However, there are cases in which a single Slater
determinant is not able to describe a molecular system in a qualitative correct way (multi-
reference character). In these cases, the so-called static correlation is needed for a correct
description of the electronic structure.!79-181

A more accurate treatment of electronic correlation is the aim of the post-HF methods,
i.e., methods trying to describe electron correlation on top of Hartree-Fock theory.

2.4.1 London orbitals

The previous section has discussed the HF theory for the field-free case. In the case of a
magnetic field, HF theory can be applied using the magnetic-field Hamiltonian in eq. 2.3.12
instead of the Hamiltonian of the field-free case. A major difference to the field-free Hamilto-
nian is apparent. Both the orbital-Zeeman and the diamagnetic terms depend on the chosen
gauge origin. Shifting the gauge origin results in a different vector potential

A(r) = %B x (r—Rg) = Ao(r) — Ao(Rg). (2.4.14)

A shift in the gauge origin corresponds to a gauge-origin transformation, i.e. a transformation
changing the gauge-origin without affecting the physical fields:

Ag(r)=Ao(r)+Vf f=A0(G) r. (2.4.15)

Every gauge-origin transformation can be seen as a unitary transformation of the Hamilto-
nian 9 9
H —i )= V(H—i)e. 2.4.16
(B i) = (H—i)e (2.4.16)
Requiring that the Schrédinger equation is satisfied in the new gauge,

A

(ﬁ’—i%)\lﬂ = (H - 0 ), (2.4.17)

Z'i

ot
the wave function needs to transform accordingly as ¥/ = e /. A gauge transformation
changes the form of the Hamiltonian and of the exact wave function but maintains the values
of the observable quantities.
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In the specific case of the transformation due to the shift of the gauge origin, the wave
function transforms as

U = eAo(@) Ty, = ¢ 3BX(0-C)ry (2.4.18)

To ease the notation, here O and G have been used to indicate Rg and R, respectively. This
phase factor induces rapid oscillations in the wave functions, which are not correctly described
by the standard atomic orbital (AO) basis.!2 In order to solve the problematic dependence
on the gauge origin, the phase factor can directly be included in the basis functions

wu(r,B)) = e s BX(Kum Oy (1)) (2.4.19)

where x,, is the standard AO centered at K. These basis functions are known as gauge-
including atomic orbitals (GIAOs) or London orbitals.¥3'¥% Calculations with these or-
bitals are rigorously gauge-origin independent and have been shown to achieve fast basis
set convergence.185

2.5 Second quantisation

For the description of electronic correlation the wave function needs to be represented by
more than one Slater determinant. As the theory complicates, a more intuitive and flexible
formalism has to be introduced. In second quantisation, SDs are represented as vectors in a
vector space:

(2.5.1)

1 if y; occupied
|n>:‘n17n27n37”'7n1\7> n; =

0 if ¢; unoccupied

The vector |n) contains the occupation numbers of the ordered spin orbitals and is therefore
referred to as occupation number (ON) vector. An orthonormal basis of spin orbitals is
assumed; the scalar product of two Slater determinants therefore is (n|m) = &, m = [T nim;.
In second quantisation, not only observables are represented through operators, but also
wave functions can be constructed from creation and annihilation operators, acting on a
given ON vector. The vacuum state, where all spin orbitals are unoccupied, is written as
|vac) = 10,0,0,...,0).
The creation operator is defined through its action of creating an electron in an unoccu-
pied orbital
&L!m =Tpon,0[n1,m2,...,1p,...,nN) . (2.5.2)

Analogously, the annihilation operator annihilates an electron in an occupied orbital

&p]n> :Fpénp,l n1,n2,...,0p,...,n1\]>, (253)

where T, = [[22] (—1)™.
A specific SD can be expressed as a string of creation operators acting on the vacuum

1

@) = alalal .. [vac) = |pipjen...)- (2.5.4)

The fermionic properties satisfied by the SD are here automatically fulfilled by their
algebra, defined by the anticommutator relations

[a,all =0, [ap,agly =0,  [a),agly = Opg- (2.5.5)

Antisymmetry is guaranteed by d};d:g = —d};d;[,, while the Pauli principle is given by d;AL =0.
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In second quantisation, one and two-electron operators are

O = Zopqd;&q G = 1 Z gpqrs&;;&g&s&m (2.5.6)
pq

where 0pq = [ ¢} (r)Opq(r)dr and gpgrs = (ppql|res)-

In second quantisation, expectation values of a given operator can be seen as the expec-
tation value of a string of annihilation and creation operators on a reference state.

A string of operators is called normal ordered if all annihilation operators are positioned
to the right end of the operator string and the creation operators on the left. This concept
is relevant as for a normal-ordered string of operators the expectation value of the vacuum
state vanishes,

(vac| &L&; ...4rag|vac) =0, (2.5.7)

under the condition that the product does not consist of a constant term. For a given string
X of creation and annihilation operators, its normal order N(X) is defined as

N(X)= (-1 alal...aras, (2.5.8)

where (—1)" is the factor accounting for the number n of pairwise swaps needed to obtain
a normal ordered string from X. Note that in general X # N(X). Before introducing a
central theorem in second quantisation, the contraction between two operators is defined.

The contraction between the operators b and ¢, written as 36, needs to be defined as the
difference between the product of the two operators and the normal-ordered product of the
two operators,

d .
bé = bé — N (bé). (2.5.9)
For creation and annihilation operators, the following relations apply
ﬁ 1 o ™
atal =0,  Gpag=0,  apal =06y,  @ag=0. (2.5.10)

With this mathematical tool, the following theorem (Wick’s theorem) can be formulated. '8

A string of creation and annihilation operators X can be written in normal-ordered form as

X=NX)+ > N&‘) (2.5.11)

contractions

where > niractions IV (E‘) is the sum of all normal products in which there are one, two,
three, etc. contractions between the creation or annihilation operators. This formulation is
of interest when evaluating the expectation value of X on the vacuum state. Only the fully
contracted terms, i.e., the terms in which all operators are contracted with another operator
in the string, can give a contribution.

In quantum chemistry, a much more adopted reference state is the HF determinant. It is
therefore of interest to find a picture in which the HF state can be considered a vacuum state,
on which to define creation and annihilation operators. This picture is called Fermi picture
and considers the formalism of quasi-particles. The creation of an electron in the virtual
orbitals is seen as the creation of a particle, the annihilation of an electron in the occupied
orbitals is seen as the creation of a hole. The holes and particles are therefore the quasi-
particles which can be added to the HF-reference state, which is here called Fermi vacuum.
The corresponding quasi-particle creation and annihilation operators can be formulated

bl =al  bo=a
o e (2.5.12)
b; =

bf = a; al.
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For the quasi-particle operators l;p, l;;f, the same commutator relations as in eq. 2.5.5 hold. A
string of operators can be defined as normal-ordered with respect to the Fermi vacuum if all
quasi-particle annihilation operators are positioned to the right end of the operator string
and the quasi-particle creation operators on the left. In this case, the normal ordering of the
operator X is written as {X}.

Wick’s theorem can be exploited to understand the importance of commutators in quantum
chemistry. Here this result is discussed in order to be used in the future discussion. The
commutator [A, B] can be written as

[A,B]={AB}+ {E@}—{Bﬁ}— > {f;i}. (2.5.13)

contractions contractions

If both operators have an even number of operators, the relation { AB} = {BA} holds, leaving

M [
[A,B]= Y {AB}- Y {BA}, (2.5.14)
contractions contractions
showing that only the connected terms (those with at least one contraction) contribute to
the commutator.
The Hamilton operator H can be related to its normal-ordered form H via the following
relation

N b 1 ST A
H = Eyr+ prq{a;f,aq} +7 > {pql|rs) {a;af]asaT} = FEnr+ Hy. (2.5.15)
Pa pars

2.6 Parameterisation of the correlated wave function

In Hartree-Fock theory, the ground-state wave function is described through a single SD.
However, it has been noted that this ansatz does not account for static and dynamic correla-
tion. The configuration-interaction (CI) method'®" 190 describes the wave function through
a linear combination of SD, where the coefficients ¢; are determined variationally

[Wer) ZZCi!‘I’i)- (2.6.1)

®; are Slater determinants and ¢; the corresponding expansion coeflficients. The CI energy
optimisation procedure determines the coefficients

9 (Ve H|Wer)

=0. 2.6.2
Oc; (Weq|Wer) ( )

This corresponds to solving the eigenvalue problem HC = EC, where C is the vector con-
taining the expansion coefficients. In principle, an exact description of the wave function
(within the given AO basis) is obtained by distributing all electrons among all orbitals; this
method is called full configuration interaction (FCI).'8%190 However, it is obvious that the
number of determinants to be considered scales very rapidly with the number of electrons
and orbitals, making FCI not suitable for the treatment of large molecular systems.

The FCI parameterisation can be referred to a particular reference state, for example the
HF determinant. In the formalism of second quantisation, the FCI wave function is written
as

N abe...
Tpar) = Cnl0)  Cn= e > dife{atblet. . kji}, (2.6.3)
n=0 gk
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where the excitation operators are grouped in single, double, triple etc. excitations with
respect to the reference. The creation and annihilation operators are here written in the
simplified notation of just writing the indices (@, is indicated by p and &; by p'). The full
expansion may be truncated at a chosen excitation level, in order to be feasible for larger
systems. Common truncations are CI with double excitations C' = Cy+ C (CID) and CI
with singles and doubles C' = Cy + Ci + Cs (CISD).

The CI methods provide an improvement in the characterisation of molecular energies
with respect to HF. However, it shows major problems in the case of the truncated CI
expansion. It can be shown that the present ansatz does not satisfy the requirement of size-
extensivity for the energy, i.e., correct scaling with system size. A given method is said to be
size-consitent if, for two non-interacting systems A and B, the following relation is satisfied

Earp=FEA+EB. (2.6.4)

Here Ea.p labels the energy computed considering A and B as one system, while Fa and
Ep represent the energies of the individual subsystems. The energy does not correctly scale
with system size and therefore is not additive. The lack of size-extensivity makes the CI
approach not suitable for the description of large molecules.*”

2.7 Coupled-Cluster Theory

One of the most used developments in electronic structure theory is given by the so-called
Coupled Cluster theory. This approach was first introduced in nuclear physics,'”! and then
transferred to quantum chemistry by Cizek.51927194 This formalism solves the issue of size-
extensivity present in truncated CI methods.

The Coupled-Cluster wave function is parameterised as

10y =70y, (2.7.1)

where |0) is a reference wave function; for all derivations in this thesis, the HF SD is chosen
as reference. The exponential operator consists of the sum of single, double, triple, etc.
excitations

P O . 1 St N
T=T+To+T3+..., TnzWZtgfg;;;{aubUc*k...}:tw. (2.7.2)
The exponential operator is defined through its Taylor series

T—147+ T2+ T3 Z (2.7.3)

In this formulation, each excitation level is not given only by the corresponding connected
excitation T, operator (for example T for a double excitation), but also by the so-called
disconnected excitations, i.e., the product of operators with matching excitation level (for
example %T 1T1). A correspondence between the T’ operator of CC and the C' operator of
FCI (eq. 2.6.3) can be established. For the first four orders in excitation

Co=1,

él :Tla

~ ~ 1 ~o
C2=Ta+ 511, (2.7.4)
~ ~ ~ A 1 -

Cy =T+ T Ty + ng’,

S IPUDUCE IPUN A
Ci=Ty+T1T5+ 5T2T12 + §T22 + IT{*.
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Furthermore, it can be shown that the full CC expansion is equivalent to FCI.47:19

The time independent Schrodinger equation for the CC ansatz becomes

HeT 0) = Eoce® [0). (2.7.5)

The CC ground-state energy is found via projection on (0| e T

Eoc = (0] THeT |0) = (0| H|0), (2.7.6)

where the notation H = e~7 He for the similarity-transformed Hamiltonian has been adopted.
Subtracting the HF energy on both sides, the following expression is obtained

(H — Egr) el |0) = (Ecc — Eur) el [0). (2.7.7)
N —’ N————
Hx AEcc

The projection of this equation on the reference determinant allows to find the CC correlation
energy AEcc = (0| Hx[0). The amplitudes ¢, in eq. 2.7.2 are found by projecting eq. 2.7.7
on the set of excited determinants {®,} (these equations will be referred to as amplitude
equations)

(@,]e" T Hyxel' |0) = 0. (2.7.8)

Note that e~ T £ e leading to a non-Hermitian similarity-transformed Hamiltonian.
The operator e ~T is still an excitation operator, while e” T' is a de-excitation one. Therefore,
the energy expression in the CC framework is not Hermitian.*

It may be shown that the major problem of truncated CI is here solved by the exponential
ansatz of CC theory: the energy formulation in eq. 2.7.6 is size-consistent even when the
excitation operator is truncated. For two non-interacting systems A and B the wave function
is multiplicative,

Wasn) = 4T |0) = eTaeTe |0) = of [W,) | ), (2.7.9)

where o is an antisymmetrisation operator. The Hamiltonian of the system A+ B can be
written as the sum H A4B = H A +HB, due to the fact that the two systems A and B are not
interacting. The expectation value in eq. 2.7.6 gives

(Uays| Harn|Wais) = (0l e (Ha + Hp)e™ e [0) =

o o (2.7.10)

=(0]e"Ta Hpel2 |0) + (0] e 1B Hpel® |0) = Ex + Ep.

The cross terms (0|e~ 72 HgeTs |0) and (0|75 Hpe’® |0) vanish, as the Hamilton operator

of one system does not act on the wave function of the other system. This proof shows that
the CC energy is size-consistent.*”

In order to derive CC working equations, the similarity-transformed Hamiltonian needs

to be expanded. For two generic operators A,B, the Baker-Campbell-Hausdorff (BCH)

equation®® holds

=3 [lA.B).B),...).B.

n commutators

(2.7.11)

*With slightly improper wording, in this thesis the expression non-Hermitian energy refers to the fact
that the CC energy is defined through the expectation value of a non-Hermitian operator.
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The similarity-transformed Hamiltonian becomes

e~ Fie™ = A+ [, T+ 5[, 7))+ 5 (U, T ) 71+ U, 7L T+

' ' (2.7.12)
This expansion can be evaluated by means of Wick’s theorem (eq. 2.5.14). Both Hy and T
satisfy the conditions of being normal ordered and with an even number on creation or anni-
hilation operators; in addition, noone of these operators possesses a constant part. Therefore,
in eq. 2.7.12 only connected terms are obtained. It is apparent that the Hamiltonian can be
connected at most with four 7 operators, as it is a two-electron operator made of four cre-
ation or annihilation operators. The BCH expansion truncates after the fourth commutator
and the following expansion is exact

Foaf A ! S S N L NP S S S
e Hye = Hy+ [Hy, T]+ S [N, T] T+ 5 [N T), 70,70+ 5 ([ 70,70, 70, 7).
' ' (2.7.13)

2.7.1 Equation-Of-Motion Coupled-Cluster (EOM-CC) Theory

A treatment of excited states is obtained by means of the so-called Equation-Of-Motion CC
theory.16:22-24:32,33,196 The excited states are parameterised via an excitation operator acting
on the CC ground state

[Wexe) = ReT' |0), (2.7.14)
where R is a linear excitation operator of the form
1
(n!)?

The Schrédinger equation for an excited state is

R=ro+Ri+Ro+Rs+... R, =

Zr%bkc.'.'.'{auijCTk L= Uty (2.7.15)

HReT|0) = EexcReT |0). (2.7.16)

The excitation energy AFEew = Foxe — Fcc can be isolated and the following equation is
obtained

(H—FEcc) Re'|0) = (Eexe — Ecc) Re™ |0)
N—_——’

S
vt Fee) B (2.7.17)
HxRe' |0) — (Eco — Eur)Re® |0) = AE ReT |0).
RHyeT

By multiplying with e~T from the left and by noting that [R,7] =0, as both R and T are
excitation operators, the following equation is obtained

e T HneT R0) — Re T Hxel |0) = AEecRI0) = [Hx, B]|0) = AEocRI0).  (2.7.18)

The r, amplitudes in eq. 2.7.15 are determined through projection on the excited determi-
nants

(@] [HN, R]|0) = ABexe (2| R10) = Y (AN)cyuwry = ABexcry, (2.7.19)
N—_——

v
T
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or, in matrix form

HxR = AE.R. (2.7.20)

Usually this form is preferred to the one in eq. 2.7.16, as the ground-state solution has already
been found with the CC ansatz. Note that eq. 2.7.20 is a Cl-like problem.

The matrix A with real eigenvalue A may be considered.” The left eigenvector v of a
non-Hermitian square matrix A does not correspond to the right eigenvector u with same
real eigenvalue A:

viA = v, Au = \u where v # u. (2.7.21)

The similarity-transformed Hamiltonian matrix is non-Hermitian and therefore has a set of
right-hand side eigenvectors and a different set of left-hand side eigenvectors, which are not
simply obtainable by conjugation of the right eigenstates.
In the framework of EOM-CC theory, these are parameterised through a de-excitation
operator L A
(Wexe| = (0] Le7 T, (2.7.22)

with the definition

—lg+Zl {ita} + - Zl” {if5tba} + - ZZMT):. (2.7.23)
I

zjab

This parameterisation does not allow I and e T to swap places, as the two operators do not
commute: [L,e~"]#0.
The Schrédinger equation for the left eigenstate reads

0 Le™TH = Ece (0] Le L. (2.7.24)

Multiplying with el from the right, and projecting on the excited determinants, the matrix
equation is ~
LHy = LAFq. (2.7.25)

The operators L and R satisfy the so-called biorthonormality condition

(W | W) = G = (0] Lone LT Ry |0) = (0] Lun R [0) = Sy (2.7.26)

Note that the CC ground state can be expressed by means of the EOM-CC parameterisation
taking R =1. Furthermore, the presence of a non-zero rg term in eq. 2.7.15 for the param-
eterisation of the excited states implies that a contribution from the ground state can be
present in the excited states. For the left-side ground state (Uag| = (0| Loe~7, the amplitude
equation gives

(0] LoH |®,) =0 = (0| LoH7,|0) = 0. (2.7.27)

This expression will be again encountered in the calculation of CC ground-state properties
in sec. 2.8. The parameterisation of Ly is analogous to the response operator A which is
found there

(ag| = (0| (1+A)e™” A= ZAZ{z a}+ - Z AiT5Tba}+- = Ml (2.7.28)
I

zyab

*Note that for a square matrix with real eigenvalues, the left and right eigenvalues are the same. This can
be easily seen, noting that the eigenvalues of A and of AT are the same. In fact, take the left eigenvector v,
which satisfies the eigenvalue equation viA = vt Performing the transposition of this relation, Afv=)v
is obtained, for real values of A. Therefore, A is also an eigenvalue of AT, As stated above, eigenvalues of a
square matrix and its transpose are the same. Therefore, the left and right eigenvalues of a square matrix
are the same.
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For all other states, [y needs to be zero, in order to satisfy the biorthonormality condition
(0] LRy |0) = 0, for every excited state k.

At this point it has to be noted that the left eigenstates are not needed for the calculation
of excited states energies. For that, diagonalisation of eq. 2.7.20 leads to the right eigenstates
and excited-state energies. Only when computing molecular properties, the left eigenstates
are also needed.

2.7.2 Unphysical results in CC theory

CC theory offers an accurate treatment of the correlation energy, getting more and more
accurate when going to higher truncations of the excitation space. In almost all cases, the
calculated energies are real. However, it has been documented in literature that complex
energy values can occur.??4197:198 Thege cases are discussed hereafter.

o Hittig!®” first noted that complex excited-state energies appear in vicinity of conical
intersections,'?? 202 where the potential energy surfaces of two states coincide.?* In the
case of a conical intersection, the Hamiltonian matrix is real, and in the FCI framework
the energy values are real. In ref. 35 it has been shown that a real Hamiltonian matrix
can have complex eigenvalues in the case of a defective matrix.!”® A matrix is called
defective when it presents an eigenvalue of multiplicity m > 1, but only fewer than
m eigenvectors. A defective matrix therefore is not diagonalisable. In ref. 35 it has
been discussed that varying the entries of a given matrix in a continuous manner,
the eigenvalues also vary continuously and may do the transition from real to complex
passing via a multiple eigenvalue, i.e., a point of degeneracy. This general mathematical
observation can be exploited for the investigation of the eigenvalues of the Hamiltonian
matrix in proximity of a conical intersection. A continuous variation of the matrix
elements of the FCI Hamiltonian can be constructed to connect the FCI matrix to
the EOM-CC Hamiltonian matrix. The FCI eigenvalues are known to be real; on the
connection to the EOM-CC matrix, they are also varying in a continuous manner. If
two eigenvalues are very close in the FCI case, they may coincide for some point on
the connection going to EOM-CCSD, becoming degenerate, i.e. an intersection of the
potential energy surfaces occurs. As stated before for a generic matrix, it was shown
that complex energy values can occur after the degeneracy. A continuous connection
can be constructed between the FCI and EOM-CC energy values. When two FCI
eigenvalues are very close to each other, it may happen that they coincide on the
connection between FCI and EOM-CC, leading to a defective Hamiltonian matrix:
complex energies are demonstrated to occur in pairs of conjugated eigenvalues. In
ref. 35 it was also shown that a qualitatively wrong description of the intersection is
obtained.

e In the case of a complex-valued Hamiltonian matrix, as for example the finite-field
one,8108:114 the eigenvalues of the FCI Hamiltonian matrix are still real. Exploiting
the same idea of a continuous connection from the FCI to the CC Hamiltonian, it is
shown in ref. 35 that every deviation from the FCI matrix which breaks the Hermiticity
can lead to the occurrence of complex eigenvalues. Unlike what was demonstrated for
a real-valued Hamiltonian matrix, eigenvalues do not have to appear in pairs. In
ref. 35, complex eigenvalues have been observed for various systems. For the examples
reported, the imaginary part of the EOM-CCSD energies is always of the same order
of magnitude as the difference between the real part of the exact FCI results and the
EOM-CCSD ones.
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e It can be mentioned at this point that a complex-valued Hamiltonian matrix can also
be obtained in relativistic calculations including spin-orbit coupling.?°32% The same
kind of reasoning which applies to the CC description of systems in a magnetic field can
thus be continued here. However, the spin-orbit coupling is usually a small contribution
and, unlike the magnetic field, its value is fixed.

o Another limit of CC theory is found in the description of systems characterised by a
complex Abelian point group. These point groups possess pairs of complex irreducible
representations. The excited states belonging to the complex irreducible representa-
tions have a complex wave function and are degenerate in exact theory.??” The exact
degeneracy allows to form real linear combinations of the wave functions which are
real. Therefore, despite the single wave functions being complex, the computation
can be performed with real numbers only. In the framework of EOM-CC theory, the
non-Hermiticity of the similarity-transformed Hamiltonian matrix leads to a lift in the
degeneracy, giving pairs of complex-conjugate energy values. In the EOM-CC frame-
work it is therefore not possible to form real linear combinations from the complex
wave functions of the pairs of states. This computation is therefore simply not possible
with the EOM-CC method via a real code; with a complex code, an imaginary part is
found.

The imaginary part in the CC energies may be considered as a deficiency of the CC theory.
Ignoring the problem and taking only the real part of the results is not mathematically
rigorous and can possibly lead to an incorrect description of the system. In this thesis, the
idea of a Hermitian Coupled Cluster formalism is pursued, in order to avoid the occurrence
of unphysical results by construction.

Note that the discussion in this chapter focuses on the cases in which complex energies
are a consequence of the non-Hermiticity of the CC and EOM-CC energy expression. This
is different in the field of electronic resonances, where non-Hermitian quantum mechanics is
developed to study decay processes. In the field of resonances, the theory is constructed in
a way that a physical interpretation of the imaginary part of the energy can be given, as it
is related to the lifetime of metastable states.?98211

2.8 Molecular properties

The calculation of energies is often not sufficient to characterise the complexity of a molecular
system. A more complete description can be achieved, for example, considering molecular
properties, which play an important role in many experimental applications, for example in
the world of spectroscopy. The development of a formalism for the calculation of molecular
properties has been and is therefore of major importance to predict the behaviour of molec-
ular systems. In this section, the case of an exact parameterisation of the wave function is
analysed; then the case of an approximate parameterisation is considered, with a focus on CC
and UCC. The theory developed in this thesis will be discussed in future publications.?12:213

2.8.1 Single-state properties

The aim of this section is to formulate a theory for the calculation of UCC properties.
Starting from the expression known from quantum mechanics, a convenient reformulation
of this expression is discussed, in order to obtain a formalism suitable for truncated and
non-variational wave functions, as in the case of UCC theory.
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The most intuitive approach to the calculation of properties is provided by quantum
mechanics, where a property X is usually computed taking the expectation value of the
corresponding operator X

X = (V| X|W). (2.8.1)

One may apply this intuitive formulation to approximate theories, as for example CC theory.
However, it is discussed later in this chapter that the formalism of expectation values in the
EOM-CC framework is not size-extensive.?'* It is preferable to find a formalism which can
be exploited both by CC and UCC theory.

The discussion starts by analysing the problems arising from the application of eq. 2.8.1
in CC theory. First, a mathematical framework for the understanding of size-extensivity is
constructed and applied to CC theory.

Locality and additivity of operators

The concept of the size-extensivity of a method is usually formulated analysing the energy,
but it can be generalised to properties. A method is said to be size-extensive if for two
non-interacting systems A and B the energy of the joint system A+ B corresponds to the
sum of the energy of subsystem A and the energy of subsystem B.

Eairp=EA+EB (2.8.2)

Here Ea4p labels the energy of the system given by both subsystems A and B, while Fx and
Eg represent the energies of the individual systems calculated in absence of the other system.
From a physical point of view, size-extensivity is required also for molecular dipoles. An
insightful analysis of the behaviour of the operators involved in the calculation of properties is
needed for the development of a theory satisfying the physical requirement of size-extensivity.
For a rigorous discussion, the concepts of local, additive, and semi-additive operators are
useful to be introduced.

Assume a set of MOs localised either on subsystem A or on subsystem B. The operators
discussed in this section are assumed not to have a constant term. An operator is local if
it consists only of sums of strings of creation/annihilation operators localised on the same
fragment,

Oasp =On +Og. (2.8.3)

Most physical operators are local, for example the dipole operator, the Hamilton operator,
etc. It is therefore important to understand their features before applying the discussion to
quantum chemistry.

An operator is non-local when an extra term contributes to the operator of the joint system,
localised neither completely on A nor on B,

OA+B :OA+OB+OAB. (2.8.4)

An example of a non-local operator is the spin operators, as the spin of a joint system cannot
be determined from spin operators based on each fragment.

The behaviour of the Cl-expansion operator C (sec. 2.6) can be analysed as an example. From
the discussion of the CI wave function, it is here recalled that the wave functions for the
single systems A and B are, respectively, [Wcr), =32, CA0), and [Wep)g =3, CB |0). Let’s
assume the ¢ operator is local. Then the operator of the system A+ B is CA+B CA+ CB
giving the wave function |¥ 5, p) =Y, (CA+CB)|0). The wave function for the system A+ B
is therefore a linear combination of determinants describing either excitations of system A
or of system B, but is not able to describe the case in which both systems are simultaneously
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excited. In order to describe such a state, an operator Cap needs to be introduced, giving
C’A+B = C’A + C’B + C‘AB. The Cl-operator C is therefore a non-local operator.

A local operator is called additive when the operators Oa and Og in eq. 2.8.3 correspond
to the operators defined when considering only system A or only system B, respectively.
A non-local operator is called semi-additive if the operators O and Ogp in eq. 2.8.4 are the
same operators as those for the isolated system A or for the isolated system B, respectively.

The calculation of properties involves expectation values of the form (V| X |W). For the
properties of interest in this thesis. The operator X is additive, giving X A4B = X A —|—XB
However, this is not sufficient to obtain a size-extensive formulation of the properties, as the
operators parameterising the wave function need to be considered as well. In order to under-
stand under which circumstances the expression (¥| X |¥) is size-extensive, the products of
operators are analysed. The product of two local additive normal-ordered operators OA+B
and Q A+B is not local, as cross terms arise which are not localised on just one fragment

Oa+BQa+B =0aQa +O05Q1 +0AQ5 + OpQa. (2.8.5)

However, assuming that the operators do not have any constant terms, the expectation value
with respect to the Fermi vacuum is additive, as the cross terms vanish,

(0] OA+BQa+810) = (0]OAQ410) + (0] OsQE 0) + (0] OAQE [0) + (0] OpQ4 |0).  (2.8.6)

The product of two local operators O and Q in normal order can be analysed through Wick’s
theorem (eq. 2.5.14):

1

(0]0Q10) = <0|{0Q}|0>+ > (010Q10) (2.8.7)

contractions

The only non-vanishing contributions come from the fully contracted terms. For the prod-
ucts in eq. 2.8.6, contractions are only possible between either O and Q A or Op and QB,
while the cross terms are disconnected (they cannot be contracted as they cannot have any
orbital indices in common, due to the fact that the orbitals are localised on different frag-
ments). Their expectation values therefore vanish, leading to an additive expression for the
expectation value of the product of two additive operators,

(0] Oa+BQa+50) = (0]OAQ4 |0) + (0] OpQx |0). (2.8.8)

Furthermore, it holds that the commutator of two additive operators is additive, as the
commutator of two operators localised on two different non-interacting fragments vanishes,

[Oa+8,Qa+8] = [0, Qa] +[Op, Q5] + [Oa. Q8] + [Op, Q4] = [Oa.Qa] + [O5,Qp].  (2.8.9)

In the case of the product of an additive operator OA+B = OA +OB and a semi-additive
operator Qa+p = Qa +@p+ Qap, the cross terms need to be analysed,

(0]Oa+8Qa+50) = (0]O4Qa |0) + (0] OsQg 0) + (0| Og QA |0) + (0] OAQar |0) +
(0| OpQa [0) + (0] OAQE0).

As before, the terms (0]OpQa|0) and (0]OAQg|0) vanish, as they cannot be fully con-
tracted in the formalism of Wick’s theorem. The terms arising from the lack of additivity,
(0|OBQaB|0) and (0]|OAQaB|0), also vanish, because of the same reason. In fact, the or-
bitals localised on fragment B, contributing to Q AB, cannot be contracted with orbitals of
Oa, as this operator is local; therefore (0] OAQaB |0) vanishes. The same reasoning is valid

(2.8.10)
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for (0|OpQag|0). From this result, it appears that the expectation value of the product of
an additive and a semi-additive operator is additive, giving:

(0] (Oa +O08B)(Qa + Q1+ Qas) |0) = (0/0AQ4 |0) + (0] OQs |0) . (2.8.11)
Additivity also needs to be discussed for products of two semi-additive operators,

(0[(Oa +Og +O04B)(Qa +Qp +Qag) [0) = (0] 0AQA |0) + (0| OpQ5 |0) +
(0] OBQAB0) + (0] OAQaB |0) + (0] OaBQa |0) + (0] OaBQ8 [0) + (2.8.12)
(0]OpQAa |0) + (0] OAQE|0) + (0] OaBQaR |0) .

Following the considerations of the two preceding cases, the non-vanishing terms are

(0](Oa + OB +0aB)(Qa +Qp +Qan) [0) = (0]0AQA|0) + (0] OpQB |0) + (0| OapQar |0),
(2.8.13)

where the last term introduces a non-additive contribution in the expectation value.

In quantum chemistry, expectation values involving more than two operators are evalu-
ated for the calculation of molecular energles and properties. Assuming the operators Q A+B
and S A+B to be additive and the operator OA+B to be semi-additive, the expectation value
of the product OA+BSA+BQA+B is discussed,

(0]Oa+BSa+BQa+50) = (0] (O +Op + Oap) (Sa + S8)(Qa +Q5) [0) =

= (0]OaSAQA10) + (0] OBSBQB0) + (0] OaBSAQE 0) + (0] OABSEQA [0) +

(01 0aS5Q |0) + (0] OnSaAQ4 10) + (0] OanSaQa 0) + (0] OapSEQs |0) = (2:8.14)
=0 =0 =0 =0

= (0] OASAQA10) + (0] OBSBQB0) + (0] OaBSAQE [0) + (0] OABSEQA |0) -

The terms can be analysed with Wick’s theorem: (0]OapSaQa |0) vanishes as the indices
in Oap referrlng to orbitals located on B cannot be contracted with any of the indices on
Sp or QA, an analogous reasoning is applied to <0\OABSAQA|O> In a similar manner,
(0] OaSs0n |0) vanishes, as the indices in OA referring to orbitals located on A cannot be
contracted any of the indices on Sg or QB. The same reasoning can be applied to the
analogous term <O|OB§AQA|O>. However, the terms (O]OABS'AQB |0) and (O|OABS’BQA\O>
do not necessarily vanish, as the indices of the operator Oag can be contracted with either
Sy and QB or S and Q A- The product of three operators, one of which being semi-additive
and two of which being additive, does not give an additive expectation value. In order to
obtain an additive expectation value, the expression OA+B[§ A+B,Q A+B] can be exploited.
This product corresponds to the product between the semi-additive operator OA+B and the
operator [SA+B,QA+B], which was shown in eq. 2.8.9 to be additive. The additivity of the
expectation value can be proven here

(0/Oa+8[Sa48,QarB]|0) = (0] (Op + O+ Oxp)[Sa + 58, Qa + Q] 0) =

= (0| OA[SA,Qa]10) + (0] O[SB, Q5] |0) + (0] Oap[Sa, Q4] [0) + (0| Oap[SE, Q] |0) +
~ =0

(0 OA[SB, Q8] 10) + (0| O[S4, Q4] |0) =
=0 =0
= (0]Oa[Sa,Qa][0) + (0| Op[Sg, Q8] |0) .

(2.8.15)
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The term (0] Oap[Sa,@a]|0) vanishes as the orbital indices in Oap referring to orbitals lo-
cated on B cannot be contracted with any of the indices on Sa or Qa. The same motivation
explains the vanishing of (0] Oap[Sa,Q4]|0). In a similar manner, (0] OA[Sg,Qg]|0) vanishes,
as the indices in O, referring to orbitals located on A cannot be contracted with any of the
indices on Sg or Qp. The same reasoning can be applied to the term (0|Op[Sa,Qa]|0).
Note that the formulation in eq. 2.8.15 is additive, as all non-local contributions vanish,
though not being connected. The insertion of a second commutator, i.e., [O ALB, [S’ ALB, Q A+Bl],
would lead to full connectedness. However, the second commutator is not necessary to achieve
additivity for the corresponding expectation value. The expression (0| O[S,Q]|0) is said to
be linked.

Size-extensivity in the CC energy

The categories defined in the previous section may be applied to the CC operators, in order
to show the size-extensivity of CC ground-state theory:

e by construction, the Hamiltonian of two non-interacting systems is local and additive,

ﬁA—i—B = Ha + Hp.

o the excitation operator can be shown to be local and additive, as the excitations are
either localised on A or on B: Taip =Ta + 7. This result can be demonstrated
through the amplitude equations

0={gple " He"|0) =
=yl F 4+ BT+ 5[, T) 7] 4. J0) =
— (] Ha+[Ha, Ta] + %[[ﬁA,:ﬁA],TA] o0+
(6p| s+ [l Ti] + 5 ([ Al To] Ti] 4. |0) +
(69| Bl Ti] + (B, Ta] 5 (1L, Til, ) + (1B, Tl Ta] ([l T, ) 4. [0) =
= (gple T AT [0) + (@l e T e 0).
(2.8.16)

The amplitude equations for the entire systems consist of the sum of the amplitude
equations for system A, and the amplitude equations for system B, as the commutators
between operators localised on different fragments vanish [Ha, T3] = [Hp,Ta] =0.

« as all excitation operators commute, the exponential ansatz can be factorised:
elatB — oTa+Ts — oTapTB |

In the framework of Equation-Of-Motion (EOM) CC theory, R is shown to be local 215
Considering system A in an excited state and system B in the ground state gives RA+B =
Ra®1p. The additivity of this operator is shown analysing the amplitude equation for the
two non-interacting systems:

<¢p’ (HA + I:IB - EA,exc - EB,ground)}?A ‘0> =0
(dp| (Ha — Ea exc) Ba [0) + (¢p| Ba |0) (0 Hp — E grouna [0) = 0. (2.8.17)
=0 =0

The first term vanishes because of the Schrodinger equation for the excited state A, while
the second term vanishes because of the Schrodinger equation of the ground state of system
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B. Therefore R is additive, as the excitation of subsystem A when considering the whole
system A+ B corresponds to the excitation of subsystem A when considering only A.

The left eigenstates are only semiadditive: it is shown in ref. 215 that the L operator of
eq. 2.7.22 can be written as IA/AJ,_B = IA/A Jrsz}g for the case in which system A is excited,
while system B is in its ground state. From the amplitude equation for the left hand-side,
(0| L(H — E)|¢,) =0, the semi-additivity can be shown:

(O] (L + Lap)(Ha + Hg — EA exc — EB ground) [6p) =
= (0| La(Ha + Hp — E exc — EB ground) |6p) + (0| Lap (Ha + Hp — Ex exc — Ep ground) [6p) =
(0] La(Ha — Eaexc) [6p) + (0] (HB — BB grouna) [0) (0| La |6p) +
=0 =0
+ (0] Lap(HA + Hp — EA exe — EB ground) |¢p) -

(2.8.18)

The first term corresponds to the amplitude equation for L A, while the second term is the
Schrodinger equation for the ground state on system B and vanishes. The third term provides
an equation determining Lap, which is not localised on any of the fragments. The presence
of Lap therefore gives origin to the semi-additivity of the L operator.

It is important to analyse under which conditions the semi-additivity of the L operator
does not affect the additivity of the energies. An accurate analysis of the ground-state energy
shows that the additive Hamilton operator leads to additive ground-state energies

Exip,gs = (0| H|0) = (0| Ha |0) + (0| Hg |0) = Es + Eg. (2.8.19)
For the energy of excited states, the EOM expression is analysed.

(0| LHR|0) = (0 (La+ Lap) HRA[0) =
(0] IA/A]:IAéA |0) 4 (0] [A/AI;TBéA |0) 4 (0] ﬁABHAﬁA |0) + (0] IA/ABITIBQA |0)

:EA,CXC :EB,ground =0 =0

(2.8.20)

= EA,exc + EB,ground

The last two terms vanish due to the amplitude equations.
Therefore, additivity is guaranteed both for ground- and excited-states energies.

Size-extensivity in EOM-CC properties

A similar investigation may be carried out for the calculation of properties. The definition of
properties in eq. 2.8.1 via the expectation value can be applied to the EOM-CC framework,

where the left state is parameterised as (U] = (0| Le~” and the right one as |¥) = ReT |0).

Eq. 2.8.1 can be written as follows

= (0 LXR[0). (2.8.21)

Following the discussion in sec. 2.8.1, two non-interacting systems A and B are considered,
with A in an excited state and B in its ground state. In the aforementioned section, the
operator L A+B was shown to be semi-additive, giving L A4+B = L A+ LAB, while the operator
RA+B was proven to be additive, equal to Ra. As most physical operators, the _operator
X A+B is assumed to be local and additive, such that the equality X A+B = X A —|—XB holds.
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The expression in eq. 2.8.21 may be discussed applying these definitions:

(0| LXR|0) = (0] (Lo + Lag)XRA|0) =
(0] LAXARA0)+ (0] LaXpRA [0)+ (0] LaXaRA[0) + (0| Lap XA |0) . (2.8.22)

:XA,exc :XB,ground =0
While the third term always vanishes, the presence of the fourth term leads to a lack of
additivity for property X. The formulation in eq. 2.8.1 can prove problematic for EOM-CC
theory, as the lack of additivity for example in the calculation of dipole moments is not
physical. Therefore, a reformulation of eq. 2.8.1 is needed, which can be applied to the
calculation of properties for approximate wave functions.

The approach of response theory®*'9217 is hereafter explained for the exact case. The
expression in eq. 2.8.76 has to be reformulated to be used for approximate methods, yielding
size-extensivity.

Exact theory

A molecular system may be subjected to an external perturbation €, inducing an external
potential V. The Hamiltonian is constructed from the unperturbed Hamiltonian Hy and
an additional potential V7 giving H=Hy+V. In the following discussion, the potential 1%
is considered linear in the perturbation, yielding a general form V=X-e For example,
when focusing on dipole moments, the perturbation is induced by the electric field €, and
the potential is expressed as V=- i€

The exact wave function is a solution of the time-independent Schrédinger equation

H|U)=E|¥). (2.8.23)

Differentiation of the energy with respect to the perturbation gives

dE dv| . AW dH d dH
-~ (=2 Hv U\ A |— U= |0 ) = E— (T|T U= (W), (2.8.24
de <d€ >+< ‘ ‘d6>+< ‘de > d6< | >+< ‘ds‘ >’ (28.24)
E(g|v) E(Y]52)

where the Schrodinger equation for the right eigenstate, H|¥) = E|¥), and for the left
eigenstate, (¥| H = E(¥|, were substituted into eq. 2.8.24 to simplify the first two terms.
Further simplification is achieved considering that the wave function is normalised, yielding
C% (¥|¥) =0. Eq. 2.8.24 reduces to

dE dH
= — = \I/ _—
de < ‘ de

\1:> (W X |0, (2.8.25)

In this case, differentiation of the energy with respect to the perturbation is equivalent to
eq. 2.8.1, building the bridge to the expectation value form known from quantum mechanics.
This result is known as the Hellmann-Feynman theorem.?'8

Under the assumption that the differentiation does not affect the basis functions used in
the computation, this theorem holds also in the case of an approximated variational wave
function. For a variationally optimised wave function, any first-order variation of the energy
functional with respect to the wave function vanishes, giving

0=0E=06(U|H|U) = (6U|H|¥)+ (¥|H|5T). (2.8.26)
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Differentiation of the energy with respect to the perturbation leads to three terms

o) (v} [@) (¥ %
9

dFE dw
X = = =
< de

T de \de

\p> — (| X |T). (2.8.27)

=0 var. princ.

Though not satisfying the Schréodinger equation, for a variational wave function the first
two terms still vanish, due to the variational principle in eq. 2.8.26. The expectation-value
approach is therefore equivalent to the differentiation of the energy also in this case. From
this starting point, the theory is expanded to non-variational wave functions.

EOM-CC single-state properties

EOM-CC theory is an example of a method dealing with a non-variational wave function.

Thus, the sum of all terms containing the differentiated wave function ‘(f in eq. 2.8.24 does
not vanish and the Hellmann-Feynman theorem does not hold. A different approach to EOM-
CC properties is found through the calculation of derivatives.30:64:115:219-223 A discussion of
the theoretical treatment of EOM-CC properties is provided here, as it represents the starting
point for the development of EOM-UCC properties.

In EOM-CC, the energy is obtained from the expectation value of a non-Hermitian op-
erator, giving

Ecc = (0| Le THeT R|0) = (0| LHR|0). (2.8.28)

The property X is obtained by means of differentiation with respect to the perturbation e,

dEcc dl - . . dH - .~ dR
= (0| == HRI|0)+ (0| L=——R10) + (0| LH —|0). 2.8.29
i <!d€ !)+<!dE 0) + (0] d€!> ( )
:Ecxc :Ecxc

It is shown hereafter that eq. 2.8.28 is stationary with respect to L and R,
(0|6LHR|0) + (0| LHSR|0) = Eexe((0| LR[0) + (0| LER|0)) = Eexed (0| LR|0) = 0. (2.8.30)

Therefore, the sum of the first and third terms in eq. 2.8.29 vanish. Only the second term
in eq. 2.8.29 contributes to the calculation of properties, which are found by differentiating
the similarity-transformed Hamiltonian

de

d(eTHeT)
(edEMR\oy (2.8.31)

~dH - .
={(0|L—R|0) = (0| L
(O|L° R0) = (0

The response of the wave function to the perturbation is enclosed in the differentiation of the

exponential operator e! . The differentiation of the exponential form is rather straightforward
when considering the definition of an exponential operator

de? 4 &1 . &1 dT. a7 ;
Z n!n de de € ( )

“de  de |
de de —n! =

The factorisation of the differentiated sum to give the exponential operator is allowed by
the fact that all T" operators are excitations and therefore commute with each other. Using
eq. 2.8.32 for the differentiation of the EOM-CC energy in eq. 2.8.31, the following expression
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is obtained

dE . _pdH a cde T . -
dSC = (0] Le™ =T RI0)+ (01 L ZE HTR|0)+ (0| Le THER|0) =
s o p s dT
= <0|Le_TXeTR|()> + <0|L[€_TH6T, g]R|0> - (2.8.33)
A Lo dT
= (0| LXR|0)+ (0| L[H,==]R|0).

de

Comparing this result to the expectation-value approach, there is the additional presence
of the second term, which describes how the CC amplitudes respond to the presence of the
perturbation. Note that, according to eq. 2.8.33, the perturbed amplitudes % are needed
for the calculation of the property X. In the limit in which the EOM-CC wave function is
not truncated and goes to the FCI limit, the second term vanishes,??* showing that this term
is due to the truncation of the EOM-CC parameterisation.

Before discussing the issue of the perturbed amplitudes further, some considerations
have to be made. As was discussed in sec. 2.8.22, the first term in eq. 2.8.33 does not
ensure size-extensivity. A linked formulation of the energy automatically solves this issue,
as its differentiation is still linked. The example of eq. 2.8.15 can here be exploited, as
the properties are determined over expectation values of three operators, two of which are
additive (X and R) and one semi-additive (L). The energy can be rewritten with the goal

of introducing the commutator [H,R] in eq. 2.8.28
Ecc = (0| L[H, R]|0) + (0| LRH |0}, (2.8.34)

where the commutator is obtained by adding and subtracting the term (0| LRH |0), which
corresponds to the ground-state energy, as

———

(0 LRH |0) = (0] LR(]0) (0] +>_ |n) (n]) H[0) = (0] LR|0) (0] H [0)+ > (0] LR|n) (n| H|0).
i =1 Eas " =0

resolution of identity
(2.8.35)
The last term vanishes because of the amplitude equations. This reformulation of the energy
expression gives
Ecc = (0| L[H, R]|0) + Egs. (2.8.36)

Its differentiation now yields an additive formulation of properties,

a7

B2 — O EIX, R110) + (O] LA, 1 B110) + (0] X [0). (2.8.37)

de

Unlike the expectation value approach (eq. 2.8.22), the differentiation of the energy leads to
a size-extensive formulation for one-electron properties. A

As observed before, the perturbed excitation operator %—Z needs to be computed to eval-
uate the property X. For different kinds of perturbation, as for example for the electric field,
the magnetic field, a shift of nuclear coordinates, etc., a new set of perturbed amplitudes is
evaluated and new equations need to be solved. Therefore, a different approach is here used,
the Lagrange functional approach, presented in the next section.

Lagrange functional approach

A well-established approach to avoid the evaluation of the perturbed amplitudes is given by
the Lagrange functional approach method,??> 2?7 used in the field of constrained optimisa-
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tion.* A Lagrange functional is built from the function f(«,¢) to be differentiated and a set
of constraints g;(a,e) = 0, multiplied by the Lagrange multipliers A,

L= f(a,a)—i—Z/\igi(a,a). (2.8.38)

Having added functions g;(a, ) =0 equal to zero for all values of e, the total differentiation
of the functional £ corresponds to the differentiation of the function f: % = % (the dif-
dg (C; £) = 0). The Lagrange multipliers are found
by imposing stationarity of the Lagrange functional with respect to all parameters % =0.
Stationarity with respect to the Lagrange multipliers is already satisfied by the form of the
constraints: g—f\fi = gi(a) =0.

Once the set of Lagrange multipliers satisfying the stationarity conditions has been found,
the wanted derivative can be computed as

AL _ 0% 9% 0a Za.semi_g
de ~ 9e 804 de (‘3)\,~ Je  Oe’

ferentiation of the constraint is vanishing,

(2.8.39)

The last two terms vanish due to the imposed stationarity conditions, and the total differ-
entiation reduces to a partial differentiation of the Lagrange functional.

Lagrange functional for EOM-CC properties

The Lagrangian approach can be applied to the computation of molecular properties. In
EOM-CC theory, the function f(«) is the energy, while the amplitude equations are im-
posed as constraints. The ground-state properties are found through the following Lagrange
functional
Lcc=Ecc+ Y A ($ul H10) = (0| (1+A)H 0) + Ecc. (2.8.40)
o

This equation can be recognised as the ground-state energy expression in the EOM-CC frame-
work, therefore identifying the Lagrange multipliers with the A operator of eq. 2.7.28. The
stationarity condition with respect to each CC amplitude ¢, leads to exactly the equations
for the EOM-CC left ground state,

0%Lcc
at,,

= (0| (1+A)[H,#,]]0) = 0. (2.8.41)

For excited-state properties, the Lagrange functional may be written in the following form
Loc = (0| L[H, R]|0) + (0] H|0) + (0| ZH |0) — 7 (0] LR — 1]0), (2.8.42)

where Z =Y, ¢#{ifa} + > ijab ijb{ﬁﬁl;d} +... is a de-excitation operator having as ampli-
tudes (,, the Lagrange multipliers imposing the amplitude equations. 7 is the multiplier of
the normalisation condition of the wave function. The stationarity condition with respect to
the amplitudes in this case yields the so-called Zeta-equations,??”

0%cc

or, = (OLLULH 7], BJ[0)+ (0] [H ] 10) + (0] Z[H,7,]10) = 0. (2.8.43)

*The term Lagrangian method is quite improper here, as the imposed constraints are already fulfilled.
Therefore, it cannot be classified as a proper constrained optimisation problem. A more suitable denomination
would be Envelope-theorem method.??® However, the improper terminology of Lagrangian method is the one
used in the literature and is therefore used in this thesis.
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Note that the commutator [H, 7,,] comes from the differentiation of the similarity transformed
Hamiltonian,
dle THeT) de T - 4 o deT

T, T s T T T, T T
i, = a, He" +e Hd—tuz—me He' +e " He 7, =[H,7,]. (2.8.44)

The fact that all excitation operators commute has been exploited in order to obtain [H,7,,].
The Zeta-equations 2.8.43 allow to find the ¢ multipliers. Differentiation with respect to L
leads to the equation [H, R]|0) —nR|0) = 0. From EOM-CC theory, the Lagrange multiplier
n therefore corresponds to the excitation energy, giving 7 = AFEex.. Once the Lagrange
multipliers have been determined, the property X is computed through partial differentiation
of .fcc.

d%cc o 0%Lcc

de  0Oe

From this expression, it is possible to define the one-electron density matrix D of the system,

X =

= (0| L[X, R]|0) + (0] X |0) 4 (0| ZX |0) (2.8.45)

Dy = (0| L[a}aq, R]|0) + (0] afaq [0) + (0] Zalag|0) . (2.8.46)

The calculated property X can be written in terms of the density matrix D, giving X =
> pg DpqTpq- The coeflicients z,, are obtained from the expression of the operator X in
second quantisation, where z,, are the integrals x,, = [ ¢;(r) X (r)¢,(r)dr over the orbital
basis set {¢,}. For different molecular properties, the same density matrix can be used
and multiplied with the corresponding x,, integrals, while the computation of the perturbed
amplitudes requires a specific set of solving equations for each kind of perturbation.

As a final remark, it should be noted that the effect given by the relaxation of the
HF orbitals due to the presence of the perturbation is neglected in the computation of the
properties.

2.8.2 Transition dipole moments

The goal of this section is to develop a framework for the computation of transition dipole
moments, in order to apply it to UCC theory.
In quantum mechanics, the transition dipole moment between an initial state and a final
state is defined as
Ty = (gl ] 3), (2.8.47)

where /i is the dipole operator and W;, U, are the time-independent wave functions of the
initial and final states, respectively. From a physical point of view, it is apparent that the
transition Wy — W; is linked to the transition W; — Wy, as their transition dipole moments
are conjugate of each other

Tip = (Wil p|Wy) = T7;. (2.8.48)
This symmetry should not be broken by approximate parameterisations of the wave func-
tions, in order to be physically consistent.

However, the formulation in eq. 2.8.47 poses some problems when applied to approx-
imate methods. One example is given by EOM-CC theory, for which eq. 2.8.47 yields
Ty = <O\ﬁfe_TX eTR;|0). As seen for single-state properties, this formulation does not
give additive properties, due to the semi-additivity of the operator L. The method for the
calculation of the transition dipole moments can be made size-extensive by means of a re-
formulation of T;. Eq. 2.8.15 may be exploited once more, in order to separate the linked
and the non-linked parts of the EOM-CC transition dipole moments

Tpi = (0| L[ X, Ri]|0) + (0| Ly R; X |0). (2.8.49)
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The first term has the form discussed in eq. 2.8.15 and is linked, while the second one is
non-linked. The equation can be manipulated in order to find a linked form. For an arbitrary
excitation operator A, the following relation holds

(0| Ly[H, AJR;|0) = (0| Ly (Ey — Ei)AR; |0) = 0. (2.8.50)
Adding eqs. 2.8.49 and 2.8.50, the EOM-CC transition dipole moments are expressed by

yi = (0| Ly[X, Ri] 10) + (0| Ly [[H, A], Ri] |0)

A A = PO A R (2.8.51)

+ (0] LyR; X |0) + (0] LfRz‘[H,A] |0) — (0] Lf(Ef — E;)AR;|0).
The terms in the first line are linked, while the second line groups the non-linked part of
the equation. In order to have a size-extensive theory, the second line needs to vanish.
This result can be achieved by recognising that the differentiation of the time-dependent
amplitude equation leads to an equation similar in form to eq. 2.8.51

d . _s N
H—i— =
0= Ol T(H=iz)e"[0)
_ T Lo dT dT
—(ul X10) = (u] — e~ T HeT “TH= T\ — =2 10) = 2.8.52
(1l X10) — (ul ¢ He 0) + (ule ¢ |0) —w (ul & 0) ( )

= (X 10)+ Gul [, 2110~ (3 S 1),

The last term in eq. 2.8.52 comes from the time-dependent part of the Schrédinger equation,
as

A

Loty 0 = Lole Tt oy = -1y, (s
The time dependence in the CC amplitudes can be written as T(t) = Te““t. Substituting the
time-dependent expression of the amplitudes in eq 2.8.53 leads to the last term in eq. 2.8.52.
Eq. 2.8.51 therefore vanishes for the choice A= and w=w fi=Ey—E;.
A size-extensive theory of the EOM-CC tran51t10n dipole moment involves the calculation
of perturbed amplitudes,

A= A d7
Tyi = (0| Ly[X, Ri] |0) + (0| Lf[[H], R 2]10). (2.8.54)
From this discussion, it is clear that the form in eq. 2.8.47 can be exploited in the case of
an exact parameterisation of the wave function, but leads to a non-size extensive theory in
the case of the EOM-CC framework.?'* Therefore, this theory needs to be reformulated, in
order to be applicable both to FCI and to the approximations EOM-CC and EOM-UCC.

The powerful tool of response theory®'? is here discussed for transition dipole moments.

Exact theory

In the most general setting, the molecular system described by the time-independent Hamil-
tonian Hy can experience a time-dependent perturbation, resulting in a time-dependent
potential V(t). The corresponding time-dependent Hamiltonian is H = Ho+ V (t). A tran-
sition between an initial state ¥; and a final state ¥, can be induced by a time-dependent
periodic perturbation of the form

V(t)=> e X e(wy). (2.8.55)
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For example, for a perturbation induced by an electric field e, V'(¢) is expressed through the
coupling of the field to the dipole operator fi: V = —>k e“"ktu gr. The transition occurs if
the frequency of the oscillating field corresponds to the energy difference between the two
states, i.e., if w=wy; = By — E;.

The concepts outlined in sec. 2.8.1 are here generalised to the time-dependent frame, in
order to be applied to the calculation of transition dipole moments. The exact wave function
satisfies the time-dependent Schrodinger equation

(I:[—z%)lll(t) =0. (2.8.56)

The wave function ¥(t), being a solution of the Schrodinger equation, satisfies the following
stationarity condition®”

N 0 A 0
OV|(H —i1—)¥ H—i—)V|ov¥ ) =0. 2.8.57
< ‘( i) >+<( o) ' > (2.8:57)
The equations may be simplified by writing the time-dependent wave function subjected to

a periodic perturbation as the product of a function e~@® dependent on a phase ¢;(t) due
to the time evolution, and a phase-isolated part W(t), *

U(t) =e O (1). (2.8.58)

Note that, while ¥(t) fulfills the original Schrédinger equation, ¥(t) does not

(I:I—zg)\Il(t) (H—ig)e—w(thif(t) =0 = (ﬁ-ﬁ)@@) = Q(t)T(t). (2.8.59)
ot ot ot
Q(t) is called quasi-energy®%?3! (as it has an analogous role to the energy in the time-

independent framework, where the time evolution is simply ¥ (¢) = e~*#*¥(0)) and is defined
as the time differentiated phase function Q(t) = ¢(¢). For the phase-isolated wave function,
the stationarity condition becomes?3?

(59 (A _laat_ (t))\¢>+<(ff—za— (t))¢'5¢>:o. (2.8.60)

Note that the terms depending on the quasi-energy vanish, as Q(t) <5\II‘\I/> <\I/ 6\il>) =
Q(t) <‘I/)\Il> = 0. The stationarity condition yields

5<\i;‘( —z— ’\I/>+z— <\If]5\1:>_0 (2.8.61)

In the time-independent limit, the relation § <\if‘ A ’\il> is found, corresponding to the vari-
ational criterion of sec. 2.8.1. However, eq. 2.8.61 does not state that the quasi-energy is
variational, as d@) # 0, as can be seen by writing eq. 2.8.61 as

5Q(t )+z— (¥]od) =0. (2.8.62)

*This partition can be performed following the so-called Floquet theory.229 This theory analyses solutions
of the time-dependent Schrédinger equation with a time-periodic Hamiltonian. Here only its most important
result is exploited, i.e., the possibility to partition the wave function into a phase-dependent and a phase-
isolated part.
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It has been discussed that properties are calculated through differentiation with respect to
the perturbation. Differentiation of the time-averaged quasi-energy {Q}r gives

H{Q}r

- Q=(T() - T@)). (2.8.63)

ot

{Q}r is the time average of @ over the period T, necessary in order to obtain a property
not dependent on the time ¢. For a periodic function f(t), its time average is defined as
{fir= % fOT f(t)dt. In the case of periodic functions, time averaging allows only terms not
to vanish if the overall phase of a term, given by the sum of all phases of the operators and
wave functions in a product, adds to zero: ), wy = 0. Time averaging may be seen as the
connection between time-dependent and time-independent theory, as the time-dependence
of the periodic perturbation is averaged to a time-independent quantity. Differentiation of
the quasi-energy with respect to the perturbation of particular frequency wy yields

dQ <d\if %) d‘i’>+<¢,‘ge—wkt

9 - o
(H—za)’\ll>+<\ll‘(H—za)

de

de(wy)

= = ). (2.8.64)

Xe—iwkt Xe—iwkt

This expression can be simplified through the stationarity condition in eq. 2.8.61
dQ 0 [ -|d¥ . . daQ .0 /~|d¥ - -
— = {pl== 1} U) — U =(U U,
de(wy) "ot < de > * < > + < > < >
(2.8.65)

de(wg) "ot de
From this expression, the connection between time-independent and time-dependent theory
is apparent: in the time-independent limit the quasi-energy ) corresponds to the energy
E. The second term in eq. 2.8.65, involving the time derivative, contains the response of
the wave function. Langhoff et al. have shown that this term vanishes for a variational
wave function when performing time averaging,?? establishing the connection to the time-
independent theory
d{Q}r _

de(wi)

From the time averaging, only the component with w = 0 does not vanish, i.e., the
constant part of the potential V. Therefore, in the exact case eqs. 2.8.1 and 2.8.66 have
the same form. In exact theory, the differentiation of the time-averaged quasi-energy leads
to the calculation of the property X. At this point of the discussion, it is clear that the
quasi-energy formalism is a generalisation of the time-independent energy formalism. For
a time-independent perturbation, the equations discussed here are reduced to the form of
sec. 2.8.1 and the time-independent form can be exploited.

The time-dependent formalism of the quasi-energy here introduced is motivated by the
need to formulate a theory for the transition dipole moments which can be applied to ap-
proximate wave-function parameterisations. In particular, it has been discussed that the
correct behaviour of transition dipole moments in the EOM-CC framework is obtained only
when considering a time-dependent formulation of the amplitude equations. Therefore, the
shift to the time-dependent framework had to be defined. The quasi-energy formulation can
be generalised to the treatment of transition dipole moments. Looking at the transition
U; — Wy, the transition matrix element Q)y; is defined as

<\11|X ]\1:> = X. (2.8.66)

Qri= (WO (H— i) [0i(1). (2.867)

Note that in the exact case Q; is equal to zero. As the single wave functions are stationary
states of the Hamilton operator, the stationarity condition with respect to the variation of
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the wave functions gives

i (W ;]60;) = 0. (2.8.68)

.0 ~ 0 .
(B0 5| (i) W) + (W (H i) 6%,) i

The initial and the final states can both be written separating the phase-isolated part and the
one describing the time-evolution (which reduces to e *¥* in the time-independent frame),
yielding

T;) = e~i¢i(t) ]\11> (W) = e s () ]\pf> . (2.8.69)

Note that the phase ¢(t) is in general different for the two states. The stationarity condition
in eq. 2.8.68 can be expressed through the phase-isolated wave functions, where the phase
factors add but are not vanishing

<~ eil@rO=6:i() (f z——d%())‘ >+<~

Hgteiwf(t)@(t) (T]a8;) =0,

¢i(@r (0 -0:(0) (7 Zi_@ )|00s)

(2.8.70)

The phase-isolated wave functions can also be applied to the formulation of Qf;. The de-
pendence on the difference in phase can be factorised in front of the Hamilton operator

ei(0s ()=6:() (fr — i - #i(1)) \@i(t>> =
8t (2.8.71)
ei(¢>f(t)*¢i(t))(H—z— Qi(t)) ’ it )>?

Qi = (W) (H — i) [0i(1)) = ()
= (4(t)

where in the last line the definition ¢;(t) = Q;(t) has been used.* Differentiation with respect
to the perturbation of frequency wy; and time averaging to impose the resonance condition
gives

d{in}T:< 5.0 ei(fbf(t)—%(t))(ﬁ_i%_Qi(t))‘\i/i(t)>}T

dg(wfi) da(wﬁ)
+{<\iff(t) ei(¢f(t)_¢i(t))(f[—i%—Qi(t)) dg(iﬁ)‘i’i(t) o (2.8.72)
O P e D) LIS

The stationarity condition in eq. 2.8.70 can be used to simplify the first two terms in
eq. 2.8.72, yielding

d{QfZ}T zw it ] d\ill T,
de(wy;) l{at ! <\Ilf da(wfi)>}T+{<\Ilf

This differentiation is equal to zero, as Qy; is equal to zero. The first term can be inter-
d\I/

elorit == dE o ‘\If Nr=0.  (28.73)

preted by means of time-dependent perturbation theory, as can be seen as the first-order

*The choice of including the phase factor in the ket state would result in having Q ¢ multiplying the
orthonormahty condition. <\flf(t) ’ e Pr =) (f — i% —Q; (1)) ‘\ill(t)> is equivalent to <\f/f(t)’ (H— i% —
Qs(t))e i(¢r (1) =i (1)) |\y >
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contribution of a perturbed wave function.! The term i{ 5 0 eiwss < ( >}T corresponds
to the transition dipole moment Tf;. The definition of the transition dlpole moments can be

derived from eq. 2.8.73, giving

, dH |-
wyit .
er 7d5(wfi)‘%>}T' (2.8.75)

Ty ={( ¥y

Performing a time averaging of eq. 2.8.73 ensures the fulfillment of the resonance condition
which is only necessary in order to have a transition between two states, as the second term
does not vanish when the frequency wy; matches the oscillation frequency of the operator
p~ e~rit In the exact case, the original form is regained

(ﬁi)\‘l’ﬁ ~ (]| ®). (2.8.76)

Ty ={( ¥y

Note that due to the time average, the only component of the perturbation which gives
a non-vanishing contribution to the transition dipole moment is the one oscillating with a
phase factor e~*sit. This result is obtained only when the stationarity condition in eq. 2.8.70
holds.

EOM-CC transition dipole moments
For EOM-CC, Qy; from eq. 2.8.71 is expressed as

Qpi= (0| Lpe T (- Z% —Qp)el Rie™ri o) (2.8.77)

As seen for the single-state properties, this expression does not lead to size-intensive tran-
sition dipole moments. In order to have size-extensive properties, J¢; may be recast in a

connected form, by adding and subtracting (0] ﬁfﬁie_T(H —zgt)eTe“"fit |0).

Qpi= (0 Lyl (A _Z*_Qf) " Rile it 10) + (0| Ly Rie™ T (H _1*_Qf) " girit o)
(2.8.78)

From the discussion in sec. 2.8.1, the operator L ¢ is known to be semi-additive, while X and
and R; are additive. Following eq. 2.8.15, the introduction of a commutator between two
of the three operators guarantees that the whole formulation is size-extensive. The second

n time-dependent perturbation theory, the eigenstates of the unperturbed Hamiltonian Hy can be
written as |¥;(t)) = a;(t)e Fit|i) + Zs# as(t)e Est|s). For the expansion coefficients, the expression at
first order are found to be

t S t
1 . 1w i dav 1 . i
a ):1—1/0 T (W | W) dr, a§>:_z/o T \7\q/f> (2.8.74)
The first term on the right hand-side of eq. 2.8.73 can be rewritten as i%eiwfit<d:(\§:§ ’\I/Z>, which cor-

)

responds to the overlap between the zeroth-order wave function ¥; and the first-order wave function \I/(f1

de(wy; =ay
hand-side of eq. 2.8.73 simplifies to i 5; 8 et fot e W <\I’f ‘ L) dr) = <\Ilf ‘ i1]¥;). In quantum mechanics
this quantity is the transition moment <\I/f | ;) =Ty,

From the discussed form of af(t) is appears that < Ay ’\If > (1D* and the whole first term on the right
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term can be shown to vanish by inserting the resolution of identity

(O1L a(10) 0]+ Y7 ) e~ (i Shye st o) =
7

A A PN 0. & . A A PN 0. &+ .
(O L i 0) (0] e (A =i )e” €12 10) 4+ 3 (0] Ly Ry ) (ul e (H i) 1+ 0) = 0.
Nt biibd) ot . ot

=6;7=0

(2.8.79)

The biorthonormality constraint for the first term and the amplitude equation for the second
cause the whole expression to vanish.

The form in eq. 2.8.77 is stationary with respect to the L, R operators, but not with
respect to T, giving the stationarity condition

A A A 0 foa
(0| 0L e T(H — i5: Q)el Rie™rit|0)
) Y o . (2.8.80)
+ <0]Lfe_T(H—i§ —Qp)el SR;e™rit|0) +¢aewt (0| L6 R;|0) = 0.

Differentiation of the quasi-energy with respect to the perturbation and time averaging yields

d 7 dL — w
Wbt _ 19 22t T(H—za—cm T Ric 1 0) )1
o A,
O e T =i 8- e M ctent o))

PR (2.8.81)
7 - =T i TA.’iOJf,'t
HUOLy (e T i e Rkt o))

N d ~ N Aoa
HOILs (e ™) (- Qe Rics )}

Substituting the stationarity condition in eq. 2.8.73 and recognising the definition of the
transition dipole moment as expressed in sec. 2.8.2, the transition dipole moment is given

. de THeT . w0 For T A T A
Tpi = {(0| Lyl Rile™ " |0)}r = (0| Ly[e ™" " 1] 0)
- o (2.8.82)
1Ll AT, T o

Note that differentiation of the similarity-transformed Hamiltonian is here mandatory, there-
fore requiring the computation of the perturbed amplitudes. As seen for single-state prop-
erties, perturbed amplitudes need to be computed separately for every perturbation; the
Lagrange formulation, leading to transition densities, is therefore preferred.!'®> The Lagrange
functional &£ ¢; here is

Ly = (0| LyleTHeT, Ri)e™ri* [0) — Qp (0] Lyerit R; |0)
(2.8.83)

— (0| Z(w)e T(H —i=)eT|0) —n (0| Ly B — 6 ]0)

8t)

where the constraints are given by the amplitude equation in time-dependent CC theory
and the biorthonormality condition in EOM-CC. Note that the Lagrangian gains the form
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in eq. 2.8.42 in the case of i = f.
The transition dipole moment is found through partial differentiation of the Lagrangian

HLysi}r o OH 5 oA R s OH

Ty = 0| L ,Ri]erit|0)yr — {(0| Z(wypi)e ™ T10)}r.

= ety = UOLLsle ™ s el e st 0 = (01 Zoge " 5o 0}
(2.8.84)

The differentiation a‘? 3 gives the part of the perturbation oscillating with a phase factor

e rit qe., 8;?@ y = = fle~rit. Looking at the second term in the equation, the time averaging

iwg;t

imposes that Z(w) has a phase factor e
The Lagrange multipliers Z are found by imposing the stationarity conditions with respect
to the amplitudes

8{'%fl}T aT
t, (wyi) = {(OI LA, "oty (wp)”

- (012005 (1. 5] e O 0

——— ], Ri]e™r|0) }r
(2.8.85)

Due to the time averaging of the first term, the part of #};_) which leads to a non-

vanishing contribution needs to oscillate with a phase factor e~*7it, The time-dependence
of Z (w) determined in eq. 2.8.84, i, matches with the phase of the amplitude, leading
to a non-vanishing second term in eq. 2.8.85. Performing the time differentiation in the last
term of eq. 2.8.85 leads to

HLritr % wim A1~ A AT A P . —
Bholwp) (O L[[H, Ri], 7 (wri)] 0) = (0] Z(wy:) <[H»7'u(wfz)] —wfmw)) 0) =0.

(2.8.86)

In the case of i = f, the same parameter n = AFq is found as seen for the single-state
properties.

Once the functional has been made stationary with respect to the amplitudes. Note that
the time averaging selects Z (wyi) as only non-vanishing contribution. This expression may
be rewritten as T =3, D;])C;Mpqa obtaining an expression for the one-electron transition
density DT?.

The non-Hermiticity of the theory reflects on the fact that transition moments do not
respect the symmetry T; # T, f, valid in the exact case. The oscillator strength fy; is the
measurable observable connected to transition dipole moments

2
~(Ef— BTy, (2.8.87)

ffi:3

For EOM-CC theory, the dipole strength is calculated as fy; = %(E +—E;)T1iT;¢. As a conse-
quence, the EOM-CC approximation of the positive quantity \Tfi\2 may result in a negative
number, as T';T;s can become negative for a non-Hermitian theory.?6 This problematic result
is another limitation of EOM-CC theory.



Chapter 3

Unitary Coupled-Cluster Theory

This chapter deals with the formulation of a solution to the problems arising from the
non-Hermitian character of Coupled-Cluster theory, which have been discussed in the
last chapter. The first target of the discussion consists in the development of a theory with a
Hermitian character, able to avoid the unphysical appearance of complex energies. In order
to do so, the ansatz of unitary coupled-cluster theory is exploited.*® The parameterisation
of the wave function is discussed on the basis of the approximation suggested by Liu et
al.'%0 This theory is then adapted to treat the finite magnetic-field case, which is a novel
development of UCC.

3.1 Unitary Coupled-Cluster ansatz

Unitary Coupled-Cluster (UCC) theory is formulated through a modification of the CC
ansatz. The wave function is expressed through the exponential operator U = =o' This
operator satisfies the definition of a unitary operator, i.e., an operator satisfying UTU =1 or

equivalently U = U~1. This property is fulfilled by the defined U operator, as
Ut = (e =0 =71, (3.1.1)

The Unitary Coupled Cluster (UCC) ansatz is therefore given by a unitary transformation
of the reference determinant, and is written as

5ot
‘\IIUCC>:€J 7 ’0), (3.1.2)

where |0) is the Fermi vacuum; here the HF determinant is chosen. & is an excitation operator
of the form

1 St N
6=01+02+063+... Gn= Wza,@]@g;;{aubucw..} =" ona (3.1.3)
: n

Note that 67 is a de-excitation operator and does not commute with the excitation operators:
[6,6T] #0.

Analogously to CC, the unitary parameterisation is equivalent to FCI, in its untruncated
form

- 1 1
" 70) = (146 —61) +5(6 1) (6 —6T) + 55 (667
It is not as straightforward as for CC to write the equivalent operator combinations, con-

tributing to each FCI excitation operator; here only an idea of how this equivalence can be

—6N (6 -6 +...]10). (3.1.4)

()%

41
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established is provided, by presenting some selected terms contributing to the FCI operator
at the lowest excitation level Cy

Co=1+ %Z&i&ﬁ%i&j&}&iﬂ +%Za}ja,iai+j+k+... (3.1.5)
n Y "t gk

Every combination of excitation and de-excitation operators, with a global excitation level
of 0 contribute. The same reasoning can be applied to the other excitation operators: C, is
given by the sum of all combination of excitation and de-excitation operators, whose overall
excitation level is n. Comparing to the equivalence explained for CC theory in eq. 2.7.4,
it appears that UCC has a higher level of complexity, but in its full expansion an exact

equivalence to FCI can be established in the same way.
Inserting the UCC ansatz for the wave function Yycc into the Schrédinger equation

yields

H ’\IIUCC> = Fucc ’\I’UCC> = I;[e&,&’r ’0) = EUcce(%*&T |0> (3.1.6)

The energy can be found by projection on the wave function (Vycc|, which, unlike for
standard CC, is the adjoint of the state |Pycc)

Euce = (0[e= @) fre7=" 0) = (0| H0). (3.1.7)

This formulation involves the unitary transformation of the Hamiltonian H = e~(6-N g e&’&f,
giving a Hermitian expression for the energy, (e_(&_‘m)T = e~ The energy values are
therefore bound to be real.

In analogy to standard CC theory, the amplitudes are determined by projecting the
Schrédinger equation on the excited determinants {®,} (amplitude equations)

(@, H|0) = 0. (3.1.8)

One of the main advantages of the exponential parameterisation in CC is the size-
extensivity; this property is still fulfilled by UCC. In the case of two non-interacting sub-
systems A and B, size-extensivity requires Exg = Es + E, while the wave function is given
by

U ap) = e7A—0A+oB=0] ) (3.1.9)

Recalling that for two operators X,V

=

Y — XV o (X, V] =0, (3.1.10)

the partitioning of the wave function in eq. 3.1.9 can be performed if [ — 62,&3 — (}T] =0.
Although excitation and de-excitation operators usually do not commute, the orbitals of
system A and of system B belong to two orthogonal spaces, and therefore the commutator
vanishes

W ap) = ePA—FATIB=0L ) = Fa—0h T80 |0 (3.1.11)

The Hamilton operator can be separated into H AB = H A —I—ﬁB, as the two systems are

assumed to not interact. The energy of the system AB is
Bxn = (Uan| Hixn [Vap) = (0”0 N 00 (Hy 4 Bp)en A b0 =
— (0] €A=0h Ay e~ @a=00) |0) 4 (0] =@ =) A8 =L |0) = Ep + Ep. -

Thus, the unitary framework possesses the advantage of size-extensivity typical of the expo-
nential parameterisation of standard CC theory.
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3.1.1 Bernoulli expansion of the transformed Hamiltonian

In order to obtain the working equations for the energy and the amplitudes, the transformed
Hamiltonian may be expanded; the BCH expansion here yields

H)+{[H,6),6]+ (6", (6" H)) + [H, 6,6} +..
(3.1.13)
This expansion involves commutators as [&,ff], which do not vanish, resulting in a non-
truncating series. This is the major difference to CC theory, as the BCH expansion of the
CC similarity-transformed Hamiltonian truncates after the fourth commutator (see sec. 2.7).

For UCC, the major issue is about how to design a reasonable truncation scheme. Kutzel-
nigg approached the problem by developing a unitary version of CC in 1991.233 Bartlett
explored the truncation of the UCC ansatz by only considering terms up to a certain per-
turbative order in the BCH expansion;*’ these methods are named UCC(n), with n as the
order of truncation.

More recent suggestions for truncating UCC have been explored by Taube et al.,!
an alternative to the BCH formulation is found in the Zassenhaus expansion. The latter has
the advantage of decoupling excitation and de-excitation operators exactly; however, it does
not yield tractable equations. Truncation of the exponential operator of the ground-state
wave function opens two possible ways for the calculation of the energy: either the left state
is defined through the inverse operator, yielding a connected formulation but breaking the
variational condition, or through the adjoint operator, which however leads to an energy
expression which cannot be written in a connected form, violating size-extensivity.’!

In this thesis, the truncation scheme described in ref. 160 is adopted. As described in
ref. 49, the expansion of the transformed Hamiltonian can be simplified by observing some
major cancellation between commutators involving the Fock matrix and those involving
the potential. This leads to a single commutator with the Fock matrix and a series of
commutators with the potential in which the coefficients are given by the Bernoulli numbers.
This result was already obtained by Kutzelnigg;**423® however, in the following the easier
derivation described in ref. 160 is presented.

We first introduce the definition of a superoperator,”®° as it is needed to derive the
Bernoulli expansion. Given the operator 15, the spectral theorem can be exploited to obtain
its representation through the knowledge of its eigenvalues dj and its eigenvectors |vg),
glvmg D= >k dj, P;. Here Pk, is the orthogonal prOJector on the corresponding eigenvector
Ok, B = |vg) (vg|. The superoperator 9 associated to D is defined through the relation

9C =[D,C1=> (dy—d)D:,CH, (3.1.14)
k,l

where

235

where C is an arbitrary operator. The power of a superoperator is defined through repeated
applications
(2)"C =[D,[D,...[D,C]...]]| = > (dp— d)" PeCP,. (3.1.15)

Therefore, the exponential of a superoperator results in a similarity transformation:

o — S e p e = (Y P C(Y et Py = DD (3.1.16)
k,l k

It is therefore possible to define a superoperator 9, associated to —(6—6T), in order to
rewrite the similarity transformed Hamiltonian as

H=e g =9 =e’F1eV. (3.1.17)
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Eq. 3.1.17 can be rewritten in terms of a polynomial function defined through the Taylor
expansion of the exponential

v, (3.1.18)

where X(@) =>. %@”*1 =1+ %9 + %92 + ... For the superoperator applied on the Fock
operator

R o R I 1
JdE=F+X(NFE = X :67. (3.1.19)
The coefficients in the so-called Bernoulli series are defined through the exponential gener-
ating function?36
T > z"
] ZE:OBHH. (3.1.20)
n=

Comparing the exponential generating function to eq. 3.1.19, the connection to X (E))_l is
evident. Eq. 3.1.18 can be rewritten as

— A oA~

XY H-F)=FFE+X(P)e7V. (3.1.21)
The inversion X ! therefore contains the Bernoulli coefficients in the expansion

1

XY =1 B,9"  Bi=--,By=—-,B3=0,By=——,... 3.1.22

( ) + zn: n 1 9’ 2 6’ 3 y D4 30’ ( )
The coefficients in the Bernoulli expansion in the convention that B; = —% (note that there
exists also a less used convention with B; = %) can be calculated recursively?36

1 & mt
By,=——— B;. 3.1.23
7=0
It can be proven that, for odd n, with n > 1, the coefficients B,, vanish.
A recursive form of the Hamilton operator is obtained from eq. 3.1.21
1+ B I™H-F)=FE+X1(F)e’ V. (3.1.24)
n

The transformed Hamiltonian can be separated as H = F+ V, where V is defined to gather
all contributions to the transformed Hamiltonian besides the Fock operator F'. An expression
suitable for an iterative determination of V' is obtained

V=9F+X Y9V -3 B.I"V. (3.1.25)
n#0

A

Now, the definition by Kutzelnigg?3* of the non-diagonal part Oxp of an operator O is
introduced: it is defined as the joint set of excitation and de-excitation portions of the
operator not containing number-conserving parts. The remaining part without Onp is the
so-called rest part OR = O —Onp.
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The final form of the expansion is then found to be

ﬁ:ﬁ0+ﬁ1+ﬁ2+ﬁ3+...

Hy=F+V,
ﬁ1=[F,5]+%[M5]+é[VR,5],
Ay = (Vi 61,01+ 3[[V,61r, 81+ § [V 01,1, 5196)
iy = o [[[Vap, 2], 6ln.0] + émv«ﬂﬁ, T3] + LV o1, 31w, 3]
— o ([V:61r,61.6) — o1 (Vi 5,616,

where & = & — &1 has been adopted.

Once the structure of the transformed Hamiltonian is defined, it may be inserted in the
energy equation 3.1.7 for the calculation of the ground-state energy; the solution of the
amplitude equations in eq. 3.1.8 yield the parameters of the ground-state wave function.

3.1.2 UCC for excited states

This section aims at describing excited states through UCC theory, adapting the formalism
explained for EOM-CC to the UCC framework. The most intuitive parameterisation consists
in applying an excitation operator on the UCC ground-state wave function, obtaining \\I/k>
Re?=9"|0), with R defined as in eq. 2.7.15 as R =3, r re{ati} +2 i<ja<bTij bratibtyy+..
alternative is given by exciting the reference state and then applying the umtary transforma—
tion to it, obtaining |¥;) = e?~9" RB|0). Unlike for CC theory, for UCC these two formulations
are not equivalent, due to the fact that the exponential operator and the excitation operator
R do not commute, i.e. [e&*&f,f%] # 0. In order to decide which parameterisation should be
adopted, the so-called killer condition can be considered.?37:238

Every theory intended to describe excited states should satisfy the killer condition, mean-
ing that any de-excitation of the ground state should vanish?37-23%

Ol |Was) =0 V&, (3.1.27)

where O,z = |Wag) (V| is a de-excitation operator to the ground-state; k here labels the
excited states. Therefore, the killer condition |Vqg) (Vk|¥as) =0 VEk is satisfied if the
excited states are all orthogonal or biorthogonal to the ground state.

UCC has been constructed to be a Hermitian theory, and the state (¥g| is given by
taking the adjoint of the state |¥j). For the first formulation of the Equation-Of-Motion
(EOM) ansatz for UCC, |¥) = Re?—o" 0) and (| = (0]e= (0~ DR, the killer condition is
not satisfied, as

(W[ Tas) = (0]e= @D Rie5=0"|0). (3.1.28)

The overlap (¥;|¥gs) is not vanishing in the general case, as the commutator [R, e(}_&f] #0
does not allow the two operators to swap places. As suggested in ref. 237, the Kkiller
condition can be reestablished by introducing the similarity transformed operators R =
7= Re=(6=0") With these transformed operators, the EOM ansatz is written as

Wy) = Re? =" |0) = 70" Re=(0=01)e0=0" |0) = 70" R10) . (3.1.29)
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With this ansatz, the killer condition becomes
(U |Wag) = (0]e=@9De=8" R10) = (0| R |0) = 0. (3.1.30)
The Schroédinger equation for excited states therefore is
H|U) = Ey[T,)  He? 7 R|0) = Ee® 7" R|0), (3.1.31)
and, by multiplying with e=(6=3") on the left
HR|0) = E,R|0) (3.1.32)

which is a Cl-like problem. The excited states are found through diagonalisation of the
transformed Hamiltonian matrix.

UCC is characterised by its Hermitian formalism and, unlike for CC theory, the left
eigenstates are the adjoint of the right ones

(U] = (0| Rte~#=9"), (3.1.33)
The orthonormality condition for different UCC excited states reads

(Uk| W) = (0| RLR |0) = 1. (3.1.34)

3.1.3 The UCCn methods

For the methods discussed here, the excitation space is chosen to include single and double
excitations & = &1 + 69, defining an analogon to the CCSD method. In fact, it has been
shown that UCCSD recovers a similar amount of correlation energy as standard CCSD.?3?
The transformed Hamiltonian matrix has the following block structure

- Hss Hsp
H=| - _ . 3.1.35
(HDS HDD) ( )

It has been discussed already in section 3.1.1 that the expansion of the similarity transformed
Hamiltonian matrix does not truncate. Therefore, a truncation scheme needs to be designed.
In order to find a truncation criterion, orders in perturbation theory can be considered. It is
shown hereafter that the oo-amplitudes are first order, while the o1-amplitudes are second
order in perturbation theory.

The normal-ordered Hamiltonian A N = FN + VN is composed of the normal-ordered Fock
operator Fy and the potential VN, which can be considered the perturbation. The similarity
transformed Hamiltonian in the UCC framework thus is given by

o gt

(=6 [ 7=t ~(0=01) py o001y ~(e=oN) =T (3.1.36)

In the Bernoulli expansion, there is only one commutator with the Fock matrix, which is

e e = Bt (B, — 61 = Fn+ S epopiu— S eporil. (3.1.37)
Iz Iz

€, are the orbital energies obtained from the canonical HF equation FC = Ce. From the
UCC amplitude equation, an expression for the amplitudes o, is obtained

(u| Hx|0) = 40, + (| Vx |0) =0 = .0, = — (| Vx |0). (3.1.38)



3.1. UNITARY COUPLED-CLUSTER ANSATZ 47

The amplitudes may be expanded in perturbation orders
oy :O'ELO)—I-O'I(})—FUI(E) —|—Gl(f)+... (3.1.39)
Eq. 3.1.38 can be written for each perturbation order n, giving
£u0 = — (] (e~ Vet~ ) ™) |0) (3.1.40)

For the first orders in perturbation, relations can be found in order to determine the contri-
butions to the different excitation operators

o) =0 (3.1.41)
eno V) = — (| (" @Dt~V |0) — 58" (3.1.42)
e, = — (| (=Dt @ |0) — 657,617,617 (3.1.43)

To the excitation operators at first order, only double excitations contribute. The single
excitations vanish at first order due to the Brillouin theorem, which states that the Hamil-
tonian matrix element between single excited determinants ®g and the ground state vanish,
giving (®g| H|0) = 0. At second order also single and triple excitations have to be considered.
Truncating the excitation space at single and double excitations, in the following discussion
09 is always considered to have a leading contribution at first order in perturbation theory
and &1 a leading contribution at second order in perturbation theory.

In this thesis, two different methods will be considered, UCC2 and UCC3, where the
number expresses the order at which the amplitude equations and the energy expressions
are truncated.

In the case of UCC3, it can be shown that the triple amplitudes are not needed in order to
have excited-state energies correct up to third order, for excited states dominated by single
excitations. This may be briefly discussed here. From the diagonalisation problem, the
eigenvectors of the transformed Hamiltonian matrix can be found, in the single and double

excitation space:
Hss Hsp ) [ Rs Rg
— — =F . 3.1.44

Substituting the expression for the double excitations in the single-excitation one, the fol-
lowing secular equation for the singles-singles block is obtained

(f_fss—FFISD(E—gDD)_lI_{Ds)RS = FRs. (3.1.45)

In order to have energies correct up to third order, (Hss + Hsp(E — Hpp) ™' Hpg) has to
be truncated at third order. This implies the following truncation for the Hamilton matrix

blocks: LB 5O
<H§§) Hﬁg) . (3.1.46)
Hpg  Hpp
In principle, if triple excitations were considered, also their contribution could be folded in the
secular equation of the singles-singles block, giving an additional term of the form Hgr (E—
Hyr) 'Hrg. As the amplitude equations 3.1.8 are satisfied for projection on singly- and
doubly-excited determinants, Hgr is given by three-body terms, giving at least second order
in perturbation theory. The triples term Hgr(E — Hpr)™'Hrg is at least of fourth order,
thus not contributing to UCC3. Therefore, it has here been proven that triple excitations

are not needed to obtain energies correct up to third order.'6?
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In the case of UCC2, where the energies are exact up to second order, the secular equation
gives the following truncation scheme of the Hamilton matrix blocks

(2 (1
(H% H%g;) (3.1.47)
HDS HDD

With this approximation of the blocks of the Hamiltonian matrix (explicit expressions are
found in sec. 4.3), it can be shown that the r?jb amplitudes for the double excitations are
completely determined by the amplitudes r{. Therefore, the EOM-UCC2 matrix elements
can be rewritten as a non-linear set of equations only dependent on the single-excitation
amplitudes. For the description of states dominated by a double-excitation character, the
UCC2 method is not applicable. In principle, the same could be said for UCC3 in the case
of states dominated by a triple-excitation character. However, these states are not occurring
in practical applications.

3.1.4 UCC2 and UCC3 amplitude equations

The full expressions of the Hamilton matrix elements can be found in section 4.3; here
only the amplitude equations are reported, in order to show the differences in complexity
of the various truncations. The red terms of the following expressions constitute the UCC2
amplitude equations. The whole expressions given by all terms are the complete amplitude
equations for the UCC3 method.

% 1 )(1
fmz (ajllib) oj+ 5 Z (abllig) 05" + 3 Z (ajlleb) oij = 5 > (killib) oji

Jb(, jkb

£ SlallliR) ool + S 3 fadlic) ool — S (bl oo

]k’lbc jk:bcd jklbc
+ Y (abl|dj) ol ord — Z 1 (blLTk) Yool + Z (bd||jc) ot ol

jkbcd Jjklbe jkbcd
+ Z (hllic) ot — S 1 (allljk) sz*aff’+2faba qua +_fnol =

]kbcd Jjklbc jb

(3.1.48)
_ . c 1 . ab
Hepiy = (ablij) — Z kallji) Uk+P(Z])Z<abHZC>Uj+§Z<MHU ) ot
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klcd %

(3.1.49)
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The notation here defines H,; = (P¢| H |0) and Habij = <(I>?]b H |0). The differences in com-
plexity are apparent: UCC2 only shows terms contracting two tensors at most, none of which
contains the adjoint amplitude 61, while UCC3 possesses a large plethora of contributions in-
volving three tensors, among which 6 has to be considered. The solution of these equations
is more extensively explained in the implementation chapter 4.

3.1.5 UCC2 and UCC3 ground-state energy
The energy expression for the UCC method is obtained from
Eycc = (0| H|0). (3.1.50)

Looking at the Bernoulli expansion of the transformed Hamiltonian and taking into account
that o9 is of first order in MP perturbation theory and oy of second order, the relevant
contributions to the transformed UCC3 Hamiltonian are

HY=F+V, (3.1.51)
_ 1 1

H' = [F,O’l +02] + 5[‘/,0'1 +0’2] + §[VR,O'1 —l—O’g], (3.1.52)
_ 1 1 1

H2 = E[[VN,UQ],UZ] + Z[[‘/? 02]R702] + ZHVR)UQ]Ruo-Q]‘ (3]‘53)

For the single commutators in H'!, single excitations contribute for terms up to third order,
while for the double commutators in H?, only double excitations are relevant for a third-
order truncation. H? is not needed here, as triple commutators are at least of fourth order
in perturbation theory.

Note that for UCC2, H° has the same form of eq. 3.1.51, H! takes the form H! =
[F,o14 03]+ 5[V, 02] + £[VR, 0], while H? does not contribute.

From these expressions of the truncated transformed Hamiltonian, the final energy ex-
pression is

Eyccz/uces = ((ZFWU? + é > (ijllab) Uf]b) + h-0->- (3.1.54)
ia ijab

Note that UCC2 and UCC3 have the same energy expression, as all terms are of second order

in perturbation theory. The terms coming from the double commutators do not contribute;

for a more visual derivation of these equation it may be referred to sec. 4.2, where the

exploitation of a diagrammatic formalism clarifies this statement. Naturally, the amplitudes

in eq. 3.1.54 are obtained from the UCC2 or UCC3 amplitude equations.

From a computational point of view, UCC2 scales as O(N°) with system size, while
UCCS3 scales as O(N®), comparable to the CCSD method. For a more accurate discussion
of the scaling properties of UCC2 and UCC3, see sec. 4.3 in the Implementation chapter
(chapter 4), where the cost-determining terms are analysed.

3.1.6 Algebraic diagrammatic construction scheme and Unitary Coupled-
Cluster theory

An alternative to UCC is given by the algebraic diagrammatic construction (ADC) scheme,
which was originally formulated via the application of Green’s function theory to the time-
dependent Schrodinger equation.?4%:241 It can be seen as an extension of the perturbation-
theory approach exploited in Mgller-Plesset (MP) theory?#? in order to describe excited
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states.?*® The potential of ADC has grown considerably since the introduction of the so-
called intermediate-state representation (ISR),244-247 through which all matrices for energies
and properties are expressed. In this frame, the ADC scheme solves a Hermitian eigenvalue
problem

MY=YQ, Y'y=1, (3.1.55)

where 2 is the diagonal matrix containing the excitation energies w,, Y is the eigenvector
matrix, and M is the shifted Hamiltonian matrix, written in the ISR basis Wy

Mij = <\i’l

ﬁ—E(I)VIP"’\ilj>. (3.1.56)

The different ADC schemes differ in the construction of the ISR basis, which are in
general defined as excitations out of the correlated MPn ground-state wave function

@) = 7 W) (3.1.57)

The basis is then orthonormalised through a Gram-Schmidt orthonormalisation. Diagonal-
ising the matrix M and solving the eigenvalue problem in eq. 3.1.55 leads to the excited
states

W,,) = ZYM‘@]> (3.1.58)
J

The order n in perturbation theory chosen for the MP wave function in egs. 3.1.56 and 3.1.57
determines the different ADC methods, named consistently ADC(n). The ADC matrices
have a well-defined order in each block; an example is given by the methods ADC(2) and

APCE) (2) ( ) (2)
2 1) 3 2

Mapc(e) = (%S(% ﬁ%@)) ; Mapce) = <%S(§) ﬁ%ﬁ) : (3.1.59)
DS DD DS DD

Standard ADC schemes are single-reference methods; therefore, they should be applied
only to molecular systems for which MP perturbation theory is expected to give trustworthy
results.

Recently, the connection between ADC and CC theory was recognised in the particular
variant of UCC described above:'%° the Bernoulli expansion of the unitarily transformed UCC
Hamiltonian leads to the ADC terms.?%:169:248.249 yp]ike ADC, the ground-state description
of UCC is determined in a self-consistent way through the iterative procedure described be-
fore, analogous to CC. From a computational point of view, the ADC equations are obtained
by substituting the amplitudes with the MPn guesses, without having to converge them
iteratively.

At infinite order, these two methods are related by a unitary transformation, and yield

the same results. For the truncated schemes, however, this transformation is no longer
unitary and the results of UCC and ADC differ.249:250

3.2 Molecular properties with UCC Theory

In the following, UCC response theory is developed, following the approach discussed in
sec. 2.8. To the knowledge of the author, the only existing studies on UCC properties
exploit the expectation-value approach.?® The formulation of UCC response theory offers an
alternative to standard CC theory for the calculation of properties, of interest in particular
for those systems, for which standard CC obtains physically wrong results, as in the case
of negative oscillator strengths. This chapter is concerned with the formulation of UCC
response theory for the calculation of properties, focusing on the analogies and differences
to the CC approach.
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3.2.1 Lagrange functional for EOM-UCC dipole moments

The theoretical approach developed in secs. 2.8.1 and 2.8.2 can be exploited to formulate
EOM-UCC response theory. As a first consideration, it is important to notice that the
truncated form of EOM-UCC is not variational. Therefore, the expectation-value approach
and the differentiation of the energy are not equivalent, as the former does not contain
the response of the wave function to the perturbation. In the following, response theory is
developed.

Starting from the UCC parameterisation of excited states, |¥) = eﬁ_&T}?\m and (V| =
(0] Rfe=(6=6") the UCC energy is given by

Euce = (0| Rte= @D Fre?=6" R0y = (0| RTH R |0). (3.2.1)

Both the right and the left eigenfunctions are described by additive operators and the ex-
pression in eq. 3.2.1 is size-extensive. Unlike EOM-CC, there is no need to introduce a
commutator in the EOM-UCC energy.

This expression is stationary with respect to R (the proof is the same as for CC in
eq. 2.8.30). The differentiation of the energy with respect to the perturbation ¢ gives

dE dH - . d(e—(6-6") fe6—6
vee _ o 1S pjo) = o a1 4 ¢

.
)
- e R|0). (3.2.2)

As for CC theory, this expression requires the computation of the perturbed amplitudes d—"

and 4 ‘& implying that for every perturbation, a different set of solving equations has to be
formulated. Therefore the Lagrangian method is preferably exploited.

The construction of the appropriate functional needs to account for the Hermiticity of
the theory, obtaining a Lagrangian fulfilling the relation £{;oc = £Lucc. As for CC, the
constraints are the amplitude equations and the normalisation condition

Puce = (0| RTHR|0) + (0] ZH |0) 4 (0| HZT|0) — 1 (0| RTR—110). (3.2.3)

In the case of R =1, the Lagrange functional for the ground state is obtained.

The functional in eq. 3.2.3 can be used instead of the actual energy in order to calculate
single-state properties. The stationarity conditions with respect to the amplitudes determine
the Z multipliers:

0% vcc TaH A@ OH 4

9o, = (0| R R\0> <0|Z(9%|0> <0| Z|o> (3.2.4)
9ycc _ TaH L OH

5es = ORI G RIO)+ 0125 10)+ 0 ) (3.2.5)

Note that eq. 3.2.5, which determines ZT, is the adjoint of eq. 3.2.4, the defining equation
for Z. Therefore, only one of these equations has to be actually solved, as the other one
is automatically fulfilled. Differentiation with respect to the R amplitudes gives HR|0) =
nR|0), which is satisfied for = AFexe.

Once the stationarity conditions are satisfied, the EOM-UCC properties are computed
through partial differentiation of the UCC Lagrangian

d%vucc 3§£UCC

TXR ZX XZto). 2.
08 _ ZTCC (0 RIXR0) + (02X [0) + (0] X 21 0) (32.6)
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The formalism is analogous to the modus operandi of standard CC theory, but the differ-
entiation hides the difficulty of this approach. The differentiation of the unitarily transformed
Hamilton operator can be written in detail

de=(6=0N feo—0"  ge=(6-0") 5 _i_6,([,,&”1.:[def’_‘}T

de de € de de

(3.2.7)

The differentiation of the exponential operator is not at all trivial, which is clear through
the series expansion

de?=o" a4 & (6—6h)n d
= — ~ 7 —... 55t A At S oA At A At
de _d‘fn:g oy =-+(6-6"...(6 J)dE<O' N ...(6—=6")+... (3.2.8)
n terms

As excitation and de-excitation operators do not commute ([&,5] # 0), the derivative cannot
be factorised in front of the series and the original exponential series is not regained

ded—o" 2 d(6 — &)
de de

b} (3.2.9)

In order to differentiate the terms in eq. 3.2.3, it is necessary to differentiate the explicit,
already truncated equations of the energy and the amplitude equations (for example in
the UCC2 and UCC3 form), leading to different expressions, depending on the order of
approximation.

3.2.2 FCI limit of EOM-UCC properties

In eq. 3.2.6, the two terms containing the Lagrange multipliers account for the effect of the
perturbed amplitudes. As seen in the case of exact theory in sec. 2.8, these contributions
vanish, due to the fact that the wave function is a solution of the Schrédinger equation.
Therefore, in the limit of untrucated UCC (which is equivalent to FCI), in eq. 3.2.2 the term
depending on the perturbed amplitudes, or equivalently, the terms containing the Lagrange
multipliers in eq. 3.2.6 has to vanish.

Following the proof Stanton formulated for standard CC theory in ref. 224, this behaviour
can be shown from the differentiation of the energy of an excited state

0 Eron— 500D i 31o--o1) g 087"
IEBOM_UCC _ g 3T S8 (65— R|0) + (0] Ble= @D A ZE_— R|0)
I (3.2.10)
0| Rfe=(=TD 2o~ R )0).
+(0|R'e 9 € 10)

The space of all possible Slater determinants can be partitioned as |®,) & |®,), where |®,)
comprises all Slater determinants lying in the basis of H (i.e., |0), singly-exicted and doubly-
excited determinants for UCC2 and UCC3), and |®,) comprises all other determinants. Note
that in the exact limit, |®,) will reduce to the null space.

The first two terms in eq. 3.2.10 contain the differentiation of the exponential operator
and can be reformulated introducing the resolution of identity 1= |®,) (®,|+|®,) (D],

hi0e @00 7 At (oot 07
— e |q)p> <(I)p‘HR’O>+<0|RTH|(I>p> <q>p|€ ( ) e R[0)+

e 77 At i (oot 077
Te D) <q)q|HR|0>+<O‘RTH|q)q> (®qle ( )T

R|0).
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Using the fact that the eigenfunctions of H are defined in the space spanned by the {®,} basis,
the time-independent Schrodinger equations (0| RT H |®,) = Eey. (0| R |®,) and (®,| HR|0) =
Eexe (Pp| ]:Z|0> may be exploited to simplify this equation. As the eigenvectors are defined
only in the |®,) space, eq. 3.2.11 becomes

50”000 i At f(&fﬁf)ae&_&T 2
Fexe | (0| R"———e R|0)+ (0| R'e R|0) |+
Oe Oe
(3.2.12)
Afaef(&f&f) 5—6T 7 P Pt 7 —(a-&*)aeﬁi&T &
(O R e @) (@ HLRIO) + (0] R |) (] 7127 Rlo).
The first two terms add to zero, as can be shown from the following relation
—(6-6%) o 5ot o
9¢ 77 ot 4 o-to-0h) O 0 (e~to-6Mg0=0"y _ (3.2.13)

Oe e Oe

The only terms left in eq. 3.2.12 are those projected on the orthogonal space to the one H
is defined in

19e (77 &—&*>ER|0> (3.2.14)
Oe Oe
In the exact case limit, the |®,) space reduces to the null space, making these contributions
vanish.
The EOM-UCC response properties have the correct FCI limit in the case of untruncated
expansion.

ra G—&t 7D St 7 _
(O R 7" |By) (By| HR|0) + (0| RTH | @) (@] ¢

3.2.3 EOM-UCC transition dipole moments

The theory for transition dipole moments can be developed adapting the infrastructure
discussed for CC theory to UCC theory. The UCC2 and UCC3 methods described in section
3.1.3 are not variational and the response of the wave function to the perturbation has to
be included in the determination of properties. Following the definitions in sec. 2.8, Q; for
the UCC parameterisation yields

0

5t —(6—6T) /£ .
Qi = (0| Rl o) (H —i—

ST Rietri0) = Qy (0] R} Rye™s+0) (3.2.15)

Referring to the discussion in sec 2.8.1, the operators R; and f%;rc, appearing in eq. 3.2.15
are additive, as the left states are the adjoint ones of the local operators for the right
states. Therefore the expression is already size-extensive, without the need to introduce a
commutator, as was suggested in eq. 2.8.15. The derivative approach shows one advantage,
which should be remembered: being UCC2 and UCC3 based on the truncation at a given
order in perturbation theory of the amplitude equations and of the Hamiltonian matrix,
the truncation of e_(&_‘}T)(ﬁ —i%)e&_[’T is clearly defined. Therefore, a formulation of
transition moments involving the Hamiltonian and the energy expression leads to a well-
defined truncation in the properties. This formalism is therefore equivalent to a Bernoulli
expansion and perturbative truncation of e=(6-5") ﬂe&_&T . Another option could be to expand
it with the BCH expansion, as done in ref. 59.

For the reverse transition, the quantity @;; is obtained exchanging the indices of the
initial and final states. In order to have a physically correct formulation, its form should
permit its derivative to fulfill eq. 2.8.48. The following form satisfies these requirement

~ N ~ O ~ ~t A ~r oA
Qif = (0| Rie= (=N (F - i&)eU_UTRfeWift 10) — Q; (0] R Rye™7t|0). (3.2.16)
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Similarly to EOM-CC theory, the quasi-energy functional is stationary with respect to
R, but not with respect to §. From the definition in eq. 2.8.76, the transition dipole moment
for EOM-UCC theory can be written as

{<0|Rf01 dH Rie™rit|0)}p. (3.2.17)

(wgi)
The differentiation with respect to the perturbation of the transition frequency wy; is per-
formed. The dlﬂerentiation of eq. 3.2.17 requires the determination of the perturbed ampli-
tudes 88%“ and 272 As before, the Lagrangian formalism is preferred. The constraints for
the UCC Lagrange functional are the UCC amplitude equations and the orthogonality of

the two excited states
Lgi = (0| Rhe™ @D e?=0" Rie™rit [0) — Q4 (0] Rhe™ri R;|0)
N 0 . L N .
—<0\Zfi<w>e*<“*“*><ﬂ—ia> 77010) — (0 e TN (H —ig)e” " 2] () [0)
=0 (0] (R}R; = 8i)e™|0).
(3.2.18)

7 ri and Z; ¢ are de-excitation operators, formed with the Lagrange multipliers as amplitudes;
these amplitudes will be called, respectively, ¢, and 6,

Zpi = Zgz {ita}+ = Zgb{ﬁ b}, 1f_Zea{z ay+= Zeab{ﬁ fhay.  (3.2.19)

zgab zyab

2}Z therefore is an excitation operator. Note that two sets of Lagrange multipliers are
needed, as one would not be sufficient to satisfy the condition £y; = ,EBkaf, which determines
the symmetry in eq. 2.8.48.

The stationarity conditions are imposed to calculate the Lagrange multipliers

a{gﬁ}T =0 — determines Z Fis
o
o[t “} (3.2.20)
TAEfIT 0 — determines Z1..
do* i
o

Here both equations are needed, as the two sets Z ri and Z ¢ are not one the adjoint of the
other.
When i = f, the stationarity condition with respect to R; gives 1) = AFexe, in agreement
with eq. 3.2.3.

The time differentiation of the exponential operator is not easily carried out, as seen in
eq. 3.2.9, and has to be consistently truncated for the different orders of approximation. A
detailed analysis of the equations obtained can be found in sec. 4.5.5.

Once the stationarity conditions are solved, the transition dipole moments are obtained
by means of partial differentiation of the Lagrange functional with respect to the perturbation

HLyitr

T ,—(6— UT) = ot iw, pt Z _(&_&T)A st
Delog ~ Ol Rie Ryeist|0)} — {(0] Zgi(w)e e 10) )

Ty =
0le—(6-6") f00-6 5t 0
—{{0]e~ fie i (@)[0)} .
(3.2.21)
Also for the EOM-UCC transition dipole moments, eq. 3.2.21 can be recast into the form

Tri =30 D%upq. The one-electron transition density matrix D/?, however, is specific for
each UCCn truncation.
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Transitions from the ground state

Adapting eq. 3.2.18 to the special case of transitions from the ground state gives the following
form for the Lagrange functional

Loi = {(0] e @ F1e770" Re™0it |0) Y — Qo { (0] €0 R; |0) V-
— {001 o™ =) 10) = (0] =0~ -

0 5ot

i5)e" 7 Zy(@)[0)}r
/(0] 2:10),

(3.2.22)

where ]:3} = 1. It is noted that the two operators R; and Z;ro both multiply the similarity-
transformed Hamiltonian on the right hand side and the terms
(0] e=(@=¢") fred— "TR 201t |0) and (0] e~ (69" Freo—o" ZJr e™oit|0) sum to give a contribution
of the form (0|e(o~ 5" freo—o' (R —I—ZT) iwoit |0).  However, R; is an eigenvector of the
similarity-transformed Hamiltonian and the stationarity condition is fulfilled only for ZAZTO =0.
The condition involving the Z;ro multipliers is not needed and therefore superfluous. Tran-
sitions from and to the ground state are described by a simpler Lagrangian, involving only
one set of conditions

Log = {(0]e" =T A" Ry 0t |0) } 1 — Qo { (0] €™ R; 0) }

. o . . ~ (3.2.23)
— {01 Zoi(w)e™ TV (H — iz 0) b —n (0] R: 0),
Lio = {(0| Rle= @01 f1eo-0" ciwiot |0V} — Qo { (0] Rie™i0t|0)} 1
. (3.2.24)

({01 (E i 237 Z() |0} — (0] R 0).

These two forms still satisfy the condition £Lo; = £},.
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Chapter 4

Implementation

This chapter discusses the features of the implementation of the expressions for energies
and properties, showing the strategies by means of which the implementation has
been made possibly efficient and low-scaling.

The CFOUR program package®®1252 provides all one- and two-electron integrals in the
presence of a finite magnetic field, which are computed in a GIAO basis set. Furthermore, the
MO coefficients from the HF SD are provided. The input for the CFOUR program specifies
the settings for the geometry of the molecular system (in internal or Cartesian coordinates),
the orientation of the magnetic field, the chosen basis set, the charge, and the multiplicity
of the target state.

The necessary information is passed from the CFOUR output to QCUMBRE via an interface
between the two program packages.

4.1 QCUMBRE

The theory discussed here has been implemented in the QCUMBRE package.'%! This pro-
gram is written in C+42°3 and has been developed to perform finite-field calculations with
post-HF methods. It has been already pointed out that a finite-field calculation requires
complex algebra. It has to be emphasized that a complex computation is much more ex-
pensive than a real one. In fact, the storage requirement of any quantity is increased by
a factor of two, as both the real and the imaginary part of a number have to be stored.
Furthermore, the permutational symmetry of integrals is no longer eight-fold but only four-
fold ((pg|rs) = (gp|sr) = (rs|pq)” = (sr|gp)”). Finally, complex algebra formally implies an
increase in computational cost of a factor four for multiplications. The QCUMBRE code is one

Qcu'mbre

Figure 4.1: Logo of the QCUMBRE program package,'®! adapted for UCC.

o7
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of the few codes able to perform a complex-valued CC calculation.* The integrals and HF
MO coeflicients are provided through interfaces with the CFOUR program and the LONDON
program.

In Flowchart 1, the structure of a QCUMBRE calculation is illustrated. First, an external
HF-SCF calculation is performed, either with the CFOUR or with the LONDON program
package. The aforementioned interface collects the relevant data from this calculation, i.e.,
all one- and two-electron integrals, to be used in the next steps of the calculation. QCUMBRE
is then able to compute the ground-state energy and wave function for methods belonging
to the CC and the UCC parameterisations, through the SubCC function. The program can
then be asked to calculate a certain number of excited states, through the solution of the
EOM-CC/EOM-UCC equations. This part is managed by SubEOMCC. Once the states have
been computed, QCUMBRE can proceed to the treatment of molecular properties, both for
the ground state (SubCCProp) and the excited states (SubEOMProp). The structure of each
of these functions is explained in detail in the next sections, with reference to the new
developments performed during this thesis.

A full list of the implemented methods and keywords in QCUMBRE may be found on
the website (https://www.qcumbre.org). During this thesis, the following features were
developed:

e implementation of UCC2 and UCC3 ground- and excited-state energies in a finite
magnetic field — SubCC and SubEOMCC (sec. 4.3);

e implementation of ADC2, ADC2-x, ADC3 ground- and excited-state energies in a finite
magnetic field — in SubCC and SubEOMCC (sec. 4.4);

o implementation of UCC2 and UCC3 ground- and excited-state dipole moments in a
finite magnetic field — in SubCCProp and SubEOMProp (secs. 4.5.1-4.5.4);

e implementation of UCC2 and UCC3 ground- and excited-state transition dipole mo-
ments in a finite magnetic field — in SubCCProp and SubEOMProp (secs. 4.5.5-4.5.8);

 generation of output files for the calculation of MCD spectra (sec. 6.2);

o development of QED-UCC2 equations and their implementation (the latter performed
by Laurenz Monzel), explained in sec. 7.2.

In the next sections, the implementation of the UCC method to compute energies and prop-
erties is discussed in detail. The full equations are given with the strategies applied to deal
with the computational challenges these equations offer. In order to give a general idea of
the implementation, flowcharts describing the structure of the calculations in QQCUMBRE are
provided. Before starting the discussion of the equations, an important section on a very
powerful tool for their development is presented. The so-called diagrammatic technique is
therefore discussed hereafter.

*Other complex codes are LONDON,?** CFOUR,?*! BAGEL,?*®> CHRONUS,?° QUEST,?*” and
TURBOMOLE.2%®



HF-SCF calculation
(CFOUR/LONDON)

QCUMBRE program package

Interface yes CC/UCC caleulati
Reading le™ and Ground-state? / calculation
2e” integrals Sulsle
no
yes EOM calculation
ited- ?2 >
Excited-states? SubEQMAC
no
ves Properties calculation
Properties? >——— SubCCProp and
SubEOMProp
no

Final output

Flowchart 1: Flowchart illustrating the structure of a QCUMBRE calculation.
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4.2 Diagrammatic rules

A very useful and widely exploited tool for the derivation of CC equations is provided by
the diagrammatic representation of the equations. This technique permits to find a simpler
language for the evaluation of complicated terms, originating from the contraction of multiple
operators, whose derivation through Wick’s theorem would be lengthy and difficult. In this
thesis the origin of the diagrammatic rules will not be discussed in depth, but only to
the extent in which they differ from those for standard CC. A helpful reference for the
explanation of the diagrammatic rules in CC may be found in ref. 259. In order to remember
the differences in the assignment of coefficients in the Bernoulli expansion method with
respect to the usual BCH one, the terms required for the UCC3 method are listed hereafter
once more

H=F+V, (4.2.1)
— 1 1

H' = [F,61+ 6]+ 5[V,61+ 5] + 5 [VR, 01+ 52], (4.2.2)
_ 1 o 1 ) ) 1 i )

H? = 13 lVap, &2, 62] + 7 [[V, 52]r, 62] + 1 [V, G2]r, 52 (4.2.3)

The ND part of operators or contractions of operators are given by pure excitation or de-
excitations. For example, the terms contributing to the Vap operator are (abl|ij){abji}
and (ij||ab) {i'jTha}. All other terms in V, as for example (ak||ij) {atk!ji}, belong to the
rest part Vg. The CC diagrammatic rules can be used for the determination of the prefactor;
on top of the known rules, four more steps need to be considered:

1. consider whether the V operator belongs to the non-diagonal or the rest part. The non-
diagonal part of an operator is made of either pure excitations or pure de-excitations.

2. consider if the contractions [V,&] belong to the non-diagonal or the rest part. This
becomes relevant for understanding to which terms in eqs. 4.2.2 and 4.2.3 each diagram
belongs to.

3. consider the prefactor (sum of prefactors) of the commutator to which the diagrams
belongs. Calculate the ratio between this prefactor and the one present in the analo-
gous term in the BCH expansion. This ratio needs to be multiplied to the prefactor
calculated through the standard diagrammatic rules.

4. for terms belonging to eq. 4.2.3, observe whether the Hamiltonian is connected to only
one or both ¢ operators. If it is connected to only one of them, a further factor of %
needs to be multiplied, as only half of the terms in the commutator contribute to the
diagram.

Some examples are shown in appendix A.

4.3 UCC ground- and excited-state energies

The calculation of the ground- and excited-state energies are managed, respectively, by
SubCC and SubEOMCC, as seen in Flowchart 1. In Flowchart 2 and 3, their structure is
shown.



SubCC
for UCC

guess=MP2

LinSolvS (instr=CCamps)

UCC3IntermediatesS
calculation of global
UCC intermediates

CCAmplitudesS (method:
CC=="UCC2" /CC=="UCC3")

FEE ),

(n+1)
Eycc

no

Converged Eycc?

yes

Eycc

Flowchart 2: Flowchart illustrating a ground-state calculation in QCUMBRE.




SubEOMCC
for UCC

CIS guess

DavidsonS (options single/multi)

ContractionS (method:

CC=="UCC2" /CC=="UCC3")

HamiltonianIntermediatesS
calculation of global UCC
Hamiltonian matrix elements

R(+1)

no

Converged R?

yes

AFycc,exc.

Flowchart 3: Flowchart illustrating an excited-state calculation in QCUMBRE.
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Starting from SubCC, all CC or UCC calculation first needs to solve the amplitude equa-
tions iteratively. As for the CC equations, the initial guess for the o-amplitudes is given by
the MP2 guess, 0’? OF— ¢ and U;ljb(o) = % The amplitude equations are then solved
iteratively using the solver in QCUMBRE, éncoded in the function LinSolvS. The solution is
obtained by exploiting the DIIS (direct inversion of the iterative subspace) technique.?%” This
method allows the solution of a quasi-linear equation of the kind A (x)x = b without having
to assemble the matrix itself, as it is constructed such as to require only the product vector
A (x)x. The solver can be given the instruction CCamps to calculate the amplitudes. In par-
ticular, the terms of the amplitude equations are calculated in the function CCAmplitudessS.
The definition of intermediate contractions allows to keep the scaling of the equations as low
as possible. The detailed discussion of these intermediates is provided later in this section.
These intermediates are calculated in UCC3IntermediatesS and passed to CCAmplitudes.

Once the amplitudes have been calculated in the nth iteration, the energy is computed
with eq. 3.1.7 and compared to the previous iteration: if E[(Jngcl ) EI(J"C)C‘ < 7, with 7 a given
threshold specified in the input as convergence-criterium, the amplitudes are considered
converged and the energy of the ground state is found.

In Flowchart 3, the structure of SubEOMCC is shown. It has been discussed in sec. 3.1.2
that the r, amplitudes are calculated via diagonalisation of the transformed Hamiltonian
matrix, where the Davidson algorithm?6'264 is used. The function DavidsonS provides
the possibility to compute single or multiple roots simultaneously (further details may be
found in ref. 207). An EOM-UCC calculation is preceded by a Configuration Interaction
with Single excitations (CIS) calculation, providing the initial guess for the single-excitation
amplitudes Ry, while all other amplitudes are set to zero. The EOM-UCC equations are
calculated in the function ContractionS. The scaling is kept as low as possible through the
definition of intermediates, calculated through the function HamiltonianIntermediatesS.
The R operators parameterising the EOM-UCC states are determined through the Davidson
algorithm. SubEOMCC then computes the excitation energy AFycc exc.-

The structure of the algorithms and functions used in the calculation of UCC ground- and
excited-state energies has been discussed; now further details on the implemented equations
are provided. Particular attention is given to the scaling of the terms, and the aforementioned
intermediate contractions are discussed in more detail.

The amplitude equations for the UCC2 and UCC3 approximations have been listed in
section 3.1.3, showing the different complexity of these two approaches. Here the focus
is placed on the implementation strategy, which should ensure the lowest scaling possible.
The UCC2 equations can be implemented following their written expression, as they are
constructed from two tensors at most. In addition, UCC3 involves contractions of three
tensors and some intermediate quantities need to be defined. This step-wise implementations
ensures a lower scaling and a cheaper computation in terms of time and memory. From here
on, the Einstein convention for sums over repeated indices is assumed.

The intermediate quantities given by contractions of &; and &9 are widely used in the UCC
equations; they are therefore defined as global variables in the main file of QCUMBRE and
their expressions are calculated by the function UCC3IntermediatesS. These intermediates
are

b bx _b b b b
Zab =04 051, Zig =04 gk, Ziabj = 05k Okir  Lijht = 045 O}l (4.3.1)

The correct scaling is achieved by defining some more intermediates for the UCC3 amplitude
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equations
—< illjk) o,
= (cbl|aj) of*,
l]ka—<b ||ka) f]d*7
UW Siqp; = (ial[bj) + [(ki\lcb>0}’£+<a6|ljk>0;§?*], (432)
1 1, cd -
UW Siju = §<2.7Hkl>+6<”"0d>‘7kl+ (cd||kl) o5,
1 1
UFSq = 3 (Kl||cb) o4 + = (ac\ |lk) ol
1 cdx
UFS;; == </<;]Hcd> akl 6<cd\|kz>ak;l .

These intermediates are directly calculated in the function in which the amplitude equations
are solved, CCAmplitudessS.
With these definitions, the amplitude equations for UCC3 read

1, .
ai = fai + (ajllib) ol + = <ab||l.7> +§<a1\|05>0’ <k‘J\|Zb> k—*(alHZk)Zkl
1 ac ca
+ L adllic) Zuao— Qi) 225+ 1) 28— S Wa Vol SRt (433
1
Z<alH]k> jklz"‘faba fng +f]bO—ZJ =0,

- g . e 1 . 31 .
Hapij = —P(ab) (kallji) o}, + P(ij) (ab|lic) o§ — P(ab)* (adl|ig) Zdb = P(ij) g (abllil) Zy;

+ P(i5) P(ab)UW Siaaioli + UW Spyijofy + = <ab||Cd> <ab||kl>2klij

— P(ab)UFdeUZ-j - P(ij)UFSﬂUil + (ab| ]zg) + P(ab)fbcaij — P(ij)fkjaf,f =0.
(4.3.4)

From this reformulation, it appears that UCC3 scales formally as CCSD, as the only term
scaling as ~ NNZ is the same particle-particle ladder term 3 (ab||cd) o Cd However, for the
terms scaling as ~ NJN3, besides the ones present for CCSD, P(zy)P(ab) (ak|lic) o b¢ and
P(z’j)P(ab)%<kl||cd>agk0;’ld, there is one more, P(ij)P (ab)%(ad||z’l>ag‘§l*a§’z UCCs3 there—
fore still scales as ~ N, though being more expensive than CCSD for the solution of the
amplitude equations.

Expressions for the iterative determination of the amplitudes are obtained from the am-
plitude equations H,; =0 and Habw = 0. By moving the diagonal part of eq. 4.3.3 and 4.3.4
to the right hand-side, the amplitudes of iteration n+1 are obtained from the amplitudes of
iteration n from

n . bln aln
O_{l[nJrl] _ Hz[zz'] _dlag[zbfabo'i[ } _Ej fijaj[ ]]

— , (4.3.5)
abfn1] _ H([lb]m—diag[ (ab)3_. fbcaac[" P(ig) S frjo "] (4.3.6)
* gi+ej—€q—€p ' o

Moving to the treatment of the excited states with UCC theory, the eigenvectors of the
transformed Hamiltonian in eq. 3.1.44 need to be determined in order to find the excitation



4.3. UCC GROUND- AND EXCITED-STATE ENERGIES 65

operator R, parameterising the excited state. For UCC2, the eigenvector equation for the
eigenvectors of the transformed Hamiltonian are

(2 (2 (2 1 1 - 1
AEGXCT;'I = H(J(Ld) g_Hl(i )Tla_'_Hl(ac%z + 2H(5lc%e il 2 l(m)zdrlm 4Hlilgcdzrli§l7 (437)

AEeXCr‘??’:P(z])Héb?ij rd — P(ab) Hyjp)r + HY)

abk zgcrk—i_P(ab) ( ) db P(U)H( ) ;llb

ad i
’ TN 438

+ H(b;e zg + H( )

Imij

7alm P(ab)P(kl)Hl(a;z ]lv

where H(™ indicates the transformed Hamiltonian truncated at order n. For UCC3 the
eigenvectors are determined from the following equations

1 2
l - 7Hl(m)7,drlm +- ngzlc)z cdzrlf:?v (439)

_ _ 1
AEeXCT;'l - Héz) zd_Hl(z‘?’)r?_'_Hl(sc%i H( ) 2

2 alde™i 4

AEeXCr‘-lb :P(zy)H(berZ - (ab)Hl(bz) T o+ H)

! e+ P(ab) HL)r® — P(ig) H{reh

ad zg lj
1)
+5 Habd

e’ ij

e - H“ P(ab)P(kl)HL)r%.

Imij rlm

(4.3.10)

The equations are very similar to the EOM-CCSD ones,?? but a few differences may be
noted. The three-body term H ,gllicdi is not present in standard CC theory; this might be
understood from the diagrammatic formalism, as no H term could possibly have four or
more lines below the vertex, except for the single two-body operator. The other difference to
standard EOM-CC theory is the absence of the contraction with Hoeevirt terms: the unitarily
transformed Hamiltonian is self-adjoint and therefore Hi, = H * =0 and Hmab H* abij = =0.

Furthermore, it has to be accounted for the correct truncatlon order of the transformed
Hamiltonian blocks. Their expressions at a given perturbation order are

_ R PR S | o
AL, = ailleb) o5+ {eallbg) 75" — (hil ) of — lial ) o + 5 Gacl |7k} 01" + 5 (i Ibe) o

1 C* 8 * 1 ca* - * ac
+ | {illmk) o+ edbc) i = 5 (Gl ) o + e o) | o

sbe

1 . ac 1 : a Ck
+ | 3 kit o35+ 3 acled) o5 — 5 ((kallid) o+ (hellid) o) o

Sc_llc*
1. ca _cd+ 1 dc _cdx cd _bdx 1 cbx _cd
—Z@deﬁ%zgkz - (za\|bl> O,k0kl — (ial|kc) o 0410kl —*<mHJd>Ukz Okl
N—— ~— ~— N——

Zda le Z}ZC Zbd

1 , . . *
— 7 {alllgb) o ot = (kelljb) oii" ot + (ikl[15) ooty + (adl|cb) oo
—— —— ——

ca
Zin Zik Zh Zde

+ 5 (kalbl) oo + (iclldj) ofi" ot
~—— ~——

Zilkj Zcbad

L\’JM—A

(4.3.11)
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7(3) a* abx 1 ab _bex
H;;” = fij+ (ikl|[ja) 0% + (ial|jk) o} + — <2kHab> ]k+ <ab\|ﬂf> i + 5 {icllal) oo

zge
1 . ab* be 1 abx abx __ab 1. . abx _ab
+§<alHJC> ik Ukz+8<ZmHkl> mOkl tg <k”|3m> Tim Ukl—§<ZmHJl>Ukz Tkm
——— H/—/ —— ————

i Zkljm Zimkl Zim

+ 5 Giclljb) ot off” = fo? = faic",
N—_——

Zcb
(4.3.12)
(3 . c N\ ek L, .. 1 cx \ _ca _cdx
A = fup+ (ail[be) of + (acl[bi) o — ~ (i]][be) 028 — = (ac]|if) o2 <kd\|by> o5t
4 4 . ,
Zda

1 : Ccox _C * ac C* *
— 3 {aillkdy ol o+ (Fdlleh) o ot + < (eall f) ol of+ o adbe) oo
—/—/ _/—/ —

ZJ l] ’Lj z]
Zbd Rijcb Rzgca ch
<kalljb> oo + fiao] + fajol,
N——
Zik
(4.3.13)
PI@'(ch),ajk (= (illlag) o)+ P(be)[>_ (ibl|ad) o (4.3.14)
l d
a8, = (cillab)+ P(ab) Y (cdl|aj) ol + - Z (cilljk) o9p* — fejole™, (4.3.15)
jd
f_fj(-,?m: <jk||ia)—|—P(jk)Z<ijzl Yyogbr 4 Z (bcl|ia) -g*+szag§*. (4.3.16)
b
1 (1
Hyjgy = GijlIkD),  Hiylog = {ablled). (4.3.17)
1 1 (1
ay) =Fy, B =F; B = (ia||bj). (4.3.18)

The computation of these matrix elements is performed in HamiltonianIntermediatesS.
Further intermediate quantities are needed to ensure a lower scaling, given by

1 abs et 1, ey .
Sy = i) osty + 3 {edllab) ot — - (Ll ha) ol + (il kb)),
szab7<abHCd> zja (4319)
Zabed = O.Za]b*o_lcjd

The terms of egs. 4.3.7-4.3.10 are calculated in ContractionS. Intermediate contractions are
needed for the three-body term, written as

H) rh = = (aklig) o5y il + (alllig) o5 it + (dallei) oy rif — (dal|bi) of*rgh =
Qjk —Qji Qe —Quap (4.3.20)

= —2(ak||ij) Q;k + 2 (dal|ci) Qe
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Diagrams 1: Diagrams describing the UCC energy; these are the same both in the UCC2 and UCC3
framework. The continuous lines depict the & operator, the dashed line with a cross is the Fock
operator, while the dashed line with two vertices symbolizes the operator V.

Voo Y VO ¥ ¥ MY
WO S0 %0 WV %Y
VA WA ¥x

Diagrams 2: Diagrams describing the UCC amplitude equation H,; = 0. The same conventions for
the operators as in diags. 1 are adopted. The red diagrams are those contributing to the UCC2
approximation, while all terms are needed for the UCC3 one.
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Diagrams 3: Diagrams describing the UCC amplitude equation H,;; = 0. The same conventions
for the operators as in diags. 1 are adopted. The red diagrams are those contributing to the UCC2
approximation, while all terms are needed for the UCC3 one.
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Diagrams 4: Diagrams of the contributions to the transformed Hamiltonian matrix element H;;. The
red diagrams contribute to the UCC2 element FI,-F/Z), while all diagrams contribute to the UCC3 block
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Diagrams 5: Diagrams of the contributions to the transformed Hamiltonian matrix element H,;,. The
red diagrams contribute to the UCC2 element H éi), while all diagrams contribute to the UCC3 block
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Diagrams 6: Diagrams of the contributions to the transformed Hamiltonian matrix elements for the

UCC3 method Ay, ;.

H l.(jlk)l, HLE,]?Z 4+ The corresponding elements for UCC2 are vanishing, as none of

these terms is of zeroth order, in order to satisfy Hi(boc)a it FII.(;?I, H ‘522 "
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Diagrams 7: Diagrams of the contributions to the transformed Hamiltonian matrix element F],-ab‘,-.
The red diagrams contribute to the UCC2 element H (2,)) - while all diagrams contribute to the UCC3

a
7(3)
block Hiabj.
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Diagrams 8: Diagrams of the contributions to the transformed Hamiltonian matrix element H_ ;.
The red diagrams contribute to the UCC2 element H C(l.la)b, while all diagrams contribute to the UCC3
block A%
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Diagrams 9: Diagrams of the contributions to the transformed Hamiltonian matrix element H ikia-
The red diagrams contribute to the UCC2 element H () while all diagrams contribute to the UCC3

Jkia®
7(2)
block H ikia
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The computational cost for a EOM-UCC3 calculation scales as for a EOM-CCSD cal-
culation, ~ N6. The solution of the UCC3 amplitude equation has the same scaling given
by the N1, N2. term, but it has one more N2 N3, term. However, the construction
of the similarity-transformed Hamiltonian matrix is more expensive than for EOM-CCSD,
as there are three additional terms scaling as NX N2 compared to the CCSD equa-
tions: in eq. 4.3.11, 1 (ed||bc) Jed*aaf and its adjoint % (ac||ed) o ]eldaff*, (ad||cby o chad,f* and
3 (ic||dj) ot od are the three most expensive terms.

In Diagrams 1-9, the diagrammatic representation of the UCC3 terms is shown, where

the red ones are those contributing to the lower-order UCC2 expressions.

4.4 ADC implementation

In ref. 160, the connection between ADC and UCC has been shown: the working equations
for the similarity-transformed Hamiltonian are the same, with the important difference that
the amplitudes in ADC are not determined iteratively through the amplitude equations,
but are provided by a perturbative approximation and are not modified during the whole
computation. In QCUMBRE, different flavours of ADC have been implemented. The ADC

b[2] af2]

amplitudes are computed by the function AdcAmplitudes, and Ufj is named t82, and o;

tS1, respectively. The leading contribution ijbm is named tS and calculated with the MP2
initial guess.
For the strict version of ADC2, the transformed Hamiltonian blocks have the same ex-

pression as for UCC2. However, the amplitudes are given by the MP2 guess
(abllig)

@ — ab . 4.4.1
i ’ Tij Eit+Ej—Eq—¢&p ( )

A modified version of ADC2-strict is ADC2-x, a variation defined not to improve the de-
scription of the single-excited states but to give a diagnostic for the double-excited ones.?6?
In this case, the transformed Hamiltonian matrix has an additional first-order contribution
in the doubles-doubles block, with the form

M2 M
M = et SD 4.4.2
APCE) <M§g M+ (44.2)
where the additional part is given by the term
Cc(dl);sl,a’b’k’l’ :5kk’5ll’ <ab| |a'b'> + 5aa’5bb’ <k‘l| |k‘/l/> — P(a,b/)P(kJ,l,)(5bb/5”/ <ak"| |a'k‘> (4 A 3)

+ Oppy Ot <6Ll/| ‘a’l> Oaa’ Ol <b]€,’ |b/k‘> + Oga Okk! <bl/| |b,l>)

The ADC3 amplitudes are obtained through perturbation theory: of has only a second-order
contribution, while of; b has both a first- and a second-order part.

U?jb[l] T & +<6a<b!?>—e ’ (4.4.4)
7 J a b
(1] blled Cd[l] < kH . > I?C[l]
ab[2] _ 1 <kl‘|2‘7>o-kl 1 <(L ||C > P(ii\P b a 1c Ujk
i 2%:51—1—5] Ea—eb+2%gz+5] Ea—€b+ (i) (a)%:firi-efj—&a—&b’
(4.4.5)
al2] _ 1 M _ M 4.4
ORIV et N e (1.4
Jjbe jkb
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In the construction of the Hamiltonian matrix elements, attention must be paid to the correct
inclusion of the amplitudes to the right order. To clarify this statement, two terms of the
H;; block are discussed as an example:

72 (ik|lab) oy —— Z (ik]ab) (o5 + o9,
kab kab

- ab bc* ab[1] bc*[l
Z (ic||al) ZU T —— 22 (ic||al) ZO’ :

lac

(4.4.7)

The equations for the determination of the ADC3 excited states are written with the same
terms as the equations for the calculation of the UCC3 excited states. The difference between
the two methods is given by the amplitudes 6; and &2 used.

4.4.1 Validation

The implementation for the zero-field case has been validated by comparing the results on
some test molecules with results by the authors of ref. 160, both for the ground state and
the excited states. As an intermediate debugging step, the results of the ADC2 and ADC3
implementation have been compared to those by Liu et al. The QCUMBRE implementation is
also able to exploit point-group symmetry; its correctness has been validated by checking the
consistency of the results when calculating molecular systems of higher symmetry without
symmetry and with various Abelian subgroups.

As the implementation in a complex code in the presence of an external magnetic field
is a new development of the theory, the validation needs to account for correct results in the
case of a complex Hamiltonian. The finite-field Hamiltonian itself was already implemented
in the QCUMBRE package and tested extensively for all methods. The correct treatment of
complex values in UCC has been validated by ensuring the Hermiticity of each part of the
implemented equations to hold.

4.5 Response properties implementation

As stated in the theory chapter 2, the calculation of molecular properties is of major im-
portance for the application of an electronic-structure method, as these are quite easily
comparable with experiment. Therefore, not only the energy for ground and excited states,
but also single-state and transition properties were implemented in QCUMBRE in the present
work.

4.5.1 Ground-state dipole moments UCC2

The following discussion focuses on the implementation of the Lagrange method for the cal-
culation of ground-state dipole moments. From sec. 3.2.1, the Lagrange functional considered
for ground-state properties is

PLucc = (0| H|0)+ (0] AH |0) + (0| HAT|0), (4.5.1)

where A are the Lagrange multipliers imposing the amplitude equations as constraints. In
Flowchart 4, the calculation of ground-state dipole moments with UCC in (QCUMBRE is
shown.



SubCCProp
Prop=2

LinSolvS instr=lambda

) B ) Con’EraCI:ionS ) . no— n+1
e
g (01 H [0) + 50— (0| ATV H [0) + 52~ (0] HA™1|0)

A(n+1) Converged?

yes = Z

DensMat1CCS
calculate p

‘ Prop1CCS |

m= qu PpgHpq

Flowchart 4: Flowchart illustrating how ground-state response properties are calculated in
QCUMBRE.
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In order to compute dipole moments with the response-theory approach, the keyword
prop=2 is passed to the function SubCCProp. The so-called A-equations are solved itera-
tively, through the already explained solver LinSolvS. The instruction lambda, passed to
the solver, allows to access the A-equations, which are calculated in ContractionS. Once the
Lagrange multipliers are converged, the density matrix p is computed through the function
DensMat1CCS. The final result for the dipole moment p =}, tpqppq is given by exploiting
the function Prop1CCS, which contracts the density matrix with the dipole integrals obtained
by means of a CFOUR calculation.

A deeper understanding of the implementation may be gained by analysing the single
terms in the equations, thereby focusing on efficiency. Once more, intermediates are ex-
ploited, giving a step-wise calculation of the terms which allows to keep the scaling as low
as possible.

For single-state properties, the discussion should start from the implementation of the
Lagrange functional for the ground state. The stationarity condition in eq. 3.2.3 is

0L OE OHy
0. = B0 Z)\ Z/\ : (4.5.2)

Differentiation with respect to the single-excitation amplitudes provides the first stationarity
condition

0%
oo¢,

Differentiation with respect to the double-excitation amplitudes yields the second stationarity
condition

=(f+u-)me+ Ay (f +11-)ae = A (f +11-€)im = 0. (4.5.3)

8(2.55 —§<mn||ef>+ PN, {anllef) — T P(ef)N] (nmlic) + L Plef) P(mn) X, F
+3 (5 S tmnllid) + 332, (abllef) + Plef) Plmn) e, anllif)

ij
P(ef)(f +p-e)p X, — P(mn)(f+u-g)nj)\f,{j) —0.
(4.5.4)

For dipole moments, the differentiation is performed at e =0. As f,; =0, while fq, and f;;
are diagonal: the iterative procedure returns Ay =0 Vi,a from eq. 4.5.3. Substituting this
result in eq. 4.5.4, the amplitude equation for Ao becomes

& (mnllef) + (ZA (mnllig) + = ZA (@llef) + P(ef)Plnm) A5 (i)

P(e) S0 + it = Plmn) S+ -y ) = 0.
b J
(4.5.5)

Multiplying by a factor 8 and introducing the new variable A = 2, it can be observed that an
equation identical in form to the double-excitation amplitude equation for UCC2 is obtained

<mn||ef>+%Zij (mnl|ij) + 5 ZA‘”’ (abllef) + P(ef)P(mn) Y X5, (an|lif)
R ) w (4.5.6)
Plef)d (f+n-e)ppXit, —P(mn)Z(f—l—u-s)nj)\f,{j =

b J
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Therefore, \ is equal to o*, implying A = %O'*. In the particular case of a field-free UCC2
calculation, the response-theory approach delivers the same result as in ref. 59, where the
expectation value of the dipole moment is considered. Note that this is not a general result,
but is a peculiarity of this low approximation order.

The expressions of stationarity conditions are calculated in ContractionS. The diagonal
part of eq. 4.5.3 and 4.5.4 is isolated and the A-amplitudes are computed through the same
iterative procedure as used for the UCC amplitudes in eqgs. 4.3.5-4.3.6, exploiting the DIIS
algorithm.?6? The initial guess provided to the solver is the inhomogeneous part of eq. 4.5.6,
(mnllef).

The stationarity condition oL

=
do,

=( is not discussed, as the Hermitian form of the Lagrange

functional leads to the symmetry gj{ = (%
I M

which are the adjoints of egs. 4.5.3-4.5.4. The set of Lagrange multipliers is therefore well-
defined and satisfies both stationarity conditions.

Once the Lagrange multipliers A, are calculated, the ground-state dipole moment is ob-
tained through partial differentiation of the Lagrangian, as in eq. 3.2.6. The final expression
of the dipole moment is

)" = 0; this property defines the \*-equations

[t =i + 11aio ™ + N (ftai + papo? — pijo) + A (pia + (b0l — jio;")

ac* abx

1 1 ES £ %
+ ZA%b(ubca?f — JacOl§ — i o + trioth) + Z/\?Jb (BebO™ = peatls™ — HjkoR™ + piko§e).-
(4.5.7)

Dipole moments may be expressed as p = fipqppq, Where p is the one-electron density matrix.
It is advantageous to have an expression for the density matrix, as the latter can be used
for the determination of all one-electron properties expressed in general as X =3, Zpqppq-
The density matrix has the following matrix elements

pia =0 FNF NG pai = Py, (4.5.8)
* Q% 1 b __ab 1 bx _abx
pij = —ASOG = AT = S NgiOki — 5 Ak Tk (4.5.9)
1 1
Pap = Aol + A0 4 ixggag]’? + 5A§§*a;?;*. (4.5.10)

In this work, response theory is compared to the so-called expectation-value approach. This
terminology is used to indicate the results obtained from eqs. 4.5.8-4.5.10, with A = 0, cor-
responding to the partial differentiation of the energy. Note that in ref. 248 the expectation
value of the dipole moment operator is calculated with a BCH expansion, which does not
correspond to the expansion in the energy expression. This approach is motivated by the
fact that the dipole-moment operator does not provide cancellation relations leading to the
Bernoulli expansion, based on the amplitude equations. It can be argued that the definition
of the property operators should be connected to the differentiation of the energy expression.
Thus, here the Bernoulli expansion is adopted for the expectaion-value calculations.

The dipole integrals are calculated by CFOUR and passed to QCUMBRE; the density
matrices are computed in DensMat1CCS. They are contracted with the dipole integrals by
the routine PropiCCS. For UCC, only wunrelazed dipole moments are calculated, meaning
that it is here neglected that also the HF orbitals respond to the perturbation.

4.5.2 Ground-state dipole moments UCC3

The code structure for UCC3 is the same as for UCC2, but the equations are more involved,
due to the higher number of terms which need to be differentiated. Differentiating the UCC3
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Lagrangian with respect to the single-excitation amplitudes, the first stationarity condition
is obtained

0%
oo

= (f 4 2ia+ X5 (billja) + N (F +p-)oa = NG (F +p-€)50
) . (4.5.11)
+ 4<—2A§z (ibl | k) + 2% (bc||ja>) + 5 AT (ball7i)" =0.

Differentiation with respect to the double-excitation amplitudes yields the second stationarity
condition

oL 1, e g ab
90 2 (ijllab) + P(ij) A (cillab) — P(ab)X}, (jillka) — P(if) Xf (cjl|lk) o
1] ijk
+ P(ab) X, (cd)|kb) o™ — P(i5) P(ab) A}, (cj||Uk) o™ + P(ab) P(if) XS (cd||bk) ol
%,_/ H—/ . —_—
T Tjcwt T1apk

1 . \va . chx cd* 1 c *
— 1 P(ab) Pif) X (cllIk) o + (cd|[kb) o7") +5 P(ab) Ay (cd] [ka) o7

ﬁ_/
Slbj S'Lntzjka
1 .. c . abx . a 1 ab /: - 1 cd
— L P(T) X (K)o + Pab) P fy SN G7IM) + A (edab)
—_———

Tijik

o ac - 2 _ ab cd -
P(ab) P(if) A5 (cj||kb) + = P (i) P(ab) A (kjl|cb) o +— )‘k?ak?@JHCCD
3 —_——— 6 —_——
STa; SI;

klij
cd chb _cd ;- 1 ad
)\ Ukl <kl”ab> - *P(ab) Nl oki (i) lad) — *P(ab))\i (k]| cb) Ukl
H/—’ N—— 3 ———
LSijkt LSpa Sintap

| T ,
— < P(ig) Mo (jll|ba) — 2 Pif) AR (killed) off +5 P(i5) P(ab) A {cd| kD) o' (4.5.12)

LS;; Slntlj SI]*bck

1 1 1
+ A (ed| |k o+ M (ed|[Kl) o™ — —P(ab) Ay (cd|[kl) o™
12 R J_12.Y , 6 H_/

Slijri LIijx Llyq
]. .. c a* 1 .. a cdx ]- a CcO*
_EP(U))‘I@ <Cd\|kl> ; —6P(ZJ)/\ilb <Cdel>0k§l _Ep(ab))‘ijd<6d‘|kl>0kll)
LI; Sint].l Sintp,

+ P(ab) fa XS — P(if) fx\ep

+ ( — P(i§) X (cl||kj) 028 4+ P(ab) A (bd||ck) o — P(ab)P(ij) X (all|ik) agl
— — —

le Tbc Tlaci

P(ab)P(ij) i, (cal |di) Jk—*P(ab)Aiv;’élﬂalller 5 P i) X{ofi ab||ic)
—_——— —— ~ _

Tlkadi LSy LS.;
c N T | cved a .
+ Mo (akaC) X (cl|if) o +§P(ab)P(ZJ) ilod? (cb||k)
H/—/ N——— N——

LSijkc Tklij Lskcai
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1 . “
)‘kl o (abl kL) + — A (cd|lig) ofif — = P(ab) Aj (cbl|Kkl) o?f
\\/_/ %,—/ 6 ————
LSg1ij Llkiij LIy

]. .. C . ]- cd cd i
—*P(U))\kcll@deJ)U' P(ij) A\ z% <ab’|ll>—*P(ab))\ g (ad||lj>> =0.
6 ~————— 6 —— N——
LI; LSy; LSqp

In order to keep the scaling of these equations as low as possible, the implementation of the
terms in eq. 4.5.2 is performed by defining intermediate quantities, which are directly listed
in the equation. The algorithm for the calculation of the ground-state dipole moments for
UCC3 is the same as the one described for UCC2. Rearrangement of the equation leads to
the computation of the set of Lagrange parameters.

The partial differentiation of the UCC3 Lagrangian yields the same density matrices
as for UCC2 (egs. 4.5.8-4.5.10), calculated in DensMat1CCS. Contracting with the dipole
moment integrals calculated by CFOUR, the UCC3 dipole moments can be computed.

4.5.3 Excited-states dipole moments with UCC2

Calculation of excited-state dipole moments is performed by the function SubEOMProp, whose
structure is shown in Flowchart 5. The keyword prop=2 ensures that the response-theory
approach is exploited. For the implementation of the terms contributing to the stationarity
condition in eq. 3.2.4, the equation is split into a homogeneous and an inhomogeneous part,
giving

0%vucc

5, = (0l R == O 5, 10 +(012 S’HH <0|fZT 0). (4.5.13)
opu Opu

inhomog. homog.

This partition is motivated by the fact that the inhomogeneous part does not depend on the
Lagrange multipliers and is therefore calculated outside the iterative procedure solving for the
¢ parameters. The function ContractionZetaS computes the differentiated inhomogeneous
term (0] RT%R |0). The listed instructions left=right, freq=0 specify that a single-state
property is bging targeted.

The Z-equations are then solved iteratively, through the solver LinSolvS. The instruction
instr=Zvec allows the solver to call the function ContractionZvecS, where the homogeneous
part of the stationarity condition in eq. 4.5.13 is computed. Once the Lagrange multipliers
have been determined iteratively, the density matrix for the excited state is computed: the
function DensMat1EOM_UCC computes the }?{—dependent part of the density matrices, while the
function DensMat1InterS_UCC computes the Z—dependent part. Finally, the dipole moments
are computed by contracting the dipole integrals obtained from the CFOUR calculation with
the density matrix. This step is performed by the function Prop1CCS.

A full understanding of the complexity of the implementation can be gained by analysing
the equations in full detail. A complete discussion of the implemented terms follows, also
focusing on the intermediates which need to be defined in order to ensure a low scal-
ing.



ContractionZetaS

SubEOMProp (left=right, freq=0)
Prop=2 ao- (0| RTHR|0)

LinSolvS instr=Zvec
ContractionZvecS
(left=right, freq=0) no— n—+1
50 (012" H |0) +
g (0| HZ™T|0)
I}
Z(n+1) ——>< Converged?
yes = Z

DensMat1EOM_UCC
(transition=false,
response=true,
right=left)
R-dependent part in p

DensMatlInterS_UCC
Z-dependent part in p

‘ Prop1CCS |

w= qu Ppglpq

Flowchart 5: Flowchart illustrating how single-state excited-state response properties are
calculated in QCUMBRE.
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Excited-state dipole moments are obtained by differentiating the Lagrangian in eq. 3.2.3
and imposing the stationarity conditions in eqs. 3.2.4 and 3.2.5. The differentiation of the
amplitude equations is the same as discussed for the ground-state dipole moments. The term
(0] RTHR|0) can be split into a ground-state contribution, already calculated, and the one
specific for the excited state

(0| RTHR|0) = (0| RT[H, R] |0) + (0] H |0). (4.5.14)
The additional term which needs to be differentiated yields

0(0| R'[H, R}|0)
Jot,

_fm 1“ 7' —fwT'?: ?7 (4'5'15)

90 R, R]J0) _

- a*,.c 1
ab P(ab) (ij||eb) ri*ri — P(ij) (kjllab) riri
do ij —— 2 ——
. fiea i (4.5.16)
+ 5 P(ig)P(ab) (killeb) i ri™ = P(ij) fieriy*ri, = P(ab) fi 7357 -
N——— - —_ N —
Rij RRabcj _RRijka

These terms are calculated in ContractionZetaS in QCUMBRE.
= 0, adding the contributions in eqs. 4.5.3

and 4.5.15, and gifb =0, adding the contrlbutlons in egs. 4.5.4 and 4.5.16. The Z operator
ij

is determined in an iterative procedure using the solver in LinSolv, with the same strategy
as for the o-amplitudes: the diagonal part of the (-equations is isolated and an expression
for its amplitudes defined.

Once the Z operator has been determined, the dipole moments are calculated via the
expressions obtained by partial differentiation of the Lagrangian. An additional term Apuy
needs to be calculated on top of the contributions already calculated for the ground-state
dipole moment, given by

aw _or
00| RI[H, Ri)|0) . . .
A =29 1[65 : L e ((Mab—ujbff?—ﬂajff? )i — (g + 1007 + pio )1
1 . 1 . 1ol o
+ 5 (Has3frid = S sl ) a)+4rff (P (ot = Plab) ey (45.17)

+ 2(”(10 - Nkcgz Mtlko-k ) Q(Nk] + /Jfkco' + tej Uk; ) ?]?)

The one-electron density matrices are formulated

1 1
pm:ag_’_gg* +Cb ab _ bx 5) ?—T‘b*O'aTb-i- sz*o_f’gra+ Tbi*UCsz

J 27 27
. __ra_a _ ax a*il ab abil abx __abx 71 abx_.ab (4518)
Pij = ‘O-j 7 0; 9 k]o-kz 9 ki Ukj ’f’] T 2rk] Tk s

1
Dab —CaO'b—i-Cb*O'a*—l- Ccao_cb+ ch* Ca*+Ta*7”b+ 27,(10* fjc

The expressions corresponding to ugs are calculated in DensMat1InterS_UCC, while the Apuy
part is included in DensMat1EOM_UCC.
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4.5.4 Excited-state dipole moments with UCC3

Going to UCC3, the structure of the calculation of excited-state dipole moments is the
same as the one shown in Flowchart 4 for UCC2. The detailed equations, however, are
more involved and a detailed discussion of the additional terms arising at this order of
approximation is given hereafter.

As for UCC2, the inhomogeneous part of eq. 4.5.13 needs to be implemented. The
expression is quite lengthy and has to be factorised with intermediates, in order to keep the
scaling as low as possible. Equations for the singles amplitude ¢;* are found by imposing the
sum of eq. 4.5.11 and of the following expression to vanish

8 (0| RY[H, Ry]|0)

= (15" (ellba) = fin 15" ) =ri(Gillka) 78+ Fia 1"

oo} N N
RRp RRpq RR}” RRZ] (45 19)
+({ejlab)re® — (i |kb)ri*)r.
—— —— .
RL(:(’, Rle

Equations for the amplitudes ijb are defined by ensuring that the sum of eq. 4.5.2 and of
the following differentiation vanishes

(0| RYH, Ry]|0)

1 .. .. * * ax .C
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N——
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—2P(ab)(kc|la)of* +2P(ab)(ce||ad) of* +2  (jcl|dI) Yrerd
Lljkb Ryila Llcida RS,]J‘(.}) LRkljc%

1 .. . Qk ad*x C*
=5 (PGj) (cillkd) of*+P(ab)  (clllkb) off™)ritri+
N—_—— N——

RL:,—RLR], RL;,—RLR;,

+ (P(ab)P(ig) (djlleb) i +(ijllel) rfi" = Pij)fie 13 )i (4.5.20)
S~~~ ~~ ~— .
RRgqci RRaper RRab(:J‘

— (P(ab)P(i5) (kjll1b) rif* + (kdllab) rif* +P(ab)fw rif* )i
RRyika RRijkd 7RR1‘\7‘1€“
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The terms dyed with the same colour are contracted to form the intermediates of the corre-
sponding colour: the red terms are contracted as well as the blue ones; the arrows between
two intermediates stand for a contraction of the intermediate on the left with the term of the
same colour of the final intermediate. As an example, the following term can be discussed

L. . as or
=5 (P(ig) (cjllkd) oy yrirf. (4.5.21)

RL,

— RLR},

The integral in red, (cj||kd), is contracted with the R amplitude in red, ri*, to yield the
intermediate quantity in red, RLZ‘lj. This intermediate is contracted with the R amplitude in
blue, rﬁ to give the intermediate quantity in blue, RLR};. This stepwise contraction scheme
allows to keep the scaling of the equations as low as possible.

The terms in eq. 4.5.20 are calculated in the subroutine ContractionZetaS. The (,
are obtained by solving the linear system with the solver in LinSolvS. With the obtained
Lagrange parameters, the excited-state density matrices are computed, which have the same
expression as for UCC2 (eq. 4.5.18).

After the calculation of the excited state eigenvectors, response properties are com-
puted with the input keyword properties=2. The inhomogeneous part of the Z-equation,
% (0| RTHR|0), is first calculated and provides the initial guess to the solver. For the

ground state, the inhomogeneous part is given only by 3%;1 (0| H|0). The terms obtained
from the differentiation of the amplitude equations are added to the inhomogeneous part of
the equation and the (,-amplitudes converged iteratively. Afterwards the density matrices
can be computed and contracted with the dipole integrals to obtain the dipole moments.
Flowchart 5 displays this algorithm in QCUMBRE.

4.5.5 Transition dipole moments with UCC2

At first, transitions between two excited states are discussed; the special case of transitions
from the ground state are treated at the end of this section. In Flowchart 6, the algorithm for
the calculation of transition dipole moments in the case of UCC2 is displayed. The function
SubEOMProp is called with the keyword prop=2, which ensures that response theory is used.
Recalling the structure of eq. 3.2.18, two stationarity conditions are needed, determining
the Z ri and the Z; ¢ multipliers, respectively. Analogously to the calculation of excited-state
dipole moments, the stationarity conditions may be divided into an inhomogeneous and a
homogenous part.
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Flowchart 6: Flowchart illustrating how transition dipole moments between two excited
states are calculated with UCC2 in QCUMBRE.



82 CHAPTER 4. IMPLEMENTATION

The inhomogeneous parts (0|Rf 5ol R |0) and <O|Rl ao Rf|0> are both calcu-

lated by the function ContractlonZetaS called once with the 1nstruct10n left, right,
freq=wy; and once with the instruction right, left, freq=—wy;, respectively.
It was discussed in sec. 3.2.1 that the stationarity conditions for the UCC2 method are
decoupled, i.e. they can be solved separately. In QCUMBRE, first the solver LinSolvS is
called to calculate Z ti: the homogenous part of its defining equation is calculated with the
function ContractionZvecS. After reaching convergence, LinSolv$ is called once more to
solve for the multipliers Z; , calculating the corresponding homogeneous part exploiting once
again ContractionZvecS. Having found both sets of Lagrange multipliers, the den81ty ma-
trix of the transition can be computed. The part dependent on the operators R; and Rf is
computed through the function DensMat1_UCC, to which the instructions transition and
response are conveyed. The function DensMat1ZetaThetaS adds the density-matrix terms
which depend on the Lagrange mulitpliers. Finally, the function Prop1CCS contracts the
calculated density matrix with the dipole integrals provided by CFOUR. The structure of
the algorithm has been explained, in order to give an overview over the implementation of
the transition dipole moments in QCUMBRE. A more complete discussion it possible via an
analysis of the implemented terms. Therefore, the discussion now becomes more technical
and is concerned with the implementation of the discussed equations.

Its time-dependent form, imposed as constraint in the Lagrangian in eq. 3.2.18, is

A

(e (H —i=)e%"|0) = 0. (4.5.22)

The terms which contribute on top of those discussed in the excited-state dipole case, coming
from the time-independent Schrodinger equation, are computed by expanding the exponen-
tial operators in a Taylor series.

L@—sM)@E—s")

5 (6—56")(6—-6M)]]0), (4.5.23)

(pl H|0)=i(u|[1—(6-6")+
where H = e~ (=" f1e7=5" is the unitarily transformed Hamiltonian, truncated at the UCC2
level of theory.

The single-excitation operator &1 is second order in perturbation theory; the double-
excitation one & is first order. Only operator combinations up to second order may con-
tribute in the UCC2 amplitude equation: &1, (ﬂ, b9, 6;, 69209, 6;&2, 62&; 6;&;. The only
possible contributions are given by &1, 9, as the remaining combinations cannot match the
excitation level of the single- or double-excitation amplitude equations (®; and P9 are the
single- and double-excited projection manifold)

061

(1] H|0) = 1(®1] -5~ 10) (4.5.24)

802

(2] H|0) = 1(D2] —5.-10). (4.5.25)

For the UCC2 truncation scheme, the Lagrangian is

pt —(6—6") 7y 6—6" pH iwss At iw it B
Lgi ={ (0| Rle™ T~V He % Rie™ri*0) )7 — Qp{(0] Rje™ " B |0) } 7
. 96 o6t P (4.5.26)
+{<0\Zfi(w)(H—’L*) 10} } +{(0] (HH(T) Zi(w)|0)}r.
The transition dipole moment can be defined by the partial derivative of the functional in
eq. 4.5.26 with respect to the perturbation, at the specific frequency wy;, corresponding to
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the energy difference of the two states (resonance condition)

ety = LR 0+ (00 ZyteordilO b+ (0 A2 ) Oy (4527)

Considering a perturbation oscillating with frequency wy;, fi ~ e~ ™rit time averaging selects

only the components Z ri(wp) ~ it and ij(wfi) ~ e™rit while all other contributions
oscillating with a different frequency are averaged out.
Recalling the definition of the Z¢; and Z;y amplitudes as in eq. 3.2.19, the stationarity

. 0L s 0Ly,
conditions ACT =0 and 7@9 o) = = 0 return the UCC amplitude equations, which are

already satisfied. Stationarity Wlth respect to the amplitudes o, (wys;) ~ e~ leads to the
determination of the (,(wy;) coefficients,

0Ly
doy,

~ LO ) 5o R 0) -+ (0] 2y 0} + {01 S 2y o) 0

) 0 06
—i{{0] Zfi(wfi)ga |0)}7=0.
o

(4.5.28)

It can be observed that in the last term, the time averaging selects o ~ e~ ™rit,

Stationarity with respect to o7, (wy;) ~ e~wrsil Jeads to equations for the determination of
0, (wp:)
0Ly i 5 OH .
Ot ({01 Rl 2L e 0) -+ (00 Zpe) o 0D+ 4001 2 2o 0
0o do}, 0o 0
a a a (4.5.29)

vl 86; 2o 0}z =0,

In the last term, time averaging selects of ~ e=rit,

From this analysis, the stationarity conditions are

oLy TaH oy oH OH o4

5o = {(0| &} Re 03+ (01 Zpilwyi) 5~ 00+ Ol Zip @10 2
—wfi<0|Zfi(wfi)@|0>):

0Ly T@H iwpit OH
— {(0| &}, RefZO +((01 Zyi(wyi wri) |0

5ot =10 007+ (01 Zieosi) 5 10) + (01 Zly (i) 1) (4.5.31)

Twr <0’@Zz‘f(wfi) 10)) =

For a Hermitian theory, eq. 2.8.48 must hold, implying %(’il Tor
u

o o of
= (001 B Ry 0]+ (0] Ziging) 5 10)+ (0 522 25 ) 0
O 3

—wif (0] Zif(wif)Tu 0)) =

which is satisfied by the formulation in eq. 4.5.26 of the Lagrange functional.

The stationarity condition in eq. 4.5.30 is divided into a homogeneous and an inhomo-
geneous part. The inhomogeneous part, consisting of the first term in the first line and the
second term in the second line, is calculated in ContractionZetaS. The first term is the
same as for the excited-state dipole moments, where the R operators correspond to the two

0Ly

do,, (4.5.32)



84 CHAPTER 4. IMPLEMENTATION

different states between which the transition is considered. The solution of eq. 4.5.30 leads
to the determination of Z;; the DIIS algorithm is used.?6 The initial guess provided for the
vector of Lagrange multipliers is the inhomogeneous part of the equation.

T

Eq. 4.5.31 determines the Lagrange multipliers Zl.f. From a computational point of

view, however, it is preferred to calculate the amplitudes of Z; ¢ via eq. 4.5.32. Therefore,
the second set of Lagrange multipliers Zz ¢ is obtained through the same function as A iy
changing the order of the states and the sign of the transition energy in the input. As the
two stationarity conditions are decoupled, they are each calculated independently via the
solver in LinSolvS.

Once the Lagrange multipliers have been determined, the transition dipole moments are
computed through the transition densities

Pia = 08" + CJI-’U?}’ - t?-* afr? — t?»*a}lrf + %tﬁ*af]gr? + %t?i*a%rf,

Pai = (' + 9?*0?}’* - t?af*r?* — té’-a}’*rf* + %t?iafg*r?* + %tg-fcaﬁ*r?*, (5.3
iy = Gl — 050t — (ot — O ol et — Lol B
pab = (ol +07 08 + %c@%gf + %ijb*aff* +rirl+ ét?f*rfj.

The character t is employed for the excitation amplitudes of the left state. These expressions
are calculated in DensMat1EOM_UCC, where the option transition=true allows to consider
two different states as left and right states in the transition.

4.5.6 Transition dipole moments with UCC3

It was discussed in sec. 3.2.1 that the stationarity conditions coming from the Lagrangian
for the computation of transition dipole moments in the UCC3 approximation are coupled,
while they are not coupled in the UCC2 framework. Therefore, the calculation of UCC3
transition dipole moments follows a different scheme, shown in Flowchart 7. The inhomo-
geneous parts of the stationarity conditions are calculated through two calls of the function
ContractionZetaS, one for the ¥; — W, transition and one for the ¥y — W; one. The
iterative solution of the equations for 7 i and 7 ¢ is complicated by the fact that the equa-
tions are coupled. The algorithm for the calculation of UCC3 transition moments consists
of a complicated loop structure: the first loop contains in each macroiteration another loop
structure, consisting of microiterations. This algorithm is visualised in Flowchart 7:

1. the inhomogeneous parts are calculated as before in ContractionZetaS;

(n+1)

2. in each macroiteration m, LinSolvS is called to determine 7 P function of Z{™

fl7m
and Zz(;})m (instr=Zvec_trans). The stationarity equation is the sum of the inhomoge-
nous part and of the homogeneous one, the latter calculated with ContractionZvecs,

with a transition frequency wy;;

Z(n+1)

ifm > i function of
b

3. in the same macroiteration m, LinSolvS is called to determine

(n)

the newly computed A fim+1 and Zl?m (instr=Zvec_transb). The homogeneous part
of the stationarity condition is provided by ContractionZvecS, where the order of the
states is reverted and the transition frequency set to w;y.
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4. at the end of the macroiteration, the differences |Z Fimtl — A i, m‘ and |Z

7,f m+1 — sz m
are calculated; if at least one of the two parameters Z ri and Z; # is not converged, the
algorithm proceeds to the next macroiteration.

The computation of the density-matrix elements needed for the transition dipole moments
is performed with the same procedure described before for UCC2. The part of the density
matrix dependent on R; and Rf is calculated via the function DensMat1EOM_UCC, while
the part of the density matrices depending on the Lagrange multipliers is calculated by
DensMat1ZetaThetaS. The function Prop1CCS contracts the density matrix with the dipole
integrals provided by the CFOUR calculation.

The discussed overview is needed to give a general understanding of the challenges of the
UCC implementation. The full details of the implemented equations is presented hereafter,
focusing on the particular challenges this approximation order brings to the computation

W FE10) = (ul[L~ (6~ 67+ 56— 1) (6~ 67) = £ (6~ 61 (6~ T) (6 47
o.. . 1, .0 . 1, s i .
AR R R R R R CRT I CRE [
1, . 1 . 1 Afvia oA
=i (5~ 1)~ 3 (6~ 61)(6 —61) + 5 (6~ 6)(6 ~ 6) + (6~ 6T) (6~ 6T)(5 ~4T)
O DI G R R DGR DIV

(4.5.34)

where H is the transformed Hamiltonian truncated following the UCC3 scheme. Operator

combinations up to third order are 61, 69, 6162, 626259 and all combination of their adjoint
operators.

(1] F110) =i (@111 [0) + 5 (@]~ 6] (51)52(0) + 6] (0)32(w052)0) =
(4.5.35)

A Wi A A A A
wpi (B1]6110) + 5 (1161 (0)62(wsi) — &1 (07:)2(0) 0)

For the projection on a doubly-excited determinant, the only two combinations up to third-
order are 0';0'20'2 and 0'20';0'2

_ o A DU BT S
(®g| H |0) =i (®g| 64 [0) — i (Dy 6"502"2 — 2636960+ éagam 0)

. ) s (4.5.36)
. s ata o ta o at
—i(Po| 026962 — =G20952 + = G2650210) .
6 3 6
The amplitudes can be expressed through their Fourier expansion
o= Za(wk)e_i“”“t o = Za(wk)*ei‘”’“t (4.5.37)
k k
66t =" 6(wp)o T (w))e MWkt (4.5.38)

kl
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Flowchart 7: Flowchart illustrating how transition dipole moments between two excited
states are calculated with UCC3 in QCUMBRE.
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Considering that differentiation is performed with respect to o, (wy;), the only relevant
terms are

— . . ) 1.5, . 1.+, . 1 4+ .
(Po| H0) =i (Do| b2 ]0) —i (Do 6050202 - gagagag + gagagag |0)

. 1, .+, 1. .+. 1. 4.
— i (Do 6020;02 — 702(7;02 + 6020;02 |0) =

3
R 1, R 1, R 1, R
= wyi (P2|G2(wyi) 602(%2)0;(0)02(0) + 302(0)05(%2)02(0) - 60'2(0)05(0)02(%2)
1, . 1, . 1, .
— 502(@71)85(0)62(0) + 562(0)6% (wi)52(0) — £62(0)63(0)F2(wyi) 0)
(4.5.39)
The terms entering the stationarity condition may be listed here
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————
TLSg;

As a final comment on the discussion on transition dipole moments, it has to be noted
that in the literature the transition moments are obtained from the calculation of residues
of the response functions.?” However, this study has not dealt with the formulation of a
response function for UCC properties. From preliminary considerations it is very likely that
the poles do not correspond to the excitation energies (as is the case for the CC response
function). This chapter will refrain from further discussions on the pole structure of the
UCC response function, as these go beyond the aims of the present investigation.
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4.5.7 Transitions from the ground state with UCC

The discussed implementation applies to transitions between two excited states. Transitions
from and to the ground state are described by the modified Lagrange functionals in eq. 3.2.24-
3.2.23. Here, the case R = 11is discussed, as the opposite transition is obtained by the adjoint
Lagrangian.

The first term, <0|e_(6_6T)H 6-6"R; |0) has the same form as (0]e~(°~ N fet—o" 71 |0),
which was discussed as a constraint in the previous sections. Differentiation with respect
to & and &1 gives the same terms as for the adjoint of the amplitude equation, with the
replacement of the f-amplitudes with the r-amplitudes. Their computation is performed in
ContractionZetaS, where gs_left=true identifies the case Rf =1 and gs_right=true the
case R; = 1. Only one constraint is needed here, which is calculated in ContractionZvecS
with instr=Zvec_trans. The Lagrange multipliers are calculated via an iterative procedure
in LinSolvsS.

The transition density matrix elements are calculated by means of the partial differenti-
ation of the Lagrangian

Pia =T +Cb ab

b __abx
pal_T]UzJ +<7,

— a ab ab* ab __ab a_a (4542)
Pij——rin —57“1@] ki —*Ckzak] 304

1

b b b

par = hE" + Sr5boE + (ot + Clo

The transition density matrix for transitions from the ground state is calculated in
DensMat1EOM_UCC, where gs_left=true specifies this particular case.

4.5.8 Expectation-value properties

In QCUMBRE, the possibility of calculating properties without the response of the amplitudes
is also available, by choosing, in the input file, the keyword properties=1. For UCC there
are different options for the calculation of properties without the response of amplitudes.
From eq. 3.2.2, single-state dipole moments are defined as

o . A
= O] Rle= @D Fe7=" Ry 10y = (0| Rle= =D pe? 0" Ry |0). (4.5.43)

In this expression, the only operator explicitly dependent on the electric field is the Hamilton
operator, which differentiated corresponds to the dipole operator B—H = —ji. The Bernoulli
expansion of the energy expression is based on the cancellation of commutators through
substitution of the amplitude equation into the BCH expansion. The partial differentiation
of the energy expression with respect to the electric field therefore leads to a Bernoulli
expansion of the dipole operator. On the other hand, starting from the expectation value of
the dipole operator, no amplitude equation is given for this operator and the BCH expansion
can be maintained.?® The two formalisms are equivalent in the limit of the full expansion,
but differ when truncated.

In this thesis, when comparing to the expectation-value approach, the first choice of
having a Bernoulli expansion of the properties operator has been made. This choice is
motivated by the fact that the expression of the density matrices should be consistent with
the energy formulation, as the density matrices are obtained through differentiation from
the energy expression.
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thicker line represents the Lagrange multipliers. These terms are the same for the excited-state prop-
erties, where the Lagrangian multiplier was named Z. These diagrams also describe the differenti-
ation of the constraints for the transition dipole moments; in this case the thick line on the bottom
is Z;f, while the thick line on the top represents Z ri- The red diagrams are those contributing to the
UCC?2 approximation, while all diagrams are needed in the UCC3 method.
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properties, where the Lagrangian multiplier was named Z. These diagrams also describe the differ-
entiation of the constraints for the transition dipole moments; in this case the thick line on the bottom
is fo while the thick line on the top represents Z +i- The red diagrams are those contributing to the

UCC2 approximation, while all diagrams are needed in the UCC3 method.

Diagrams 11: Diagrams of the terms arising from the differentiation

in the A-equations. The
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Diagrams 12: Diagrams depicting the terms arising from the differentiation of the inhomogeneous
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lines represent the EOM-UCC eigenvectors R; in the case of transition dipole moments, the double
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the UCC2 approximation; all diagrams are needed for the correct response treatment in the UCC3
framework.
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frequency-independent term with respect to the single-excitation amplitudes:

Diagrams 13: Diagrams depicting the terms arising from the differentiation of the inhomogeneous

ol
frequency-independent term with respect to the single-excitation amplitudes: W' The double

ij
lines represent the EOM-UCC eigenvectors R; in the case of transition dipole moments, the double
lines on top represent R  and those on the bottom R;. The red diagrams are the only ones needed in
the UCC2 approximation; all diragrams are needed for the correct response treatment in the UCC3
framework.
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Diagrams 14: Diagrams describing the frequency-dependent terms, necessary in the time-dependent

framework for the correct treatment of transition dipole moments. The first row collects the additional
terms to the inhomogeneous part, the other rows show the additional terms to the differentiation of
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Diagrams 15: Diagrams illustrating the one-electron ground-state density matrix, in the UCC frame-
work. These are the same for UCC2 and UCC3. The thicker line represents the A-amplitudes.
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Diagrams 16: Diagrams illustrating the one-electron excited-state density matrix, in the UCC frame-
work. These are the same for UCC2 and UCC3. The thicker line represents the Z-amplitudes, while
the double lines symbolize the EOM-UCC eigenvectors. In the case of transition density matrices,
the same diagrams may be drawn, with the exception of the first one in the first line.

V' iy
GO G0
GO @0

I e




92 CHAPTER 4. IMPLEMENTATION

With the chosen truncation scheme, the density matrices for the expectation-value ap-
proach neglect the terms coming from the response of the amplitudes to the perturbation.
These density matrices are obtained by skipping the routines adding the constraints to the
Lagrange functionals. The density matrices are directly calculated in DensMat1, through the
various routines described for the single-state and transition properties. The properties are
computed by contracting the one-electron density matrix with the dipole integrals passed
from the CFOUR calculation.

Note that in the following discussion, the expectation-value approach will often be re-
ferred to as EOM approach. This is based on a notation established in the literature.60 63,114

4.5.9 Validation of implementation of molecular properties

The implementation of ground-state dipole moments has been validated by comparing results
of the Lagrange-functional approach to the results obtained by performing the differentiation
of the energy via the calculation of finite differences

e _ . Ble) = Ele)

= ) 4.5.44
de  e1—e2—0 €1 — €9 ( )

The possibility of switching on an electric field after the SCF calculation has been imple-
mented in QCUMBRE. This option is specified in the input through the keyword
electric-field-strength, where the three Cartesian components in atomic units may be
entered (being used only for debugging, this keyword is only implemented for calculations
not exploiting symmetry). The electric field contribution —/i-¢ is added to the Fock operator
after the HF calculation; the properties are therefore unrelaxed, meaning that the relaxation
of the HF orbitals with respect to the perturbation is neglected. The differentiation of the
energy through finite differences could be applied to the validation of the excited-state dipole
moments results. The routine ContractionZvecS, which calculates the terms coming from
the differentiation of the amplitude equations, has the same expressions as ContractionsS,
involved in the calculation of the ground state. Ensuring that the ground state dipole mo-
ment is the same using the function SubCCProp and the function SubEOMProp, the correctness
of the implementation of the inhomogeneous part is proven.

The transition dipole moments cannot be obtained differentiating an observable quantity;
thus, a different method for debugging was chosen. As seen in section 2.8.1, dipole moments
may equivalently be computed through the perturbed amplitudes 85% and 88%;. The possi-
bility of calculating transition dipole moments via perturbed amplitudes has therefore been
implemented in QCUMBRE, though only for debugging reasons; the logic behind it is briefly
explained here.

The perturbed amplitudes 65% are determined through equations obtained by differen-
tiating the amplitude equations. They are calculated in ContractionAmplDeriv, by using
the solver LinSolvS, where the three possible orientations of the electric field are specified
through the instructions instr=en_deriv_x, instr=en_deriv_y, instr=en_deriv_z. The
guess vectors for the perturbed amplitudes are constructed from the part of the amplitude
equation independent from the perturbed amplitudes, that is

(9(7;1 b a ab
) = Mai t Hab0; — [ji0j + Hjp05;
€ / guess

(4.5.45)

80%” cb . . ab
(52),,. = Pttty =Pl iy

The guess vectors are provided by the function guess_amp_deriv in QCUMBRE. The cor-
rect implementation of the perturbed amplitude equations has been tested debugging the
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calculation of ground-state dipole moments by means of perturbed amplitudes against the
calculation of ground-state dipole moments by means of the Lagrange functional approach.

For the inhomogeneous part, the expressions for the calculation of excited-state dipole
moments via perturbed amplitudes have also been implemented. The routine
DerivedHamiltonianIntermediates computes the perturbed Hamiltonian matrix elements
dH;; dH, dHiab; dHijke dHgpei dHgi 9Habig

de 7 de de de de  de de
where the expression %—Igﬁ |0) is computed. This part can then be contracted with the adjoint
state in order to obtain (0| RT%%R\W.

By means of these steps, the algorithm calculating dipole moments via the perturbed
amplitudes has been debugged against the algorithm calculating dipole moments via the
Lagrangian approach. It is a preliminary necessary step, in order to have a trustworthy
method for the validation of transition dipole moments. The debugging strategy consisted
in calculating transition dipole moments exploiting both the Lagrangian method and the
perturbed-amplitudes approach and checking the results to be coincident.

The debugging strategy applied to transition dipole moments is graphically shown in
BO'H(UJfl) d ol (sz)
Oe Be

. These are passed to the routine DerivedEOMS,

Flowchart 8. For the perturbed-amplitudes algorithm, both have to
be calculated. The terms of the Fourier expansion contributing to the transition moment
are pairs of complex-conjugate amplitudes, as both are oscillating as ~ e*si¢, The solution
of coupled equations is performed with the LinSolvS82 solver, which has been constructed
in analogy to LinSolvS during this thesis. For transition dipole moments, two sets of per-
turbed amplitudes are requested, M , called dtS in QCUMBRE, and M , the adjoint
amplitude of %, named dtSx. These two quantities are found by solvmg the perturbed
amplitude equations, which (in the case of UCC3) are coupled.

Each set of amplitudes is calculated via an iterative procedure solving the perturbed-
amplitude equations in ContractionAmplDerivUCC3, where the instructions given in the
input of LinSolvS2 permit to run both calculations with the same routine:

e the 80“{;? i) amplitudes, referred to as dtS in QCUMBRE, are calculated by the function
ContractionAmplDerivUCC3. The instruction instri=trans_deriv_I (I=x,y,z) is
used to specify the direction of the electric field. During this calculation, the amplitudes
W, referred to as dtSx in QCUMBRE, enter as parameters in the equations. The
transition frequency is fixed to wy;;

e the w amplitudes, referred to as dtSx in QCUMBRE, are calculated through
the function ContractionAmplDerivUCC3. The instruction instr2=trans_deriv_I+
(I=x,y,z) conveys the information on the orientation of the electric field. Here, the
amplitudes 30;?{5:# i), stored as dtS, enter the equations parameterically. The transition
frequency is fixed to w;y.

Summarizing, the sets of amplitudes dtS™ Y and dtSx("t1) are calculated from the guesses
dtS(™ and dtSx(™ of the previous iteration. The two expressions are computed simul-
taneously and the differences with respect to the previous iteration are compared to the
convergence threshold.

The transition dipole moments via perturbed amplitudes are calculated by contractmg the
output of the routine DerivedEOMS, which accounts for 2 B 1 p. |0}, with the operator Rf, in

order to find (0] RJ} %Ig R;|0). This result has been checked to be the same as the transition
dipole moment obtained through the Lagrangian approach, both in the absence and presence
of an external magnetic field.
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Flowchart 8: Flowchart illustrating how the calculation of transition moments with pertur-
bative amplitudes is performed in QCUMBRE.



Chapter 5

Results

In the previous chapters, the theory and implementation of the unitary coupled-cluster
method were explained and validated. This chapter investigates whether UCC theory
represents a valid alternative to CC theory, both in the calculation of molecular energies and
properties. In particular, a comparison is drawn between the UCC3 and CCSD approxima-
tions, as these share the same excitation space (single and double excitations) and the same
scaling of the computational cost with system size (~ N©).

5.1 Molecular energies

The first important result discussed in this chapter is the solution given by UCC theory to
the occurrence of complex energies in the CC framework. The validation of the UCC method
is here performed through various subsequent steps: first, the energy values obtained with
UCC2 and UCC3 are compared to the FCI results for two-electron systems, both with and
without a magnetic field. The EOM-UCC3 and EOM-CCSD results are compared for LiH
in a perpendicular magnetic field, which allows to investigate the agreement of the excited-
state energies in a rather simple case, and CH™, which is chosen to investigate the accuracy
of EOM-UCC2 and EOM-UCCS3 for the calculation of states possessing a double-excitation
character.

Next UCC results for molecules, which in the CC framework have complex energy values, are
analysed. First, the water molecule in a magnetic field is discussed with a focus on whether
the imaginary part of the CCSD energy has a physical interpretation. Then, a discussion
of the excited states of B(OH)s, characterised by a complex Abelian point group follows in
sec. 5.1.5.

5.1.1 Hydrogen molecule and HeH" cation

A first assessment of the accuracy of UCC is performed by comparing UCC2 and UCC3
energies with the results obtained by means of FCI for the two-electron systems Hs and
HeH™*. It may be emphasized that for the two systems CCSD is equivalent to FCI, while
the same is not true for UCC2 and UCC3. In the tables 5.1 and 5.2, the ground-state and
the excitation energies of the lowest excited states of Hy and HeH™ are displayed, computed
using the uncontracted aug-cc-pVXZ (X=T,Q,5) basis sets for Hy and the uncontracted aug-
cc-pVXZ (X=T,Q) basis sets for HeH". Note that the decontraction is essential to provide
enough flexibility for the description of the deformations of the orbitals due to the magnetic
field. The chosen bond lengths are Ry_py = 1.423 ag (0.735 A) and Ryge_yg = 1.5 ag (7.938
K).2

95



96 CHAPTER 5. RESULTS

Hy

aug—cc—pVTZ FCI UCC3 UCC2 AEUccg AEUCCQ
14, -1.1728 | -1.1726 | -1.1735 | -0.0002 |  0.0006
21Ag -0.6930 | -0.6949 | -0.6838 0.0019 | -0.0092
11319 -0.1557 | -0.1595 | -0.1367 0.0038 | -0.0190
1132g -0.5141 | -0.5159 | -0.5042 0.0018 | -0.0098
1A, 0.1303 | 0.1274 | 0.1448 0.0029 | -0.0145
1'B1, -0.7084 | -0.7101 | -0.6988 0.0017 | -0.0096
1' By, -0.6455 | -0.6475 | -0.6344 0.0019 | -0.0112
aug-cc-pVQZ

11Ag -1.1738 | -1.1736 | -1.1745 | -0.0002 0.0006
21Ag -0.6939 | -0.6958 | -0.6849 0.0019 | -0.0091
11319 -0.3009 | -0.3033 | -0.2888 0.0024 | -0.0121
1lng -0.5504 | -0.5521 | -0.5415 0.0018 | -0.0089
1A, -0.1369 | -0.1387 | -0.1273 0.0018 | -0.0095
1' B, -0.7091 | -0.7108 | -0.6996 0.0017 | -0.0094
1' By, -0.6627 | -0.6647 | -0.6526 0.0019 | -0.0102
aug-cc-pVbHZ

14, -1.1742 | -1.1740 | -1.1748 | -0.0002 |  0.0006
21Ag -0.6946 | -0.6965 | -0.6857 0.0019 | -0.0089
11319 -0.3832 | -0.3853 | -0.3730 0.0021 -0.0101
11329 -0.5692 | -0.5709 | -0.5607 0.0017 | -0.0085
1A, -0.2655 | -0.2672 | -0.2568 0.0017 | -0.0087
1' By, -0.7092 | -0.7109 | -0.6999 0.0017 | -0.0093
1' By, -0.6714 | -0.6733 | -0.6616 0.0019 | -0.0097
HeH™

aug-cc-pVTZ FCI | UCC3 | UCC2 | AEyccs | AEyccs
1A, -2.9758 | -2.9757 | -2.9761 -0.0001 0.0003
21 Ay -2.0343 | -2.0362 | -2.0131 0.0019 | -0.0213
314, -1.7645 | -1.7658 | -1.7518 0.0013 | -0.0127
1'B, -1.7988 | -1.8001 | -1.7841 0.0013 | -0.0148
aug-cc-pVQZ

1A, -2.9776 | -2.9775 | -2.9779 | -0.0001 0.0003
214, -2.0356 | -2.0375 | -2.0146 0.0019 | -0.0209
3LA; -1.7652 | -1.7666 | -1.7526 0.0014 | -0.0126
1'By -1.8025 | -1.8039 | -1.7883 0.0014 | -0.0142

Table 5.1: Ground- and excited-state energies calculated for the Hy molecule and the HeH™
cation, for B =0. For Hs, the ground state and the first excited states of each irreducible
representation in the Doy, representation are shown (for states belonging to different irre-
ducible representations but degenerate in the energy, only one state shown). For HeH,
the ground state and the lowest three excited states are shown. Calculations have been
performed with the FCI, UCC3, and UCC2 methods, with basis sets from the aug-cc-pVXZ
(X=T,Q,5) series.266-271 The energy differences are calculated as AE = Epct — Fycc; all
energies are given in Hartree.
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Table 5.2 shows the results for the field-free case. For the Hy molecule, the computational
point group of the calculation is Dgj, and the lowest state of each irreducible representation
was calculated (the states 1lng and 1! Bs, are here omitted, as they are degenerate with the
states 11 By, and 11By,). As expected, the UCC3 method offers more accurate results, i.e.,
closer to the FCI calculation, for all states and basis sets in comparison to UCC2. The energy
of the ground state 1' 4, is overestimated by the UCC2 method, while it is underestimated
by UCC3. The opposite trend is observed for all excited states, where the UCC3 method
overestimates the FCI results. Similar trends can be observed for the HeH™ calculations.
For both molecules, the basis-set convergence of the results is observed for all three methods,
when going to larger basis sets. For the Ho molecule, the basis-set convergence is rather slow,
where variations up to 0.1 Ej, are observed (state 1'A,) when going from the unc-aug-cc-
pVQZ to the unc-aug-cc-pV5Z basis set. The convergence is better for the energy values
investigated for HeH™, where most variations are smaller than 1 mE},, when going from the
unc-aug-cc-pVTZ to the unc-aug-cc-pVQZ basis set. The discrepancies with respect to FCI
are rather constant: the magnitude of the UCC2 error decreases by at most 1 mFE}, from
unc-aug-cc-pVQZ to unc-aug-cc-pV5HZ basis set for Ho, while it decreases by only 0.6 mEy
for HeH". The magnitude of the UCC3 error is constant for the investigated states when
going to larger basis sets, with changes of at most 0.1 mFE},. Considering variations of 1 mFEy,
as the standard for chemical accuracy,?” the UCC3 results are accurate in comparison to
FCI. Overall, the errors of UCC3 are smaller by a factor of approximately 5 than the errors
of the UCC2 results.

Next, the finite-field case is discussed for a magnetic field of B = 0.1 By, oriented perpen-
dicularly to the bond axis. This strength was chosen in order to have a field strong enough
to observe a sizable effect on the electronic structure. In a magnetic field of perpendicular
orientation, Hs belongs to the point group Cbj, while HeH™ has Cs symmetry. For both
molecules, the ground state and the lowest-lying excited singlet states are analysed in table
5.2. In agreement to the results of the field-free case, the errors of UCC3 are smaller by a
factor of approximately 5 than the errors observed for UCC2. However, the errors between
the UCCn approximations and FCI remain constant, as observed for the field-free case. In
addition, in the magnetic field, similar trends for the basis-set convergence are observed as
for the field-free case.

5.1.2 Lithium hydride

The investigation on the accuracy of UCC2 and UCCS3 is continued using the CCSD results
as a reference.

The magnetic field is chosen to vary up to 0.6 Bg. The geometries have been taken
from ref. 115 and the same orientation with respect to the molecule (perpendicular to the
bond axis) has been used. In fig. 5.1b, the energies of the first four singlet states are shown
as a function of the field strength, calculated at the CCSD, UCC2, and UCC3 levels of
theory, using the uncontracted aug-cc-pVDZ basis set.266-271 For the ground state only small
discrepancies between the three methods are observed. The mean energy difference between
the CCSD and the UCC2 results is —0.84 mEy, while the mean energy difference between
the CCSD and the UCC3 results is 0.32 mF},. For excited states the UCC2 method gives
higher energies with respect to UCC3 and CCSD, and lies always above the corresponding
CCSD and UCCS3 results. In the field-free case, the 1'II state is degenerate; the magnetic
field causes the lifting of the degeneracy, giving the two distinct states 2' A’ and 1 A”. These
two states are therefore allowed to cross. The third excited state shows some mixing with
a higher-lying state not displayed here (but shown in ref. 115), around 0.1 By. The mean
excitation energy differences with respect to CCSD are one order of magnitude larger for the
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Hy

aug-cc-pVTZ FCI | UCC3 | UCC2 | AEyccs | AEyccs
14, -1.1685 | -1.1682 | -1.1691 | -0.0003 0.0006
1B, -0.6374 | -0.6393 | -0.6263 0.0019 | -0.0111
1A, -0.7230 | -0.7247 | -0.7130 0.0017 | -0.0099
24, -0.6094 | -0.6111 | -0.5996 0.0017 | -0.0098
aug-cc-pVQZ

14, -1.1695 | -1.1692 | -1.1701 0.0003 0.0006
1B, -0.6535 | -0.6554 | -0.6434 0.0019 | -0.0101
1A, -0.7247 | -0.7265 | -0.7151 0.0018 | -0.0096
2A, -0.6175 | -0.6193 | -0.6080 0.0017 | -0.0095
aug-cc-pVHZ

14, -1.1698 | -1.1696 | -1.1705 | -0.0002 0.0007
1B, -0.6613 | -0.6632 | -0.6516 0.0019 | -0.0097
14, -0.7251 | -0.7268 | -0.7155 0.0018 | -0.0095
24, -0.6210 | -0.6227 | -0.6116 0.0017 | -0.0094
HeH™

aug-cc-pVTZ FCI | UCC3 | UCC2 | AEyccs | AEyccs
1A' -2.9739 | -2.9738 | -2.9742 | -0.0001 0.0003
2A -2.0377 | -2.0396 | -2.0166 0.0019 | -0.0211
3A’ -1.7880 | -1.7894 | -1.7734 0.0013 | -0.0146
4A' -1.7471 | -1.7485 | -1.7340 0.0013 | -0.0132
1A” -1.7936 | -1.7950 | -1.7789 0.0013 | -0.0148
aug-cc-pVQZ

1A' -2.9757 | -2.9756 | -2.9760 | -0.0001 0.0003
2A -2.0390 | -2.0409 | -2.0182 0.0019 | -0.0208
3A’ -1.7907 | -1.7921 | -1.7765 0.0014 | -0.0142
4A' -1.7483 | -1.7496 | -1.7353 0.0013 | -0.0130
1A” -1.7971 | -1.7985 | -1.7829 0.0014 | -0.0143

Table 5.2: Ground- and excited-state energies calculated for the Hy molecule and the HeH™
cation, in a magnetic field of B = 0.1 By directed perpendicular to the bond axis. For Hj,
the ground state and the first excited states of each irreducible representation in the Dy,
representation are shown (for states belonging to different irreducible representations but
degenerate in the energy, only one state shown). For HeH™, the ground state and the lowest
three excited states are shown. Calculations have been performed with the FCI, UCC3,
and UCC2 methods, with basis sets from the aug-cc-pVXZ (X=T,Q,5) series. The energy
differences are calculated as AFE = FErcr — Eucc; all energies are given in Hartree.
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Figure 5.1: The LiH molecule in a varying magnetic field perpendicular to its bond axis.
The bond length is taken from ref. 115. Figure 5.1b shows the ground and excited states
energies.

UCC2 method than for UCC3, giving in the UCC2 case 17 mFE), for the 2'A’, 18 mFE), for
the 1'A” and 17 mE}, for the 3' A’, while the mean energy difference between the CCSD and
the UCC3 results is —0.82 mEy, for the 2'A’, —1.6 mFE}, for the 1' A” and —1.5 mE}, for the
31A’. The UCC3 errors are of the order of the fixed standard for chemical accuracy (about
1 mEy).

From the plot in fig. 5.1, the CCSD and UCC3 results are practically indistinguishable
for all investigated magnetic field strengths, showing that the accuracy of the results does
not depend significantly on the magnetic field. This investigation completes the discussion
of sec. 5.1.1, as the example shows that the good agreement of the CCSD and UCC3 results
is independent of the chosen magnetic field strength.

5.1.3 Methylidyne ion

In ref. 114, the behaviour of the methylidinium cation CH™, in a strong magnetic field
directed in various orientations with respect to the bond axis has been investigated, at
the CCSDT and CCSD levels of theory. The calculations have been performed with the
uncontracted cc-pVDZ basis set.266-27! The molecular geometry was adopted from ref. 114,
where the ground state had been optimised at the CCSD/unc-cc-pVDZ level in absence of
the magnetic field. The magnetic field B varies between 0 and 1 By and various orientations
of the field with respect to the bond axis are explored.

From this first analysis, it appears that CCSD and UCC3 results agree in the description
of the ground- and excited-state energies, showing energy differences at most of the order
of 1 mFEy. The UCC2 approximation shows larger deviations when compared to the UCC3
and CCSD excited-state results. Therefore, the use of UCC3 instead of CCSD to study
a molecular system is a valid choice. The UCC2 method can be used for a qualitative
investigation, but its results cannot be used for an accurate quantitative investigation. The
increasing accuracy with higher-order UCC approximations could be expected.

In the following discussion, the !XT state has been taken as reference for the EOM
calculations. It is described by the single closed-shell configuration 102202302, With respect
to this ground state, the three lowest-lying singlet excited states are considered. In the
absence of a magnetic field, these are the two degenerate 111 states (with the configuration
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Figure 5.2: Ground state and low-lying excited singlet states for CHT in a magnetic field

B of increasing strength (between 0 and 1 Byp) and

an orientation of o = 0,0 = /6,0 =

/3, = /2 with respect to the bond axis. The symmetry labels are composed by two
terms, referring first to the C'», point group for the field-free case and then to the actual
point group on the right in the magnetic field, respectively.
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a=0 AFEccsp/mEy | AEyccs/mEL | AByccz/mEny
et/1ty 1.71 3.13 -2.42
/1ty 2.95 0.47 17.55
1HI/1 T 2.95 0.47 17.55
HA/TTA 35.59 -53.23 -
a=T7/6

'yt/1tA 1.98 2.77 -0.38
1m/2ta 2.30 -1.05 20.91
1m/3ta 23.78 -19.28 100.37
1'A/41A 22.75 -16.63 -
a=m7/3

1yr/1tA 1.82 2.81 -1.00
1m/2ta 2.36 -0.60 21.26
1m/3ta 8.29 -7.85 43.98
1tA/41A 19.96 -11.94 -
a=m/2

1yt /1ta 1.79 2.83 -1.21
1r/1tA” 2.11 2.70 15.80
1t/2t A 2.93 -1.93 36.82
1A/3tA 20.99 -23.23 -

Table 5.3: CHT in a magnetic field: mean differences for the energies (in mEy) of ground
and the three lowest-lying excited singlet states of each symmetry for CCSD and UCC3 with
respect to the reference value of the CCSDT calculation. The mean value has been calculated
computing A Fyzethod = FMethod — FccspT over the range of varying magnetic field strengths
between 0 and 1 By and taking the arithmetic average of these values. The symmetry labels
are composed by two terms, referring first to the C, point group for the field-free case and
then to the actual point group on the right in the magnetic field, respectively.
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10220230 17!) and the degenerate 1' A state (with the configuration 10220%172). The latter
has a predominant double-excitation character with respect to the '3% reference. It is
well-known that states dominated by a double-excitation cannot be described accurately by
CCSD." In the following discussion, it is analysed how UCC3 compares to the CCSDT
reference. A similar accuracy to CCSD is expected. The development of the states with
respect to the strength of the magnetic field is shown in fig. 5.2, while the mean energy
deviations from the CCSDT reference results are reported in tab. 5.3.

In fig. 5.2a, the magnetic field is oriented parallel to the bond axis. In this orientation,
the molecular point group is lowered from C, of the field-free case to Coy. As the states all
belong to different irreducible representations, they can cross without mixing. This leads for
example to a change in the ground state when going to higher field strengths, around 0.3 By.
The ground-state shows a quadratic dependence on the magnetic field, while the spin-Zeeman
and orbital-Zeeman terms do not contribute to first order in the magnetic field. The two
degenerate II states are split into their components 1'TI_; and 1'II; by the orbital-Zeeman
term. The lower 1'TI_; state is stabilised by the orbital-Zeeman term for field strengths up to
0.35 By, while the diamagnetic term dominates for higher magnetic-field strengths. Referring
to table 5.3, the average difference of the computed ground-state energy with respect to the
CCSDT value is about 3 mE};, and 2 mEy, for UCC3 and CCSD, respectively. For the states
originating from the originally degenerate 'II states, UCC3 shows a better accuracy than
CCSD, with an average energy difference of about 0.5 mFE};, for UCC3 and almost 3 mFEy,
for CCSD. UCC2, on the other hand, shows an overestimation of the electronic energies of
states 1'TI_; and 1'II,, with mean differences of almost 18 mFE;. Major differences are
found for the 1'A_, state: from ref. 114 it is already known that CCSD overestimates the
energy by an almost constant amount for all field strengths considered here, and a mean
deviation with respect to the CCSDT results of 35.59 mEy. This behaviour is caused by
the doubly-excited character of the 1'A_5 state, as it cannot be accurately described in the
space of single and double excitations. The same inaccuracy is shared with UCC3, which has
a mean deviation of —53 mFEy. Here UCC3 underestimates the energy for all investigated
field strengths, though correctly reproducing the shape of the CCSDT line. Analogously
to the perturbative CC2 method,?” UCC2 is unable to describe doubly-excited states as
explained in the theory chapter (sec. 3.1.3). Hence, the 1'A_5 state is therefore completely
missing in the UCC2 results.

In fig. 5.2b the magnetic field is oriented at an angle of a = 7/6 with respect to the
bond axis. In this setting, the reduction of the molecular symmetry to C; symmetry leads
to avoided crossings, as all states belong to the same irreducible representation. The state
resulting from the 1'XT state (purple line) remains lowest in energy when increasing the
magnetic field strength. It mixes with the first excited state, as can be inferred from the
slight curvature of the purple line for magnetic field strengths up to 0.3 Bg. The ground
state is well described by the methods considered here, with mean differences of 2 mFEy, for
CCSD, 3 mEy, for UCC3 and even less, —0.4 mFE}, for UCC2, respectively. For the analysed
orientations, the originally degenerate 1'II states are split due to the presence of the magnetic
field. The 1'TI_; state (described by the red curve) is always lower in energy than 1'I1,;
the mean differences with respect to the CCSDT reference are about 2 mEy for CCSD, —1
mFy, for UCC3 and 20 mEy, for UCC2, respectively. Therefore, the description is good for
CCSD and UCC3, while UCC2 overestimates the energy of this excited state.

The most interesting features are observed for the two higher-lying excited states: for
a = /6 the two states 3' 4 and 4' A (the blue and the yellow lines in fig. 5.2b), originating
from 1'TI,; and 1'A_5 in the field-free case, are mixing, resulting in an avoided crossing. For
field strengths up to 0.1 By, the 3' A state has a predominant double-excitation character,
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which is then passed to the 4' A state at the first avoided crossing. The 3'A state acquires
the double-excitation character back after the second avoided crossing. The presence of a
double-excitation character influences the accuracy of the UCC3 and CCSD results, as both
methods are not able to accurately describe states with a predominant double-excitation
character. Furthermore, the avoided crossings are observed at different field strengths, at
0.10 By and 0.65 By for CCSDT, at 0.14 By and 0.60 B for CCSD, and at 0.07 By and 0.67
By for UCC3. As for the parallel case, CCSD overestimates the CCSDT energy, with a mean
difference of 23.78 mFE},,'* while UCC3 underestimates it, with a mean difference of —19.28
mFEy. UCC2, on the other hand, is not able to describe the double-excitation character at all
and just follows the state which is dominated by a singly-excited character. For this method,
the description of the state is qualitatively wrong. The same behaviour has been described
in ref. 274 for CC2. The feature at about 0.4 By indicates that the 4' A state also appears
to mix with higher-lying states. A second mixing with a higher-lying state is observed for
the CCSD results at field strengths larger than 0.9 By.

In the interval 0 By-0.2 By, the UCC3 energy of state 2' A differs from the other methods
by a slightly larger amount than for the rest of the curve (about 8 mEy). The analysis
shows that this state possesses a very small, but non-negligible, component with a double-
excitation character when described at the UCC3 level of theory. This influence originates
from the avoided crossing discussed above, which for UCC3 lies at lower energies than for
the other methods. The proximity to this avoided crossing causes a slight double-excitation
contribution in the description of state 2'A, which is absent in the results of the other
methods analysed here.

In fig. 5.2¢, the magnetic field is oriented with an angle a = /3 with respect to the bond
axis. As for the previous orientation, the ground state and the first excited state (purple and
red lines) are accurately described by CCSD, UCC2, and UCC3, and the mean differences
remain of the same order as for the orientations discussed previously. The two higher-lying
states are still presenting an avoided crossing and are mixing, though not as evidently as for
a=7/6. The 3! A state acquires the doubly-excited character after the first avoided crossing,
at about 0.2 Bg. The singly-excited character is restored at higher field strengths. For state
4' A, in the right part of the spectrum the accuracy increases for CCSD and UCC3. This
may be due to the mixing with higher-lying states, to which the double-excitation character
may be passed. For this orientation, UCC3 shows smaller mean deviations from the CCSDT
reference than CCSD (see table 5.3). In particular the 4' A state has a mean difference of
19.96 mEy, for the CCSD method, while the for UCC3 it is almost half of it, —11.94 mE},.
For the UCC2 results, an overestimation of the CCSDT reference energy is observed for 2! A
and 3'A, with mean deviations of 21.26 mEy, and 43.98 mE},, respectively. UCC2 cannot
describe the state with predominant double-excitation character 4! A.

In fig. 5.2d, the results for the perpendicular orientation are shown. In this case, the
molecular symmetry is lowered to Co,. Here, states 1'A” and 2' A’ are allowed to cross
in the strong-field region. No avoided crossing is observed, and an accurate reproduction
of the three lowest-lying singlet states both by CCSD and UCC3 is observed, with mean
differences of the same order of magnitude for both methods, about 3 mFEy. In this case, the
double-excitation character of the 3! A’ state is only partially passed to the lower-lying 2 A’
state. For the 3' A’ state the same discrepancies as for the other orientations are observed.
CCSD overestimates the energies, on average by 20.99 mFE},, while UCC3 underestimates
them, on average by —23.23 mFy,. The UCC2 results show the same trends observed for the
orientations previously discussed, with mean deviations of 15.80 mEy, for the 1' A” state and
36.82 mFE}, for the 21 A’ state.

As for the general behaviour, CCSD and UCC3 both show systematic problems for the
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Figure 5.3: Water molecule in a magnetic field of B=0.5 By, whose orientation is allowed to
vary corresponding to the polar coordinates o and S.

description of states with a double-excitation character, while they accurately reproduce the
CCSDT results for singly-excited states. UCC2 proves to be a good approximation for states
dominated by a single excitation, while it leads to qualitatively wrong results in cases with
a double-excitation component.

5.1.4 Water molecule

Overall it is found that the comparison of UCC3 and CCSD results showed that these
methods possess a similar accuracy. In ref. 35, the occurrence of complex energy eigenvalues
in CC calculations has been analysed, showing that the unphysical complex energies are
common to all non-linear molecules. In the aforementioned reference, the discussion focuses
on the water molecule in a magnetic field of B=0.5 By. The direction of the field is varied
on the surface of the positive octant of the unit sphere (fig. 5.3) and described by the two
polar coordinates «, 3. For the CCSD ground-state calculations, the imaginary part in the
energy eigenvalues vanishes only if the direction of the magnetic field is aligned to one of
the symmetry axes of the point group of the molecule in the field-free case, as derived in
ref. 35. The use of a Hermitian expression for the energy eliminates the imaginary part by
construction, leading to purely real energies. In this chapter the ground state and the first
three excited singlet states of water are investigated. The aim is to investigate the magnitude
of the imaginary part for the CC method not only for the ground state, as in ref. 35, but also
for excited states, and to discuss whether a imaginary value is connected to the accuracy of
the real part of the energy.?”> The calculations have been performed with the uncontracted
cc-pVTZ266270 hasis set, adopting the geometry from ref. 35.

The real parts of the ground- and excited-state CCSD energies and the corresponding
UCC3 energies are plotted in fig. 5.4 as a function of the two polar coordinates «, 3. As
the underlying HF calculation is the same for both methods, the correlation energy for the
ground state and the excitation energies from the ground state for the excited states are
plotted. For the investigated states, the qualitative shape of the surfaces describing the
ground-state energy obtained with UCC3 and CCSD is the same for both methods.

In fig. 5.4a, the (real) energy surfaces for the ground state are plotted, obtained with
UCC3 and CCSD. The qualitative shape of the surfaces is the same. Fig. 5.5a shows the
difference AE = Eyccs — Foosp between the energy surfaces obtained with CCSD and UCC
theory is plotted as a colour map. The regions characterised by very small differences are
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Eon/En

Figure 5.4: Correlation energy of the ground state (fig. 5.4a) and excitation energies of the
first three excited states (figs. 5.4b-5.4d) of the water molecule in a magnetic field of B=0.5
By as a function of its orientation, as pictured in fig. 5.3, calculated at the CCSD and UCC3
level of theory, using the unc-cc-pVTZ basis set.
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Figure 5.5: Energy differences, calculated as Eyccs — Eccsp, for the ground (fig. 5.5a) and
first three excited states (figs. 5.5b-5.5d) of the water molecule in a magnetic field of B=0.5
Bg as a function of its orientation, as pictured in fig. 5.3.
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Figure 5.6: Imaginary part of the energy surfaces of the ground and first three excited states
of the water molecule in a magnetic field of B=0.5 By as a function of its orientation, as
pictured in fig. 5.3, calculated at the CCSD level of theory. The maximum and minimum
values of the imaginary part of the CCSD energy is indicated below each figure, where the
positions of minima and maxima are indicated as coordinates (o, /).
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coloured in blue, while those with larger differences are coloured in red. In this particular
case, it is observed that the energy difference AE = Eyccs — Eccsp has only positive values,
therefore showing that the UCC3 energy is here always larger than the real part of the CCSD
energy. The maximum energy difference is 2.02 mFEy, at about a =48° and 5 = 51°, while
the minimum energy difference of 1.53 mFEy is found at about a = 81° and 8 =0°. The
imaginary part of the CCSD energy is plotted in fig. 5.6a.3% The maximal absolute value
of the imaginary contribution to the energy is of about 2.5 pEy, situated at a = 66° and
B =24°. Comparing to the behaviour of the real part of the energy (fig. 5.4a) and to the
difference plot (fig. 5.5a), there seems to be no correlation to the magnitude of the imaginary
part.

Figs. 5.4b-5.4c show the surfaces given by the real part of the energy values of the first

three excited singlet states, ¥y, U5 and ¥3. From these plots, it is noted that the states have
avoided crossings, which can occur as all states have the same ('} symmetry for a generic
orientation of the magnetic field. The ground state has an avoided crossing with the first
excited state ¥y in the region around a = 80° and § = 25° (figs. 5.4a and 5.4b). The excited
states Wy and W3 (figs. 5.4c and 5.4d) also exhibit an avoided crossing, visible at around
B = 80°, where the two surfaces are very close to each other for both methods. The third
state is also mixing with the states above, which are not shown here. This mixing is visible
at the crest at about g =40°.
For all three states, the surfaces obtained with the CCSD and the UCC3 methods are qual-
itatively agreeing. A better evaluation of their differences is gained through the colour-map
plots in figs. 5.5b-5.5d: for ¥; and Ws, the difference AFE = Fyccs — Eccsp always takes
negative values, stating that the CCSD surface lies above the UCC3 one for these two states.
The energy difference for the state U3 takes both positive values on one side of the crest,
negative values on the other side. For ¥y, the maximum absolute difference value is found
to be about AE = —12.13 mFEy, at o =45° and § = 0°, a region which is not related to the
avoided crossing. The minimum absolute difference is found at @ = 90° and 8 = 12°, where
AFE = —1.43 mE;,. The maximal AFE values for the states ¥5 and W3 are found around the
avoided crossing between the second and the third excited state. For W5, the maximum
absolute energy difference is AFE = —13.79 mEy, at a =90° and S = 0°, while the minimal
discrepancy between the two methods is AEF = —1.80 mFy, at a = 90° and § = T72°. For
the state W3, the energy difference has no constant sign throughout the surface: the largest
positive value of AE = 5.54 mF), is obtained at o = 48° and 5 = 60°, while the largest nega-
tive value (the largest absolute difference) of AE = —14.72 mFE}, is observed at o = 12° and
8 = 48°. Importantly, it is observed that the description of the excited states shows energy
differences between the two methods that are larger by one order of magnitude compared to
the ground state.

While the magnitude of the imaginary part of the ground-state energy may seem negli-
gible, this is no longer the case for the excited states: for the state Wy, fig. 5.6b shows that
the imaginary part reaches positive values up to 69.87 uEy (at o =21° and = 18°) and
negative values up to —48.31 uEy (at o = 69° and 8 = 24°). For excited states Uy and ¥,
the occurrence of complex eigenvalues becomes even more evident. In fig. 5.6c, a negative
imaginary part of —266 puFy, is observed at aw = 24° and 8 = 24°, while for the third excited
state a maximum value of the imaginary part of 182 pFEy, is found at o =18° and 5 =24°. The
magnitude of the imaginary parts therefore reaches 1/10 of the energy difference between
the UCC3 and CCSD surfaces and is an effect which cannot be neglected.

However, there is no obvious interpretation which can be given to these complex eigen-
values, as from all plots it is observed that there is no correlation between large AFE values
and large imaginary parts. Furthermore, the imaginary parts cannot be related to avoided
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Figure 5.7: Boric acid B(OH)s, exhibiting Cs;, symmetry.

crossings, as they are observed also far from the avoided crossings. For this system, UCC3
gives results which are qualitatively very similar to CCSD, without the difficulties coming
from complex energy values. In the cases for which CCSD leads to complex energy values,
UCC3 should therefore be preferred.

5.1.5 Boric acid

Systems with a complex Abelian point group are characterised by excited states belonging to
pairs of complex-conjugate irreducible representations. These states are pairwise degenerate
and have a complex wave function. However, real linear combinations of the complex wave
functions may be formed, in order to enable a treatment using a code based on real-valued
wave functions. However, the non-Hermitian expression of the energy in EOM-CC theory
leads to complex-conjugate energy values rather than truly degenerate results for the states
belonging to the complex irreducible representations. The corresponding states are therefore
not found with real EOM-CC codes. It is however possible to find them if complex EOM-
CC codes, when available, are employed. As stated before, a computation involving complex
algebra is more memory requiring and computationally expensive and hence for cases without
a magnetic field, when the complex wave function cannot be avoided, the possibility to use a
real program is preferable. Therefore, a formalism calculating the energy via the expectation
value of a Hermitian operator, like UCC theory, is preferred. Note that the computation of
the ground state, which is described by a real irreducible representation, does not pose any
problems for the CC method in the field-free case.

Boric acid B(OH)3 is an example of a system whose symmetry is described through
a complex Abelian point group, Cs, (fig. 5.7). In addition, this symmetry remains the
same when the molecule is in an external magnetic field, oriented perpendicularly to the
molecular plane. The point group Csj, possesses two real irreducible representations, A" and
A" and two pairs of complex-conjugate ones, F', E5 and E{, EY. The investigations focuses
on the B(OH)s molecule, first in the field-free case and then in a perpendicular magnetic
field with strength up to 0.8 Bg. The geometry used for all calculations was fixed to the
optimised field-free geometry obtained at the CCSD /unc-aug-cc-pVDZ?%6270 Jevel of theory:
Rpo = 2.6018 ag, Rog = 1.8181 ag and ZBOH = 68.23°. The energies of the ground state
and the first excited state of each irreducible representation have been calculated with the
QCUMBRE program package, using the unc-aug-cc-pVDZ basis set, at the CC3,207:274 CCSD,
CISD?°" and UCC3 levels of theory.

The results for CCSD, CC3, CISD, and UCC3 energies in the field-free case are given
in table 5.4,* showing the excitation energies of the lowest excited states of the irreducible
representations A’, A”, E' and E”, at the CCSD, CC3, CISD, and UCC3 levels of theory.
The energies of the states of the two real irreducible representations A" and A” are real for

*The results for the CC3, CCSD, and CISD methods in table 5.4 and figs. 5.8-5.9 are taken from ref. 207.
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Energies
Methods T Yl ol & J ol
CCSDh 0.356378 | 0.332552 | 0.364306+0.0000477 | 0.301831+0.000051%
CC3 0.354183 | 0.331149 | 0.362247+0.0000047 | 0.298958+0.000011%
UCC3 0.366560 | 0.338875 | 0.373787 0.308129
CISD 0.255217 | 0.232414 | 0.263483 0.201056

Table 5.4: Excitation energies (Ey) of the lowest singlet states 1A', 1A”, 1E" and 1E”, at the
CCSD, CC3, UCC3, and CISD levels of theory, with the unc-aug-cc-pVDZ basis set.266-270
For CCSD and CC3, the energies are pairs of complex-conjugate numbers.

all methods, while for the complex irreducible representations E’ and E”, the CC results
consist in pairs of complex-conjugate values. The UCC3 results, on the other hand, correctly
describe the degeneracy. The discrepancies between the CCSD and CC3 results is of the
order of 0.001 Ey,, while the differences between the CC3 and UCC3 values are of the order
of 0.01 E},. The two CC methods CC3 and CCSD therefore show a better agreement, which
could be explained by the fact that they are different truncations of the same ansatz for the
wave function and contributions to infinite order in perturbation theory. Furthermore, the
CISD results are shown in table 5.4. The discrepancies of the CISD results with respect to
the CC3 results is of the order of 0.1 E},, larger than for the other inspected methods. Even
though the energy in the CISD framework is calculated through Hermitian operators, it is
much less accurate than UCC3. For a computation with a real code, the UCC3 method is
therefore preferred to CISD. In the following discussion, in order to account for the large
differences in correlation energies observed for CISD with respect to CC3, the CISD results
have been shifted in order to coincide to the CCSD energies at B = 0.

In fig. 5.8, the total energy of the ground state is displayed as a function of the magnetic
field strength. The energy rises in an increasing magnetic field, due to the diamagnetic
term. The ground state is a closed-shell singlet state and therefore the spin-Zeeman term
vanishes. In the left panel, the analysis of the real part shows superimposed and practically
indistinguishable curves for the CCSD, CISD, and UCC3 methods, while the inclusion of
triple excitations shifts the CC3 energy to slightly lower values, on average about 0.03 E},
below CCSD and UCC3. However, for both the CC3 and CCSD methods, a non-vanishing
imaginary part arises in a magnetic field (right panel of fig. 5.8). For field strengths below
0.3 Bg, Im{Egs} is of the order of ~ 10~® Ej,. Around 0.7 By, however, both CCSD and CC3
show an increase in the imaginary part of the total energy, up to a maximum of ~ 0.34 mFEy
and = 0.09 mFEy, respectively. It is observed that the imaginary part decreases with the
inclusion of triple excitations, in agreement with the expectation that the imaginary part
should diminish when going towards the FCI limit. The occurrence of complex energies does
not seem to provide particular insight into the accuracy of the real part, as a large imaginary
part in the CC energy does not correspond to noticeable features in the difference between
the real part of the energies obtained with the CC and UCC methods, respectively.

Similar to the ground-state energy, in fig. 5.9 the excitation energies for the first excited
singlet states of each irreducible representation are plotted as function of the magnetic field
strength. For each figure, the left panel compares the real part of the excitation energies,
computed with the four methods. In fig. 5.9a, the states A’ and 'A”, in fig. 5.9b, the states
1p] and 'E} and in fig. 5.9¢c, the states 'E} and 'Ej are shown. The behaviour of the
excitation energies of these states is more complicated than for the energies of the ground
state, both in the case of the real and the imaginary parts. In particular, it is observed
that the imaginary part of the CCSD energies is larger than the corresponding imaginary
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Figure 5.8: Total energy of the ground state of the boric acid B(OH)s, in an external
magnetic field, directed perpendicularly to the molecular plane. The field strength varies
in the interval of 0 By-0.8 Bg. The left panel shows the comparison between the real parts
of the energies computed at the CC3, CISD, CCSD, and UCC3 levels of theory. The right

panel shows the non-vanishing imaginary parts of the CC energies.

part of the CC3 energies, but these values are unrelated to each other and show maxima
and minima at different field strengths. The states ' EY,! EY | characterised by the HOMO-
LUMO transition, are the energetically lowest excited states. As discussed before, the states
belonging to the representations of dimension 2, E’ and E”, start off as a degenerate pair
and are split by the magnetic field. All states experience a decrease in the excitation energy
when going to higher magnetic-field strengths. In all plots, the three methods are in good
agreement with each other for field strengths up to 0.5 Bg, while qualitative differences are
observed for higher field strengths.

In fig. 5.9a, the energies of the states ' A’ and ' A” are shown as a function of the magnetic
field strength. For field strengths larger than 0.2 By, the ' A’ state becomes lower in energy
than the 'A” state. Major differences are observed in the magnetic-field range between
0.55 By and 0.75 Bg. A double-excitation character is observed from the inspection of
the amplitudes of the 'A” state obtained with the CC3 method. As CC3 includes triple
excitations, it is the most accurate among the considered methods for the description of
states with a double-excitation character. The double-excitation character is described also
by the UCC3 method, while it is absent in the CCSD results. The lowering in energy at about
0.7 By, found by CC3, is differently described by UCC3, CISD, and CCSD. The discrepancy
with respect to CC3 might stem from the fact that the other methods, due to the limitation
of the excitation space to singles and doubles, do not describe the double-excitation character
well. For the ' A’ state, the lowering in energy is common to both CISD and UCC3. However,
in this region UCCS3 is also observed to acquire a partial double-excitation character, which is
absent in the CC3 results. Therefore, the shape of the 'A’ curve differs from those obtained
with the other methods, which describe the ' A’ state via a single excitation. On the right
panel of fig. 5.9a, the corresponding imaginary parts of the CC3 and CCSD results are shown.
For the states belonging to the real irreducible representations, ' A’ and 'A”, the excitation
energies in the field-free case are real. The plotted imaginary values in the right panel of
fig. 5.9a therefore start from 0 E}. For CCSD, the maximum of |Im{FEex}| of 1.8 mFE}, is
obtained for the 1 A” state, while the same state for CC3 has a maximum of [Im{ Eey.}| of 0.4
mF},. It is observed that the largest values of |Im{ Eex. }| for the CC3 results are found at the
field strengths at which the largest double-excitation character is found. The maxima and
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Figure 5.9: Excitation energies of low-lying singlet states of each irreducible representation
for B(OH)s, in an external magnetic field, directed perpendicularly to the molecular plane.
The field strength varies in the interval 0 Bp-0.8 Bg. In the left column, the comparison
between the real parts of the energies computed at the CC3, CCSD, CISD, and UCCS3 levels

of theory is shown. In the right column, the non-vanishing imaginary parts of the CC energies
are shown.
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minima for CCSD are found at similar field strengths. The CCSD results, even though not
predicting a significant double-excitation character, still seem to exhibit a large imaginary
part in these regions.

For the irreducible representation E’ (fig. 5.9b), the same behaviour as in fig. 5.9a can be
observed for magnetic fields larger than 0.55 Bg. The ' E/ state acquires a double-excitation
character. As a consequence, major differences in the results are observed between 0.55
Bg and 0.70 Bg. Here the CC3 and UCC3 result exhibits a double-excitation character,
while CCSD exhibits only a single-excitation character. For the !E) state, the CC3 and
UCCS3 results possess a double-excitation character between 0.60 By and 0.75 Bg. From
the right panel, it is observed that the two states have complex-conjugate energy values
in the field-free case, as expected. In the finite field, the energies do no longer occur as
pairs on complex-conjugate values. The imaginary part is no longer negligible at higher
magnetic-field strengths, especially in the range 0.4 By-0.8 By. In particular, the maximum
of [Im{ Fex}| for the E} state is 0.53 mFE}, for CCSD and 0.16 mEy, for CC3, while for the
LE) state is 1.37 mEy, for CCSD and 0.38 mE}, for CC3. As for fig. 5.9b is it observed that
the maxima of [Im{ Eex}| for the CC3 energies are found in correspondence to the presence
of a double-excitation character of the states.

In fig. 5.9¢, the energies of the two lowest-lying states belonging to the irreducible rep-
resentation E” are shown. Here no major discrepancies are observed. The avoided crossings
occur at 0.2 By for the 1 EY state and 0.4 By for the 'EY state. Both states possess a small
double-excitation character (however not predominating over the single-excitation charac-
ter), observed in the CC3 and UCC3 results, while it is absent for CCSD. The maximum of
|Tm{ Ecxc }| for the LEY state is 0.71 mE}, for CCSD and 0.16 mE}, for CC3, while for the ! EY
is 0.91 mFE}, for CCSD and 0.27 mEy, for CC3. The maxima of [Im{Fe.}| are found once
more in correspondence to the largest double-excitation character for CC3. The maxima of
|Im{ Fexc }| for the CCSD energies are found in approximately nearby field strengths.

In summary, UCC seems to be a good solution to find degenerate excited states of a

complex Abelian point group, without having to resort to the use of a complex code.
The problems arising from the non-Hermiticity of the CC theory are evident in the finite-
field case, due to large imaginary components in particular for excited states and show a
complicated behaviour as a function of the magnetic field strength. It has been observed
that the largest values of the imaginary parts are found where a partial double-excitation
character in the description of the excited states is found. From this study, it seems that
there could exist a correlation between a large imaginary part in the energy values and the
presence of double excitations in the parameterisation of the states. As the quality of the
CCSD but actually even of the CC3 results is not clear when large imaginary components
occur, the UCC3 approach may be the better choice.

5.2 Molecular properties

In this section, molecular property results obtained by means of UCC theory are discussed.
In particular, the focus is on the analysis of the differences between property values obtained
by means of the EOM approach and of the response-theory approach. The UCC results
are compared to CCSD results. First, the results for the two-electron systems discussed in
sec. 5.1.1, Hy and HeH™ are shown. Then, the properties of the water molecule and the LiH
molecule in a magnetic field are analysed.

As CC can yield negative transition probabilities (also in the field-free case), the applicability
of UCC is explored. Negative transition probabilities can occur even when the energy results
are real.?® As negative probabilities cannot be connected to oscillator strengths, they do not
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offer any meaningful interpretation. Hence, the use of UCC is explored as an alternative.
Two systems for which negative CC transition probabilities occur, the silicon dication and
the CH™ cation, will be discussed in this section.*

5.2.1 Hydrogen molecule and HeH" cation

The importance of including the response of the wave function parameters to the perturbation
in the calculation of properties is assessed through a comparison of results obtained via the
response-theory approach (sec. 3.2.1) and the EOM approach (sec. 4.5.8) with FCI results.
For a first evaluation, results for the hydrogen molecule Hy and the HeH™ cation are analysed.
For both molecules, the same bond lengths as in sec. 5.1.1 have been used.

In table 5.5, transition dipole moments between the lowest singlet states of the hydrogen
molecule are displayed. A magnetic field of 0.1 Bg is chosen, directed perpendicularly to
the bond axis. Only transitions with a non-vanishing transition dipole moment are reported
here. For the calculation, the uncontracted augmented Dunning basis sets aug-cc-pVXZ
(X=T,Q,5) were adopted.?96-271 The basis-set convergence is rather slow, in particular for
the transition between excited states. The transition dipole moments from the ground state
(the 14, state) are smaller than the ones between excited states. For this molecule, the
EOM approach always overestimates the transition dipole moment, as can be seen by the
negative Apgom = | ,uFCI|2 — |/,LEOM|2 values. On the other hand, the inclusion of the response
of the amplitudes leads to an underestimation of the transition dipole moments, as Afiresp. =
’HFCI|2 - |,uresp‘]2 > 0. In order to assess the importance of the inclusion of the response
effects in the calculation of properties, the last column in table 5.5 shows the difference
A = |Apiresp. | — |Apsom|. Negative values of A mean that response-theory results are more
accurate (i.e., closer to FCI results) than EOM results while positive values of A mean
response-theory results are less accurate than EOM results. Except for the transition 14, —
1A,, A is negative, showing that response theory is more accurate in these cases. The
discrepancies between the two methods is two orders of magnitude larger for the transitions
between excited states, up to 0.2 ezag, compared to the discrepancies for the transitions from
the ground state, up to 0.008 ezag. Therefore, for practical applications, the EOM approach
for similar calculations of transition dipole moments from the ground state is sufficient. It is
interesting to observe that the perturbed amplitudes have such a large effect on the UCC3
transition dipole moments.

The HeH™ ion is investigated in a magnetic field of 0.1 By, oriented perpendicularly to
the bond axis. The system is characterised by the point group Cs.

In table 5.6 the dipole moments of the ground state 1A’ and the lowest excited singlet
states are listed. For the analysed basis sets, the differences with respect to FCI are smaller
for the response theory results than for the EOM results, in most cases by an order of
magnitude. The differences between the FCI and the UCC3 dipole moments computed with
the EOM approach take values up to 0.288 e2aZ, while the differences between the FCI and
the UCC3 dipole moments computed with the response-theory approach take values up to
0.028 e2a%. For all excited states, the dipole moment obtained through the response-theory
approach is closer to the FCI result. The ground-state dipole moment is very accurately
reproduced already by the UCC3-EOM approximation.

In table 5.7 the transition dipole moments between the considered states are displayed.
In agreement with the results discussed for the hydrogen molecule, the EOM treatment of

*In this section, dipole moments and transition dipole moments are discussed. With a slight abuse of
notation, the quantity |/L|2 will be referred to as dipole moment, and the quantity |u1J|2 =pry-pyr will be
referred to as transition dipole moment for the transition from state I to state J. In both cases, the squared
norm of the vectors is meant.
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aug-cc-pVTZ | [urci|” | presp.|” | lurom|” | Apiresp. | Apmom A
14, — 1A, 0.995 0.978 1.010 0.017 | —0.015 0.002
1A, — 24, 0.973 0.962 0.992 0.011 | —0.019 | —0.008
1A, = 1B, 1.063 1.053 1.078 0.010 | —0.015 | —0.005
24, — 14, 6.053 5.816 6.512 0.236 | —0.460 | —0.223
24, — 24, 3.803 3.669 3.986 0.134 | —0.182 | —0.048
2A, = 1B, 2.371 2.226 2.675 0.145 | —0.304 | —0.159
aug-cc-pVQZ

1A, = 1A, 0.993 0.976 1.008 0.017 | —0.015 0.002
1A, — 24, 0.959 0.948 0.976 0.011 | —0.017 | —0.006
1A, = 1B, 0.948 0.939 0.961 0.009 | —0.013 | —0.004
24, — 1A, 5.829 5.594 6.278 0.235 | —0.450 | —0.215
24, = 24, 4.337 4.166 4.610 0.171 | —0.273 | —0.102
24, — 1B, 3.471 3.287 3.832 0.184 | —0.361 | —0.177
aug-cc-pVbhZ

14, — 1A, 0.997 0.980 1.012 0.018 | —0.015 0.003
1A, — 24, 0.946 0.935 0.962 0.011 | —0.016 | —0.004
1A, = 1B, 0.874 0.866 0.886 0.008 | —0.012 | —0.004
24, — 14, 5.669 5.434 6.116 0.235 | —0.447 | —0.213
24, — 24, 4.731 4.542 5.052 0.190 | —0.321 | —0.131
2A, = 1B, 4.376 4.165 4.778 0.211 | —0.402 | —0.191

Table 5.5: Transition dipole moments between the first excited
molecule in a magnetic field of 0.1 By directed perpendicularly

singlet states of the Hs
to the bond axis. The

UCCS3 results have been calculated with the response-theory formulation (firesp.) and in the
expectation-value formulation (ugon). The discrepancies with respect to the FCI reference
2 2 - 2 2
values are caleulated as Aftresp. = [ipo1| — |firesp.|> and Apmont = |urcrl’ — [mon|®. The
difference between the absolute values of the errors is defined as A = [Apyesp.| — [Aprom|-
The calculations have been performed with different basis sets. The atomic units e?a? are

adopted here.
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aug-cc-pVTZ ‘,U'FCI ’2 ‘Mresp. ‘2 ‘UEOM ’2 AMresp. Apgom A
1A' 0.116 0.107 0.121 0.010 | —0.005 0.005
2A’ 0.807 0.779 1.095 0.028 | —0.289 | —0.261
3A' 0.268 0.273 0.385 | —0.005 | —0.117 | —0.112
4A' 0.534 0.518 0.452 0.017 0.082 | —0.066
1A” 0.406 0.410 0.522 | —0.005 | —0.116 | —0.111
aug-cc-pVQZ

1A’ 0.117 0.107 0.122 0.010 | —0.005 0.005
2A’ 0.802 0.774 1.090 0.028 | —0.288 | —0.260
3A 0.204 0.210 0.320 | —0.006 | —0.116 | —0.110
4A' 0.548 0.531 0.466 0.017 0.082 | —0.065
1A” 0.319 0.325 0.433 | —0.005 | —0.114 | —0.109

Table 5.6: Single-state dipole moments of the ground state and the first excited singlet states
of the HeH™ molecule in a magnetic field of 0.1 Bq directed perpendicularly to the bond axis.
The UCC3 results have been calculated with the response-theory formulation (ftesp.) and
in the expectation-value formulation (ugom). The discrepancies with respect to the FCI
reference values are calculated Afiyesp. = | MFCI|2 —| uresp.\Q and Augom = | ,uFCI\Q —| uEOM\Z.
The difference between the absolute values of the errors is defined as A = |Apiresp.| — |Appom|-
All quantities are computed in atomic units. The calculations have been performed with

different basis sets. The atomic units e?a3 are adopted here.

properties overestimates the transition dipole moments, with differences with respect to FCI
up to |Augom| = 0.123 e2a3, while the inclusion of the response of the amplitudes leads to
weaker transitions, with differences with respect to FCI up to Apiresp = 0.046 e?a?. The
transitions from the ground state 1A’ are weaker than those between excited states. As for
Ho, it is noticed that the transitions from the ground state have the smallest discrepancies
with respect to the FCI reference calculations, of the order of 1073 e?a3.

In summary, as a general consideration, UCC3 response theory has been shown to repro-
duce better the FCI results than the EOM approach to the calculation of properties. The
differences between the two approaches is larger for dipole moments of excited states and
transition dipole moments between excited states. For properties involving the ground state,
the discrepancies in the results of the two methods is of the order of 1072 e¢2a3, indicating
that for these properties the EOM approach is a good alternative.

5.2.2 Water molecule

In this section, the properties of the water molecule are investigated, in a magnetic field of
strength varying between 0 By and 0.4 By. Preliminary investigations to this study showed
that the water molecule dissociates for magnetic-field strengths larger than 0.4 Bg; this
observation motivates the chosen range of magnetic-field strengths. The geometry was taken
from ref. 248, where the bond lengths are Rom = 0.957 A and the angle ZHOH = 104.5°.
Calculations were performed with the uncontracted aug-cc-pVDZ basis set.266-268,270

The characterisation of the water molecule is discussed for three different orientations of
the field, as shown in the left panels of fig. 5.10. In fig. 5.10a, the magnetic field is oriented
perpendicularly to the molecular plane; in fig. 5.10c, the magnetic field is oriented along
the bisector of the angle ZHOH; in fig. 5.10b the magnetic field lies in the molecular plane,
perpendicular to the orientations described for figs. 5.10a and 5.10c. In order to analyse
single-state and transition properties of the system in a strong magnetic field, first the ener-
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aug-cc-pVTZ |MFCI ‘ ? |Nresp. |2 |MEOM |2 AMresp. A,uEOM Aresp.
1A" — 24’ 0.657 0.645 0.665 0.012 | —0.009 0.003
14" — 34’ 0.300 0.298 0.303 0.001 | —0.003 | —0.002
1A" — 44’ 0.077 0.077 0.078 0.001 | —0.001 | —0.000
1A’ = 1A" 0.346 0.345 0.350 0.001 | —0.004 | —0.002
24" — 3A’ 0.248 0.238 0.310 0.011 | —0.062 | —0.051
24" — 44’ 0.448 0.442 0.446 0.006 0.002 0.004
24" — 14" 0.154 0.148 0.193 0.006 | —0.038 | —0.032
3A" — 44’ 2.358 2.314 2.480 0.044 | —0.122 | —0.078
3A" — 1A" 0.171 0.167 0.188 0.004 | —0.017 | —0.013
4A" — 14" 2.053 2.015 2.149 0.038 | —0.096 | —0.058
aug-cc-pVQZ

1A" = 24’ 0.656 0.644 0.665 0.012 | —0.008 0.003
1A" — 3A' 0.301 0.299 0.304 0.001 | —0.003 | —0.002
1A" — 44’ 0.072 0.071 0.073 0.001 | —0.001 0.000
1A —1A" 0.340 0.339 0.344 0.001 | —0.003 | —0.002
24" — 34’ 0.230 0.220 0.290 0.010 | —0.059 | —0.049
24" — 4 A 0.455 0.449 0.454 0.006 0.001 0.005
24" — 14" 0.138 0.132 0.173 0.006 | —0.035 | —0.030
3A" - 44’ 2.490 2.444 2.613 0.046 —0.123 | —0.077
34" — 14" 0.175 0.171 0.192 0.004 | —0.017 | —0.013
44" - 1A" 2.284 2.243 2.387 0.042 —0.103 | —0.061

117

Table 5.7: Transition dipole moment between the first excited singlet states of the HeH™

molecule in a magnetic field of 0.1 By directed perpendicularly to the bond axis.

The

UCCS3 results have been calculated with the response-theory formulation (presp.) and in the
expectation-value formulation (ugonm). The discrepancies with respect to the FCI reference
values are calculated as Apiresp. = |MFCI|2 — | ,uresp,|2 and Augom = ’HFCI|2 —| MEOM|2~ The
difference between the absolute values of the errors is defined as A = |Afiresp.| — |Appom|-
The calculations have been performed with different basis sets. The atomic units e2a? are

adopted here.
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gies of the first three singlet states with respect to the magnetic-field strength are discussed.
They are plotted in the right panels of fig. 5.10, for each orientation. Results have been ob-
tained at the CCSD, UCC2, and UCC3 levels of theory. For the three inspected orientations,
UCC2, UCC3, and CCSD show very small differences in the results for the ground state 1' A’
energy (black lines in fig. 5.10). In detail, defining AFyccn = (Fuccen — Focsp) the mean
differences of the UCC2 and UCC3 versus the CCSD results, the discrepancies differ by an
approximate factor of 2, i.e. AEycca(1'A4’) = —0.0028 E}, and AEyccs(1tA’) =0.0013 Ey,.

The excited states may be analysed in detail. For the lowest two excited singlet states,
the qualitative description of the state shows a good agreement of the three methods. The
energy of these excited states increases in the increasing magnetic field, due to the contri-
bution of the diamagnetic term of the finite-field Hamiltonian (eq. 2.3.12). For all states,
UCC2 yields smaller energies than CCSD. For larger field strengths, the energy difference
become smaller. Comparing UCC3 to CCSD, for all three plots in fig. 5.10 the UCC3 ener-
gies are larger than the CCSD energies, giving a discrepancy which is smaller than for the
UCC2 results. In detail, AEyco2(11A”) = —0.0113 B}, and AEyccs(11A”) = 0.0062 Ey,, and
AFEycca(2tA") = —0.0137 By, while AEycc3(2PA”) = 0.0065 Ey. As for the ground state,
the UCC2 and UCCS3 results differ by an approximate factor of 2.

The investigation on the ground- and excited-state energies is necessary for the analysis of
the dipole and transition dipole moments.

Dipole moments of water

The analysis of contributions to the dipole moment for each orientation requires some con-
siderations of point group theory and the symmetry of the states. In order for the integral
(¥o| 4| Tp) not to vanish, the product of the representations of W,,u, ¥, must contain the
total symmetric irreducible representation:

Fa®FM®FbQFid. (5.2.1)

In the first orientation (fig. 5.10a), where the magnetic field is perpendicular to the

molecular plane, the system has Cs symmetry and the states ¥; and W5 both have A”
symmetry, while the ground state has ' A’ symmetry. The two excited states show an avoided
crossing at about 0.2 Bg.
Orienting the field perpendicularly to the bisector of the angle ZHOH, along the molecular
plane, as shown in fig. 5.10b, the system belongs to the point group Cs. Here ¥; has
A’ symmetry, while U5 has A” symmetry and no mixing between the states is allowed.
Therefore, the two states do not interact and they increase in a rather parallel manner when
increasing the magnetic field strength, which is clearly visible in the right panel of fig. 5.10b.
The configuration in which the magnetic field is oriented along the bisector of the bond
angle (fig. 5.10c) is described through the point group Cs. W; belongs to the irreducible
representation B, while Wy has A symmetry. Again, no mixing can therefore occur here,
which is visible in the right panel of fig. 5.10c.

The corresponding electronic dipole moments (i.e., dipole moments without the nuclear
contribution) are shown in fig. 5.11 as function of the field strength for the three orientations.
The left column shows the properties at the EOM level, while the right one accounts for
the response of the amplitudes of the wave function. All lines are essentially parallel and
present the same qualitative description of dipole moments. In fig. 5.11a the major changes
in magnitude of the dipole moments in the region around 0.2 By is due to the avoided
crossing of the states 1'A” and 2! A” observed in the energy plots. Looking at fig. 5.11, it is
observed that the agreement between CCSD and UCC3 is much better in the response-theory
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Figure 5.10: On the left, the different orientations of the magnetic field with respect to the
water molecule are shown. On the right, the corresponding energies of the ground state and

the first two excited states are displayed.
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Fig. 5.10a | Auccsp/e?a3 | Auvcce/e?a3 | Apuccs/e?ai
1A’ 0.0000 0.0154 0.0325
1tA” 0.0008 0.0078 —0.2978
2t A" 0.0099 0.0098 —0.3017
Fig. 5.10b

114’ 0.0000 0.0159 0.0366
2t A —0.0072 0.0068 —0.3436
1A —0.0008 0.0078 —0.3184
Fig. 5.10c

114 0.0000 0.0153 0.0315
1'B 0.0083 0.0090 —0.2621
214 0.0056 0.0087 —0.2749

Table 5.8: Differences between electronic dipole moments obtained with the EOM and
response-theory approach, calculated as Ay = | ,uresp|2 - |MEOM|2~ All results are given in
atomic units (e?a3). The orientation of the magnetic field is indicated in the corresponding
panel in fig. 5.10.

framework (the mean difference between the two methods in the response-theory framework
is about —0.016 e?a? for the ground state, about —0.076 e2a3 for the excited states, while
it is of about 0.017 e?a3 for the ground state, about 0.247 e?a? for the excited states in
the EOM framework), whereas the UCC2 results are always larger than the CCSD and
UCC3 results (the mean difference with respect to the CCSD results is of about 0.003 e%ad
for the ground state, about 0.397 €2a% for the excited states in the response-theory case,
while for the EOM-approach the mean difference yields about —0.012 e2a? for the ground
state and about 0.390 e2a? for the excited states). Table 5.8 shows the mean values of
the discrepancies between the results obtained with the two property schemes, obtained as
Ap = |piresp|” — |pmom|®. The mean value has been computed by dividing the range of the
magnetic field, between 0 and 0.4 By, into 100 equally spaced points. In the CC framework,
the ground-state dipole moments give the same result both with the EOM and the response-
theory approach, as the Lagrange functional for the CC ground-state dipole moment coincides
with the EOM parameterisation of the left hand-side ground state.?”® The mean differences
Apyccs (less than 0.01 620,3 for the excited states dipole moments) are smaller than the mean
differences Apyccs (about 0.30 BQCL% for the excited states dipole moments). The inclusion of
the amplitude relaxation has a larger effect on the UCC3 results than on the UCC2 results,
giving a much better agreement with the CCSD results, as it is shown in the plots.

In summary, it can be stated that the inclusion of the response of the wave function to
the perturbation is important in the UCC3 case to obtain dipole moments which are close
to the CCSD results up to 0.08 e2a2. For UCC2, the inclusion of the response of the wave
function does not lead to an increase in accuracy.

Transition moments of water

In fig. 5.12, the transition moments from the ground state to the two excited states (1! A4’ —
1'A” and 1' A’ — 2! A”) and the transition 1'A” — 11 A” are analysed. The left panel shows
the results obtained in the EOM framework, while the right one shows results obtained with
response theory. In table 5.9, a quantitative analysis of the mean differences between response
theory and EOM transition moments is presented. For all orientations of the magnetic field,
the transition from the ground state to the first excited state (black lines in fig. 5.12) is
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Figure 5.11: Electronic contribution to the dipole moments of the ground state and the
lowest two excited states of HoO in a strong magnetic field. For fig. 5.11a, fig. 5.11b, and
fig. 5.11c, the magnetic field is oriented as shown in fig. 5.10a, fig. 5.10b, and fig. 5.10c,
respectively. The left panels refer to calculations with the EOM approach, while the right
panel refers to calculations performed with the response-theory approach.
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fig. 5.10a Apccsp/e?ad | Auvcce/e?as | Apuccs/e?ad
114" — 1tA” —0.0002 0.0000 0.0004
114" — 214" 0.0001 0.0000 0.0017
114" — 214" —0.1271 —0.0237 —0.6525
fig. 5.10b
114" — 2t A —0.0005 0.0000 —0.0012
114" — 114" —0.0004 0.0000 —0.0025
2t A" — 114" —0.1469 —0.0247 —0.8822
fig. 5.10c
1'A—-1'B 0.0001 0.0000 0.0016
11424 0.0001 0.0000 0.0001
1'B—2'4 —0.1429 —0.0243 —0.8397

Table 5.9: Differences between transition dipole moments obtained with the EOM and
response-theory approach, calculated as Ay = Ap =| Mresp|2 —] MEOM|2- All results are given
in atomic units (e2a). The orientation of the magnetic field is indicated through the corre-
sponding figure in fig. 5.10.

stronger (i.e. larger values of | ,uij|2) than to the second excited state (red lines). The lines
are nearly coincident in most cases and the consideration of the response of the wave function
to the perturbation does not affect the final result much, i.e., the differences including the
response of amplitudes are negligible, of the order of 1074 e2a2.

As the ground state is totally symmetric, it can be shown that the allowed components
for transitions in the field-free case are:

o 1A’ = 11'A”: only the p, component does not vanish;

o 1'A" = 21 A”: all components vanish, explaining the fact that the red lines in fig. 5.12
all start from zero.

In fig. 5.12a, the transition dipole moments are plotted as function of the magnetic field
strength, with the field oriented perpendicularly to the molecular plane (fig. 5.10a). The
two excited states both have A” representation, and only the p.-component contributes
to the transition dipole moment from the ground state, with A’ symmetry. The transi-
tion 11 A’ — 1'A” is very similar for all methods, with mean deviations between UCC2 and
CCSD of —0.0010 e2ag for the EOM approach and of —0.0007 e?a3 for the response-theory
approach. Mean deviations between the UCC3 and the CCSD transition dipole moments
are even smaller: —7-107° e2a3 for the EOM approach and of 0.0005 e2a2 for the response-
theory approach. The transition 1' A’ — 2! A” shows larger but still quite small deviations;
mean deviations between UCC3 and CCSD of —0.0029 e?a3 for the EOM approach and of
—0.0012 e2a3 for the response-theory approach. The deviations in the UCC2 case are larger
by an approximate factor of 5 with respect to the UCC3 case. Mean deviations between the
UCC?2 and the CCSD transition dipole moments are of 0.0054 e2a? for the EOM approach
and of 0.0053 e?a3 for the response-theory approach. The drastic changes in the magnitude
occur around 0.2 By, where the two states are mixing.

In fig. 5.12b, for the transition 1' A’ — 11 A” only contributions involving the components
iz, pby are allowed by symmetry, and the strength of the transition moment decreases in
stronger magnetic fields. For 1'A’ — 2'A” only the u, component can contribute and
increases for higher field strengths. In strong magnetic fields, UCC3 predicts somewhat
larger, at most of 0.0324 eQa(z), transition dipole moments. The mean differences between the
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Figure 5.12: Transition moment from the ground state to the first two excited states of HoO
in a strong magnetic field of different orientations. For fig. 5.12a, fig. 5.12b, and fig. 5.12c,
the magnetic field is oriented as shown in fig. 5.10a, fig. 5.10b, and fig. 5.10c, respectively.
The left panels refer to calculations with the EOM approach, while the right panels refer to
calculations performed with the response-theory approach.
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UCC2 and CCSD results is of the order of 1073 e?a3, while the mean differences between the
UCC3 and CCSD results is of the order of 1074 e?a3.

In fig. 5.12c, the transition moments for 1' A’ — 1'A” decrease in the increasing strong
magnetic field. For the transition 1' A’ — 2'A” only transitions involving the component .
are allowed; the transition becomes slightly but not significantly stronger for high magnetic-
field strengths (up to values of |1;; 2 =0.0418 e?a3). All three methods give the a qualitatively
similar description of the dipole moment. The mean differences between the UCC2 and
CCSD results is of the order of 1073 e2a, while the mean differences between the UCC3 and
CCSD results is of the order of 10~ e2a3.

The most intense transition is 11 A” — 21 A", plotted with the blue curves in fig. 5.12.

o field-free case: only p, is allowed;
o figs. 5.12a: pig, p1y are allowed;
o figs. 5.12b: only u, is allowed;
o figs. 5.12¢: g,y are allowed.

For this transition, the largest differences between response-theory results and EOM re-
sults are obtained. This observation agrees with the results obtained in the previous sec-
tion (sec. 5.2.1), where the transitions between excited states showed the largest discrep-
ancies between the EOM and the response-theory results. The transition dipole moments
for 11 A” — 21 A" have absolute mean deviations between the response-theory and the EOM
results of up to 0.88 e2a? for UCC3, 0.02 e2a3 for UCC2 and 0.15 e?a for CCSD (in the
orientation in fig. 5.10b). UCC2 has smaller discrepancies between the results obtained with
the two approaches, due to the lower order of approximation of the method. Considering
the symmetry of the states, the contributing components are predicted:
For all orientations, UCC2 considerably overestimates the transition dipole moment (the
mean difference with respect to the CCSD results is 0.8780 e2aZ for the EOM approach, and
0.9814 e2a3 for the response-theory approach), compared to both CCSD and UCC3. The
latter methods compare well to each other, especially when exploiting response theory. The
mean difference of UCC3 results with respect to the CCSD results is 0.3256 e2a3 for the
EOM approach, and —0.1998 e2a? for the response-theory approach. As seen for the tran-
sitions from the ground state, CCSD does not show major differences between the left and
the right column of fig. 5.12, while the relaxation of the wave function amplitudes plays a
non-negligible role for UCC3, where the discrepancies are much more relevant.

As a general consideration, it may be observed that the importance of including the
response of the wave function to the perturbation is essential for UCC3 theory.

5.2.3 Lithium hydride

The comparison between UCC3 and CCSD can be continued through a discussion of the LiH
molecule, whose ground- and lowest excited states have been discussed in sec. 5.1.2. UCC2
results are also shown, to investigate the effect of the truncation scheme on the results.

In fig. 5.13a the calculated dipole moments of the lowest four singlet states are plotted
against the magnetic field. The molecular properties discussed in this section are all cal-
culated considering the relaxation of the amplitudes. The description of the ground-state
dipole moment (red line in the plot) is mostly agreeing for UCC3 and CCSD, where the
maximal difference in magnitude is 0.20 e2a?. At larger magnetic field strengths, the UCC2
method shows a significant deviation from the other methods, giving a dipole moment larger
by at most 0.41 e?a3 with respect to CCSD and UCC3. Major differences are observed for
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Figure 5.13: The LiH molecule in a varying magnetic field perpendicular to its bond axis.
The bond length has been optimised as in ref. 115. Fig. 5.13a shows the dipole moments of
the ground and lower excited states are shown. In fig. 5.13b, all transition moments between
the analysed states are shown.

the excited states, where larger shifts occur. For the lowest excited state, 2' A’ the shape
of the dipole moment is qualitatively different between the three methods. By analysing the
direction of the electronic contribution to the dipole moment, it is noted that the CCSD and
the UCC2 dipole moments are pointing in the opposite direction than the UCC3 one for field
strengths smaller than 0.2 e?a3. The lines of the CCSD and the UCC3 calculation become
parallel but shifted to each other, if the CCSD line is mirrored around the z-axis. The dipole
moments of the former degenerate 111 states present the same shape for all three methods,
with the UCC2 results shifted to smaller values and the UCC3 ones to higher values. For
both methods, the maximum difference with respect to CCSD is of about 0.3 e?a3, but is on
average smaller for UCC3 than UCC2. The avoided crossing observed in fig. 5.1b at about
0.1 By affecting state 3' A’ is evident in the huge change in magnitude of the dipole moments
around that field strength (green line).

Concluding the analysis of the description of the dipole moments, the shape of the lines is
not always the same for the three methods: it is fairly comparable for CCSD and UCC2,
while major differences are found for UCC3. In particular, different directions of the dipole
moment are obtained with different methods.

The transition dipole moments between the investigated states are pictured in fig. 5.13b.
The same behaviour as for the water molecule is observed. For transitions involving the
electronic ground state (red, blue and green lines in the plot), the three methods present
very small differences. The transitions between excited states are more affected by the
specific electronic method used. In agreement with the observations discussed for the dipole
moments, the UCC2 results are always larger than the CCSD results, while UCC3 gives the
smallest transition dipole moment. For the transition involving the state 3' A’ (green, black
and light blue lines), the presence of the avoided crossing around 0.1 By is noticeable in an
abrupt change in magnitude of the properties. As in the B = 0 case, state 1'TI/1'A” and
1'T1/31 A" are degenerate, also the transitions 1 A’ — 11 A” (blue) with 114’ — 31 A’ (green)
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Figure 5.14: On the left, the excitation energies of the sodium atom in a varying magnetic
field. On the right, the transition dipole moments from the ground state to the considered
excited states are shown. The labelling of the states refers to the computational point group,
Cip,.

and 21 A" — 11 A” (yellow) with 2t A’ — 31 A’ (black) depart from the same starting value.

The investigations on the systems HoO and LiH allows to formulate some general obser-
vations concerning the comparison between CCSD and UCC3. The agreement between the
two methods is much better when the response-theory approach is exploited. It is observed
that both for the calculation of dipole and transition dipole moments, the UCC3 results
are changing by a larger extent when including the response of the wave function to the
perturbation. The lower order of approximation characterising UCC2 leads to a general
overestimation of the single-state and transition dipole moments. The inclusion of the re-
sponse of the wave function to the perturbation is essential for UCC3 to get more accurate
results, which in general have smaller magnitude than the CCSD ones. With these consider-
ations, the UCC3 response theory can be exploited to calculate the properties of molecules
which exhibit unphysical results when treated at the CC level of theory.

5.2.4 Sodium atom

The last system here discussed as a benchmark for the accuracy of the UCC3 method is the
sodium atom.?®1 In this section, the discussion focuses on the splitting of the degenerate P,
states. These, when in a magnetic field, undergo orbital-Zeeman splitting, giving the states
1,11, ,%,. The magnetic field is chosen to vary up to 0.5 By, a magnitude which is realistic
for a magnetic white dwarf star. Calculations have been performed with the uncontracted
aug-cc-pCVTZ basis set, 266268 both at the CCSD and at the UCCS3 level of theory. For the
transition dipole moment calculations, response theory has been exploited.

In fig. 5.14a, the excitation energies of the Il-states are plotted. It can be observed
that the magnetic field leads to splitting of the degenerate states. The upper component is
observed to have a maximum at about 0.15 By, after which the excitation energy decreases
for this component as well. The lower component is crossing the ground state at 0.325 By;
for larger field strengths, its excitation energy becomes negative. From the plot, it appears
that the energy calculations performed with CCSD and UCC3 agree, as the lines lie on top
of each other.
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In fig. 5.14b, the transition dipole moments from the ground state to the considered
excited states are plotted. Starting from the same value for the field-free case, the transition
dipole moment S, /¥, — P, /3, remains basically constant for the considered field strengths.
For magnetic fields larger than 0.25 By, the results differ slightly, with larger values for the
UCC3 calculation (the largest difference here is 0.153 €?a3). The transition S, /3, — P, /IL}
abruptly goes to zero after the observed turnover in the excitation energy. For all transitions,
the agreement between the two methods is very good.

The discussion of this atom of astrochemical relevance shows that UCC3 is a valid method
for the study of properties in a strong magnetic field. In fact, these calculations show compa-
rable results as those in ref. 98, and could be used as an interpretation tool for astrochemical
spectra of magnetic white dwarf stars.

5.2.5 Si%t ion

In this section, the UCC method is exploited to analyse the silicon dication, which has
been observed among others in the spectra of white dwarf stars since the early 1980s.27% In
particular, the investigation of this section focuses on the discussion of a particular transition,
which in the CC framework is characterised by a negative transition probability. First,
the silicon dication Si*T is considered in the field-free case; then, the discussion will be
continued considering a magnetic field up to 0.4 By. All calculations are performed with the
uncontracted aug-cc-pCVTZ basis set, 2667268 at the CCSD and UCC3 levels of theory. For
the calculation of the desired states, the modified Davidson algorithm described in ref. 207
was exploited to determine multiple roots simultaneously. For the property calculation, the
response-theory approach has been applied.

The Si?* dication has a ground-state configuration given by [Ne| 3s®. Here the transi-
tions 11, ([Ne] 3s' 3p!) — 11,([Ne] 3p?) and 11, ([Ne] 3s! 3p') — 215, ([Ne] 3s! 4s!) are
considered, as these transition are reported to be quite intense in the NIST database.?””
However, the S, states are characterised differently by the two methods. In the CCSD case,
both states, i.e. 1159 and 21Sg, have a mixed configuration, with contributions from [Ne]
3s! 4s! and [Ne] 3p?.

On the other hand, the UCC3 calculation clearly distinguishes the two states 1.5, ([Ne] 3p?)
and 215, ([Ne] 3s! 4s!), which are not mixing. Looking at the data in the NIST database, it is
observed that the states are also found to be mixing, but by a smaller extent (NIST reports
a leading percentage of the [Ne] 3p? component in the lng state of about 82%, while the
CCSD calculations gives a weight of 60% to the leading EOM vectors describing the double
excitation). The excitation energies computed at the CCSD and UCC3 level of theory are
compared to the experimental data in tab. 5.10. The state II,([Ne] 3s! 3p!) is accurately
described both by CCSD and by UCC3, with higher accuracy for CCSD. The two ¥, states
compare rather badly to the experimental data, as the CCSD method overestimates the
mixing between the states, while the larger energetic difference between the two states found
with UCC3 leads to results quite distant from the NIST results. This behaviour is not very
surprising, as for both methods the restriction of the excitation space to single and double
excitations implies that the description of doubly-excited states is rather bad. For a better
description, methods as CC3 and its unitary analogue should be exploited and/or developed.

The transition ', ([Ne] 3s' 3p') — 2'%,([Ne] 3s! 4s!) is observed at 1312.6 A, while the
calculated values are 1316.3 A for CCSD and 1320.7 A for UCC3. However, the calculated
transition probability wr; - pyr is negative for CCSD, therefore providing an example of an
unphysical result due to the non-Hermiticity of CC theory. The magnitude of the UCC3

2m,

oscillator strength, a dimensionless quantity defined as f;; = ﬁAEIJ’MIJ |2 (where my, is
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NIST CCSD UCCs
3s! 3pt | 82884.41 | 82940.47 | 81708.59
3p? 153444.23 | 157486.33 | 136086.70
3st 4s' | 159069.61 | 158911.99 | 157426.21

Table 5.10: Excitation energies from the ground state of the NIST database?”” are compared
to the excitation energies obtained with the CCSD and UCC3 methods, computed with the
uncontracted aug-cc-pCVTZ basis set. All data are reported in cm™!.
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Figure 5.15: On the left, the excitation energies of the ! P, /1L, 11S,/1'%, and 2'5,/2'%,
states of the Si?* atom, in a varying magnetic field, are shown. On the right, the transition
dipole moment 1T, ([Ne] 3s! 3p!) — '3,([Ne] 3s! 4s!) is displayed. Calculations exploit the
CCSD and UCC3 response-theory approach for the investigation of molecular properties.

the mass of the electron),* is 0.072 and can be compared to the data reported in the NIST
database, 0.057. While the UCC3 transition energy is further away when compared to CCSD;
Both UCC3 and CCSD oscillator dipoles are of the same order of magnitude. Moreover, the
oscillator strength at UCC3 is close to the experimental value while the CCSD predictions
are unphysical.

The transition 'TT,([Ne] 3s' 3p') — 1'%,([Ne] 3p?) is reported at 1417.2 A, while the
calculated values are 1341.5 A for CCSD and 1839.0 A for UCC3. Neither of them is in good
agreement with the experimental data. The comparison of the transition dipole moments
with the NIST database, which reports an oscillator strength of 0.218, shows that CCSD
cannot give an accurate description of the transition, as CCSD gives an oscillator strength
of 0.427 and UCC3 0.021. The transition 'II,([Ne] 3s! 3p!) — 13,([Ne] 3s! 4s') can be
discussed when the Silicon dication is in a finite field, up to 0.4 By. In fig. 5.15a, the energy
of the excited states !P,/'TI,, 115,/11%, and 21S,/2'%, are plotted as a function of the
magnetic-field strength. For the 'II, state the difference between the two methods remains
small. The differences in the description of the excited states ¥, lead to a large shift of the
excited state energies, though maintaining a parallel evolutions. In fig. 5.15b, the transition
dipole moments 'II,,([Ne] 3s* 3p!) — 213, ([Ne] 3s! 4s') and '1I,,([Ne] 3s! 3p!) — 113, ([Ne]
3p?) are plotted.

Starting from the transition 'II,,([Ne] 3s' 3p!) — 213, ([Ne] 3s! 4s!), the red lines in the

*In atomic units, me =1 and h=1
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plot, it is clearly shown that the CCSD method gives unphysical results on the left side of
the plot, up to 0.3 Bg. One has to note that the plotted quantity is ],uu|2 = pury-pyr- Due
to the fact that CCSD has different parameterisations for the right and left eigenstates, the
relation 7y # puyr holds, allowing for the unphysical results |prs|> <0 to occur. This is
an example of the limitations of the non-Hermitian CC theory when studying systems in a
magnetic field. The negative and oscillating results are found for transitions for which the
wrg value is very far from being the adjoint of u 5, being opposite in sign or various orders
of magnitude different. The UCC3 results are real and their value is increasing in a stronger
magnetic field.

The transition 'TI,([Ne] 3s! 3p') — 113,([Ne] 3p?) is plotted in blue for CCSD and
UCC3. It is shown that the lines have a similar behaviour, but are shifted with higher values
for the CCSD line. The small magnitude of the UCC3 transition is motivated by the fact
that for UCC3 this is a purely two-electron transition, which is not true for CCSD, where
the mixing introduces also a partial one-electron transition contribution.

For the Si?* dication, the excited states with at least a partial doubly-excited character
cannot be very accurately described by UCC3 and CCSD, as it had already been observed
for the CH™ cation in sec. 5.1.3. This is due to the consideration of just singly- and doubly-
excited determinants in the definition of the cluster operator. In the framework of this
approximation, Si>* offers a example of a case in which CC theory cannot be applied to the
calculation of transition dipole moments. It is important to emphasize that these results
could not be foreseen by just analysing the energies of the excited states, which are here real
for both UCC3 and CCSD. Under these circumstances, the Hermiticity of UCC represents a
valid alternative to standard CC theory, in order to obtain physically interpretable results.

5.2.6 Methylidyne ion

In this section, another example of a system for which CC response theory obtains negative
transition probabilities is analysed, the CH™ cation. Its energies in a strong magnetic field
have already been studied in sec. 5.1.3. The discussion focuses here on the comparison
between the dipole moments and transition dipole moments obtained via the CCSD and
the UCC3 method, respectively. investigating the importance of a response-theory approach
with respect to the EOM one.

Electronic dipole moments

The understanding of the behaviour of the CHT cation in a magnetic field oriented at an
angle of a = /6 with respect to its bond axis, gained in sec. 5.1.3, is a prerequisite for
the analysis of ground- and excited-state properties. It has been shown in sec. 5.1.3 that,
depending on «, various avoided crossing occur between the ground and excited states.

In fig. 5.16, the dipole moments (calculated with respect to the center of mass) corre-
sponding to the states analysed in chapter 5.1.3 are displayed (the same colours are main-
tained for the sake of clarity). In fig. 5.16a the dipole moments of the ground state 1'A
(purple line in the plot) and the lowest excited state 2'A (red line in the plot) are shown.
In fig. 5.2 it was observed that the CCSD, UCC2, and UCC3 energy results for these two
states did not show significant discrepancies. However, when looking at the dipole moments,
the results differ also from a qualitative point of view. For the ground state 1'A (purple
line in the plot), CCSD and UCC2 predict rather similar dipole moments. However, the
curve describing the UCC3 dipole moment has quite a different shape, with differences up
to 0.04 e2a?. As for the excited state 2' A (red line in the plot), the CCSD and UCCS3 results
show the same trend of decreasing dipole moment, while the UCC2 results show a qualita-
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Figure 5.16: Dipole moments of the CH' cation in a magnetic field oriented at o = 7/6
with respect to its bond axis. The first four excited singlet states, those shown in fig. 5.2b,
are plotted with the CCSD, UCC2 and UCC3 methods. Results are given in atomic units
(e2a3).

tively different trend, with an increase for field strengths larger than 0.8 By. Note that the
differences for field strengths between 0 By and 0.2 By for the UCC3 dipole moment are a
consequence of the slight mixing of the first excited state with the avoided crossing of the
states 3' A and 4' A, which transfers some doubly-excited character also to the state 2' A.

In fig. 5.16b, the dipole moments of the states 3'A and 4'A are shown. As seen in
fig. 5.16a, these states experience two avoided crossings, at about 0.15 By and 0.7 Bg. The
effect of the avoided crossings is evident from the inspection of the dipole moments: in
correspondence to the avoided crossings, abrupt changes in the magnitude of the dipole
moments is observed, around B=0.1 By and around B=0.6 By. At the avoided crossings,
the states 3'4 and 4' A exchange their character; also the properties of the two states are
exchanged, as shown by the curves, which could be continued one into the other. The dipole
moment of state 4' A also shows a discontinuity around 0.4 By. As discussed in sec. 5.1.3,
here a mixing with higher-lying states occurs, which explains this discontinuity. For most
part of the explored magnetic field range, UCC3 predicts larger dipole moments for these
two states than CCSD. As could be expected from the plot in fig. 5.2b, UCC2 fails in the
description of the dipole moment of these states, as it can only describe the single-excitation
component of the state. UCC2 therefore describes the properties of the mixing states as the
envelope of the properties of 3' A and 4'A.

Summarising the discussion of single-state dipole moments, it is found out that this
property shows the CCSD and UCC3 obtain qualitatively similar results, while UCC2 is not
able to describe doubly-excited states, and thus fails in the description of their properties.

Transition dipole moments — response theory vs EOM theory

In fig. 5.17b, the transition dipole moments from the ground state to the first three excited
states are shown, calculated for CCSD, UCC2 and UCC3 both using the expectation-value
and the response-theory approach, respectively (figs. 5.17a-5.17b). The transition dipole
moments for 14 — 21 A (red lines in the plots) are described with similar precision by all
three methods, and the inclusion of the response of the wave function to the perturbation
does not affect qualitatively the results. The transition dipole moments of 1'A — 3'A and
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Figure 5.17: Transition dipole moments between the ground state 1'A and the first three
singlet excited-states of the CHT cation, in a magnetic field oriented at o = /6 with respect
to the bond axis. The magnetic field strength varies between 0 By and 1.0 By. The compar-
ison between CCSD, UCC2 and UCC3 is visible for each transition. In fig. 5.17a, transition
dipole moments are computed with the expectation-value approach (EOM approach), while
in fig. 5.17b the response theory has been exploited.

1'A — 4' A reflect the avoided crossings observed in fig. 5.2b. The discontinuities at about
0.15 Bg and 0.70 Bg are explained by the exchange of singly- and doubly-excited characters
between the target states. The observed mixing of state 4'A with the higher-lying states
causes the large change in transition dipole moment around 0.4 Bg. The small discontinuity
in the right part of the plots, present only in the CCSD case, may be explained by the mixing
of state 4' A with higher-lying states, which was observed in fig. 5.2b. This mixing was not
found for the UCC2 and UCC3 methods and therefore no discontinuity is observed for the
UCC2 and UCC3 dipole moments. As expected, UCC2 only describes the dipole moment
of the single-excitation components of the 3'A and 4'A states. In the case of the EOM
calculation (fig. 5.17a), CCSD and UCC3 are in good agreement. The shift between the
two curves is caused by the different magnetic field strengths at which the avoided crossings
occur. In the case of response formulations, discrepancies between CCSD and UCC3 are
observed in fig. 5.17b. While the CCSD results are not affected much by the response, the
UCC3 transition dipole moments show a larger difference between the EOM and response-
theory results. In particular, after the interaction with the higher-lying states at 0.4 By and
0.7 By, the UCC3 results match much better the CCSD results, showing a good agreement
of the response-theory results.

In fig. 5.18 the transition dipole moments between excited states are displayed. Here
the transitions 2'A — 3'A (orange line in the plots) and 2'A — 4'A (green line in the
plots) are analysed. The shape of the transition dipole moments can again be motivated
by the presence of avoided crossings characterising states 3'4 and 4'A at about 0.15 By
and 0.7 Bg. The major differences between the expectation-value and the response-theory
approach (figs. 5.18a-5.18b) are as follows. In the EOM case, the transition dipole moment
for 21 A — 41 A gives very small values (1072 eZa%) for the unitary approaches, while it starts
out at about 0.2 e2a3. for CCSD in the magnetic-field range of 0.0 Bo-0.15 Bg. Furthermore,
major differences in the results are found in the higher-field region of the plot. For fig. 5.18b,
the major difference in this plot is given by the peak at about 0.2 By for UCC3. This feature
is explained by recalling the discussion in sec. 5.1.3. Here it was pointed out that state 2' A
mixes with the higher-lying 3' A and 4' A states, which for UCCS3 lie at lower energies than



132 CHAPTER 5. RESULTS

a = 30° a = 30°

10 214 — 314 1.0 214 — 314 :
—= — 214414 = — 24414 |
NS —— EOM-CCSD ,N: —— Resp-CCSD :
=087 e EOM-UCC2 - =08 e Resp-UCC2 |
g -——- BOM-UCC3 TS Z -=== Resp-UCC3
g ! A\‘\ g 9 !
206 _, N 206 |
Q ! \ Q i
E ! \ 2 i
£04 i \ £04 i
- i \ o I
£ i ¥ 8 A !
2 i \ 2 y !

0.0 ——= ,)._,—--") ~—————— - 0.0 D= T TS %

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
B/By B/B,
(a) Expectation-value approach (b) Response-theory approach

Figure 5.18: Transition dipole moments between the first excited singlet state 2' A and the
higher-lying states 3! 4 and 4' A of the CH™ cation, in a magnetic field oriented at o = 7/6
with respect to the bond axis. The magnetic field strength varies between 0 By and 1.0
Bg. The comparison between CCSD, UCC2 and UCC3 is shown for each transition. In
fig. 5.18a, transition dipole moments are computed with the expectation-value approach
(EOM approach), while in fig. 5.18b the response-theory formulation has been exploited.

for CCSD and hence influences it more strongly. The influence of the doubly-excited state
results in this feature for the transition dipole moment calculation. In this range, on the
other hand, CCSD yields a negative transition dipole moment.

After the second avoided crossing, at about 0.7 Bg, both CCSD and UCC3 present a
singularity point (for UCC3, the shape would be the same as for the CCSD curve, but the
plotting of the absolute value squared takes the negative peak of the singularity to positive
values). These singularities are explained by the fact that transition dipole moments are
calculated from the poles of response functions. In the presence of two excited states with a
very similar excitation energy, singularities in the response functions of the amplitudes are
expected and present in the literature.?”® Since these methods are approximations of the
exact response formulation, singularities are expected to occur also for CCSD and UCCS3.

Lastly, in the region around 1 By the description is quite different between CCSD and
UCC3, but this is a consequence of the fact that CCSD is already interacting with higher-
lying states (as was discussed from fig. 5.2b), while this mixing happens at higher field-
strengths for the UCC methods.

Summarising the discussion about transition dipole moments for the CH™ cation, it is
observed that the response of the wave function to the perturbation is of major importance
for the transitions between excited states, while for transitions from the ground state the be-
haviour does not change. Transitions between singly-excited states are faithfully reproduced
by all methods, while the discrepancies in the description of doubly-excited states leads to
major discrepancies in the properties. Hence, UCC2 cannot be used for the calculation of
properties of states which possess a double-excitation character. CCSD suffers from unphys-
ical results, as the quantity |us J|2 can become negative. This problem cannot occur for the
unitary formalism, by construction. However, one has to note that, while for CCSD the
cheaper EOM-approach gives a quite accurate description of the properties when compared
to the response-theory approach, this is not the case for UCC3, where response theory is
essential to obtain good accuracy.



Chapter 6

Magnetic Circular Dichroism

\ /| agnetic circular dichroism (MCD) spectroscopy measures the property of all sub-
stances to rotate the plane of circularly polarised light by a certain angle when
exposed to an external magnetic field.'?! This spectroscopy can be compared to the more
known circular dichroism (CD) spectroscopy, where left and right circularly polarised light
interact differently with a chiral molecule. The advantage in MCD is that the molecule is no
longer required to be chiral, as the presence of the magnetic field causes the left and right cir-
cularly polarised light to interact differently with any molecular system. MCD is largely used
to investigate the electronic structure of molecules, both in the ground and in the excited
states. It represents a valuable tool complementing other absorption spectroscopies, as it
can detect overlapping transitions or transitions having a detectable differential absorption,
despite having an absolute absorption too weak to be detected by other spectroscopies. Cal-
culated spectra are therefore interesting to compare to experimental measurements. 117119
However, it has been observed in the literature that the presence of the solvent results in
very broad peaks,'?* complicating the assignment of the measured peaks to the computed
ones. Therefore, the agreement of experiment and calculation is often already claimed if the
peaks have the same sign, either above or below the z-axis.

The previous chapters have extensively described the development of a finite-field method,
by which molecules in a magnetic field can be described. This section shows that the appli-
cability of these methods goes widely beyond the characterisation of magnetic white dwarfs.
In fact, it can be exploited also in the case of small magnetic fields, as those used for an
MCD measurement, which are typically of the order of 10~4 By

In fig. 6.1, a schematic representation of an MCD experiment is shown.?”® A monochro-
matic light beam is passed through a so-called Rochon prism linear polariser, which sep-
arates the incident radiation into two linear polarised components, perpendicular to each
other. The perpendicular beam hits a photomultiplier (PMT), which measures the intensity
of the incident radiation. The other component of the linear polarised beam passes through
a photoelastic modulator (PEM), oriented in such a way to cause a phase shift alternat-
ing between %)\ and —%/\ of one of the two orthogonal components of the linear polarised
light. This phase shift gives origin to a circularly polarised light beam, which oscillates be-
tween right and left circular polarisation in a periodic manner with frequency w, as shown in
fig. 6.2. The radiation then travels through the sample under inspection, which is inserted
into a constant magnetic field, oriented along the direction of propagation of the light beam.
The remainig radiation is then recorded by another PMT, recording the intensity of the
exiting beam. An amplifier converts this intensity into a two-component voltage. A direct
current voltage is obtained from the intensity of the radiation which passed through the

133
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Figure 6.1: Schematic representation of a magnetic circular dichroism (MCD) experiment.
Monochromatic light is separated into two linearly polarised components by a Rochon po-
lariser. The perpendicular component is used to measure the initial intensity of the radiation
with a photomultiplier (PMT). The other component is transformed into circularly polarised
light through a photoelastic modulator (PEM). This radiation is then shone on a sample, in-
serted into a constant magnetic field oriented along the direction of propagation of the beam.
Finally, another PMT records the exiting intensity from the sample, which is converted into
a two-component voltage through an amplifier. A direct current voltage is obtained from the
intensity of light which passed through the sample. In the case of a difference in absorption
between the right and left circularly polarised beam, also an alternating current is recorded,
oscillating at the frequency registered by the PEM. From the information on the initial and
final light beams, a computer calculates the differential absorption.

sample. If a difference in absorption between the left and right circularly polarised beams is
present, an alternating current is measured, with frequency corresponding to w. A computer
can then calculate the differential absorption from the data collected on the initial and the
final radiations. The actual experiment is performed with a more sophisticated set up; for
further discussion see, for example, the review in ref. 280.

6.1 MCD theory

From a theoretical point of view, the understanding of magnetic circular dichroism derives
from the explanation of how a sample absorbs a specific radiation. From the Lambert-Beer
law, the absorbance A is proportional to the concentration [c] of the solution in the sample

Figure 6.2: Schematic representation of the effect of the photoelastic modulator (PEM) on
linear polarised light. The PEM causes an alternating phase of %)\ and —i)\ to one of the
two perpendicular components (electric and magnetic fields) of the beam, giving origin to a
circularly polarised light beam which oscillates between right and left circular polarisation.
The picture shows the path described by the electric-field vector (in red): the radiation starts
from being linearly polarised, becomes elliptically polarised, then circularly polarised, etc.
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and the length of the radiation path [

Aze[c]lzlog(i?). (6.1.1)

€ is the molar extinction coefficient of the medium, I is the intensity of the monochromatic
beam, Iy refers to the intensity measured before the absorption. In order to establish a
link between an experimentally measured and a calculated spectrum, the discussion on the
calculation of MCD spectra starts from quantum mechanical principles.

6.1.1 The absorption coefficient

Moving to the microscopic frame, the sample is considered to be sufficiently diluted to neglect
interactions between molecules and accounting only for the interaction with the magnetic
field. The variation in intensity per length of a light beam of given energy can be described
as the difference between the number of molecules emitting a photon and those absorbing it

dr

— 37 = (NaPaj = N;Pja), (6.1.2)

where N, labels the number of molecules in state |a) and N; the number of molecules in
state |j); P,; refers to the probability per unit time of the transition |a) — |j) and Pj, to
the probability of the transition |j) — |a). Here v is the frequency of the propagating wave.
The differential formulation of the Lambert-Beer law % = —kdl,?81282 can be combined with
eq. 6.1.2 to give an expression for the absorption coefficient x(v) as

hv

K(V) = W(NQ—N]‘)PG]‘. (613)
where it has been assumed that the probability F,; equals the probability Pj,, implying that
the transitions between state |a) and state |j) are equally probable. The conservation of
energy is expressed in electrodynamics by means of Poynting’s theorem,?®3 stating that the
intensity of the light beam after the absorption is the time average of the Poynting vector,
a quantity defined as S = 4meg ;- Re{E(v)} x Re{B(v)}. This relation allows to express the
intensity as

I(v) = 4meg i{Re{E(y)} x Re{B(v)}}r|, (6.1.4)

where the T index indicates the time average. The time average is needed to find a time-
independent expression for the intensity, in order to eliminate the time-dependence coming
from the fields. The fields can both be expressed through the vector potential as E = —%%
and B =V x A. The vector potential for an electromagnetic wave, propagating at velocity

¢ in vacuum along the positive z axis is
A = Re{A}e?m(t=2), (6.1.5)

The intensity entering the equation for the determination of k can be expressed as a function
of the field parameters by substituting the expression above in eq. 6.1.4 and performing the
time average

Admv?

2c

The absorption coefficient x needs to consider that not all molecules are absorbing the
radiation at the same time, this effect is accounted for through the probability of transition
P,j in eq. 6.1.3. For the evaluation of this probability, the time evolution of the initial and

I(v) =4meg (6.1.6)



136 CHAPTER 6. MAGNETIC CIRCULAR DICHROISM

final states may be analysed. Be {|j)} the complete set of time-independent eigenfunctions
for which Hy |j) = E;|j). Applying the time-dependent Schrédinger equation

Aylj) =in 200, (6.1.7)

the time evolution of these stationary states is found as
() = |j) e/, (6.1.8)

A stationary state |a) of the molecule can then be expressed in the basis of eigenfunctions
of the unperturbed Hamiltonian H

a(t)) = anj(t) 1) - (6.1.9)

In the magnetic field, the states are subjected to a perturbation H', which is given by the
coupling of the fields to the momentum of each electron k, i.e. H' =37, - Re{Ag-ps},
where my, is the mass of the electron k and gy, is its charge. The state |a(t)) must satisfy the

Schrédinger equation
0la(t))

ot
The time evolution of the wave function may be expressed via the time evolution of the
expansion coefficients c,;(t). Inserting the time evolution of the wave function from eq. 6.1.9
and projecting on (j|, a differential equation for cq;(t) is obtained

(Ho+H')|a(t)) =

(6.1.10)

dCa] __ ank |Hl |k> ’L(E Ek)t/fi (6111)

A solution for the expansion coefficient is obtained by integrating eq. 6.1.11, from ¢ =0 to
t=t
1— 627ri(uaj+u)t’
27 (vej +v) )
1— eZm’(uaj —v)t
R A* 2mivzy/c < )] ,
01D o Re( A putet ™ o) (<o

(Vaj — V)

caj (1) = h[ ‘ZTRP’{AO Prje 2WZk/c|a>< (6.1.12)

where v,; = (Ej — Eq)/h. Py; indicates the probability per unit time that a transition from
state |a) to state |j) occurs and is expressed as P,; = |C‘”t(7/tl)|2

This derivation assumes a perfectly monochromatic radiation of frequency v,; however, this
condition is never satisfied in the experimental setting. More realistically, the frequencies
are distributed over a range around v,;. To account for this experimental reality, eq. 6.1.12
is modified by introducing a band-shape function p,;(v), describing the distribution of the

frequencies. The probability P,; becomes

2| o . 2
=3 <]|Zm7kcAo'Pk€2m /¢ |a)| pa;(v). (6.1.13)
k

Writing the vector potential as Ay = Agm, where 7 is the vector of unit norm directed as
Ay, the transition probability is

471'4143 V2

Paj = h2c2

(-7 |a)|* pa (v), (6.1.14)
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Figure 6.3: Representation of the different polarisations of the electromagnetic wave. The
most general case is described by the left picture, where the electric field E traces an elliptical
path; in this case, the wave is elliptically polarised. In the case the ellipse transforms to a
perfect circle, the second picture is obtained, where a circularly polarised beam is shown.
Squeezing the ellipse along the major axis, a linear polarised wave is obtained, shown in the
right picture. In this case, the electric field oscillates along the line.

with m =), qxry as the electric dipole of the system. Through this expression, the proba-

bility of transition depends on the transition dipole moment between state j and state a.

Once all the quantities contributing to the determination of the absorption coefficient s have

been defined, a closed expression is gained substituting eqs. 6.1.4 and 6.1.14 into eq. 6.1.3
1 8rv

= e he Na=NpIGIm -7 [a)]paj (). (6.1.15)

k(v)

The absorption of a system is directly proportional to the squared norm of the transition
dipole moment, as well as to the energy of the radiation and to the number of absorbing
molecules. These quantities are all defined in the presence of the magnetic field. Notice that
the dependence on the field amplitude Ay cancels out, which is intuitively understood, as
the absorption of a radiation only depends on its frequency.

The displayed equations describe an ideal situation of molecules interacting in vacuum
with the fields. In a real system, the molecules also experience interactions with the solvent
molecules, leading to a modification of the macroscopic fields determined by the radiation.
The fields acting on each molecule are referred to as microscopic fields and are described
as Emicro = aBmacro and Bijcro = @Bmacro-  Furthermore, the velocity of propagation of
the radiation in the solvent is ¢/n, with n the refractive index of the medium. The whole
derivation can be performed again with the scaled velocity and the screening constant «,
leading to a more accurate determination of the coefficient x(v)

1 8miva?

K(v) (Na = Nj)I(im-7* ) puj (v). (6.1.16)
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6.1.2 The ellipticity

In this section, an expression for the rotation of the plane of polarisation of a circularly
polarised electromagnetic wave, after crossing a medium of thickness I, on a path parallel
to an applied magnetic field B, is derived. The right (+) and left (—) circularly polarised
components of the electric field are

Zn4

E. = (ex ey )Epe?™ ==y (6.1.17)

Re{\%
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where z is the distance travelled inside the sample and ey,ey,e, are the unit vectors of a
right-handed Cartesian coordinate system. The magnetic field is assumed to be aligned to e,.
The electric field E is given by the sum of the right and left circularly polarised components,
allowing to separate the electric-field components along e, and e,

1

V2
= Ey [ex cos (FVZCATL> cos (27r1/(t - Z:)) —eysin (FVZCATL) oS (27r1/(t - zn)ﬂ :

c

E (EL+E_)=

(6.1.18)

Here An =n_ —n, accounts for the difference in refraction between the two polarisations
and n = (n_ +ny)/2. The resulting field E can have different polarisations, depending on
the parameters in eq. 6.1.18, illustrated in fig. 6.3. In the first picture, the most general case
is shown, where the radiation is elliptically polarised, i.e. the tip of the electric field vector
traces an ellipse. In the second picture, the elliptical path is assumed to have the same major
and minor axes, resulting in a circularly polarised radiation. In the third picture of fig. 6.3,
the other limiting case is shown, where the ellipse is squeezed to the point to become a line.
In this case, a linear polarised radiation is obtained, where the electric field is oscillating
along the direction of polarisation.
If left and right circularly polarised waves are combined with equal amplitudes but arbitrary
relative phase, linear polarised light is obtained for An =0
E— —(E.+E_)—F 2 = 6.1.19

—%( ++E_)= oexcos( 7r1/(t—c)>. (6.1.19)
In the case of An # 0, but a real number, eq. 6.1.18 still gives a linear polarised wave, as the
amplitudes are the same for the z and y components, but the polarisation plane rotates as the
wave progresses in the z direction. After having travelled for a distance [, the corresponding
rotation angle ¢ is calculated from the ratio between the y and x components of the electric

field vector P IA
¢ = arctan <—Ey> = an (6.1.20)

" c
In the case of naturally active systems, an intrinsic chirality causes the refraction indices to
differ (n4 #mn_). The presence of a longitudinal magnetic field, however, induces different
refractive indices in all substances, with n4 # n_. Though both effects manifest a rotation
of the plane of polarisation, it is clear that natural optical activity describes asymmetries
that are intrinsic to the molecular system, while magnetically induced optical activity is a
consequence of the Zeeman interactions. In the most general case, the refraction index is
a complex quantity, allowing for absorption inside the medium: 714 = niy —ik+. It can be
proven?®* that the absorption parameter s in eq. 6.1.3 is related to k through the equation
k =4mkv/c. Assuming n to be the complex refractive index 7 in eq. 6.1.18, the z and y field
components no longer share the same amplitude, resulting in an elliptically polarised wave.

The rotation of the plane of polarisation defined as the ratio g—i also becomes complex

vl _

d=¢—if)==—(ii—ny). (6.1.21)

Fig. 6.4 shows the ellipse traced by the electric field vector if projected on the zy-plane, over
one cycle of oscillation. A polarisation state is fully characterised through the geometrical
parameters of the ellipse and the specification of its handedness, i.e. clockwise or counter-
clockwise rotation. The first geometrical parameter is provided by the angle ¢, defined as
the angle between the major axes of the ellipse and the z-axis. Furthermore, the ellipticity
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=,

Figure 6.4: Elliptical path traced by the tip of the electric-field vector during one cycle of
oscillation, projected on the fixed zy plane, perpendicular to the direction of propagation.
The angle ¢ measures the rotation of the polarisation plane as the wave progresses along the
z-axis. The ellipticity angle y is calculated as tany = 2 and indicates the “squeezing” of the
ellipse. Note that for b = a, circularly polarised light is obtained, while for b = 0, linearly
polarised light is obtained.

angle y is highlighted in the figure, accounting for the ratio between the minor and the major
axes of the ellipse, giving tany = 3. Exploiting trigonometric relations, this ratio can be
linked to the imaginary part of the angle ¢, as

mvlAk _ wvlAk

tanxy = tanh , (6.1.22)
c c

where Ak is assumed to be small. In MCD theory, tan x is identified with the angle 6, called
ellipticity, and measures the squeezing of the ellipse traced by the fields. For a non-absorbing
medium, for which k=0, or when ki = k_, the angle x is zero and the fields are linearly
polarised. The more the anisotropy induced by the magnetic field leads to differences in
absorbance, the less the ellipse will be squeezed.

Usually, the molar ellipticity is adopted, as it does not depend on the experimental
parameters of the concentration and length of the probe. It is defined as

18NS 4500 AA
" 7NIB  rloge [c]IB’

[0)n (6.1.23)

Therefore, the molar ellipticity [f]y is related to the difference of absorption AA. Exploiting
the Lambert-Beer law

AA = €[]l = Aklloge, (6.1.24)
the difference in absorption is expressed through the difference Ax

1 8m3va?

>_(Na = N;)[[{al )P = alries 1) Flpa; (v),  (6.1.25)

A = K_ — =
R o+ 4meg  hen
where m4 = %(mx +imy). Before obtaining the final form for AA, the factor describing
the ratio of absorbing molecules can be simplified introducing the Avogadro constant Ny
No—Nj No—N; N Ng—Nj
b N d N

-Np-1073, (6.1.26)



140 CHAPTER 6. MAGNETIC CIRCULAR DICHROISM

where N is the total number of molecules per cm®. The difference in absorption is calculated
per photon energy (& = hv) and corresponds to

AA  e_

a4 — €4 . Na—Nj
g~ & Ml_r% N

1
4dmeg

[l€alrie—[5)* = al s 1) ] paj (), (6.1.27)

where the collection of physical constants is grouped to give the factor

_ Nom2a?[c]llogge
B 250hcn

(6.1.28)

The concentration is given in mol/L, the path length [ in cm. Usually the electronic transi-
tions considered are characterised by F; — E, > 1000cm ™!, therefore leading to N; =0.
The molar ellipticity is found substituting eq. 6.1.27 in eq. 6.1.23

367r2N0a " szo m_|5)]? ;(a!m 1)1 ]paj(y). (6.1.29)

[O]n =

In the literature,'07120284 hy and 3°,; mw(ﬂ i |5)? = [(a| i |5)*]paj(v) are expressed

in atomic units (ug being the Bohr magneton), and have an overall dimension of [length®].
Because of this dimensionality, the conversion from SI units to atomic units implies a mul-
tiplication by ag, where ag is the Bohr radius. The molar ellipticity [0]y is measured in deg
L mol~! m™! G~! and is expressed as

2N 23 A2 A2
g = 57Nl o~ 1 [alre i)~ ol )

i(v). 6.1.30
e - pulv). (6130
~ 2 2.3
The product of physical constants in eq. 6.1.30 is expressed via the factor I' = 36”%’# =

0.0014803. From now on, the expressions will be written as function of w = 27y, as this is
the usual form of the equations found in the literature. Furthermore, in the systems under
consideration, all molecules are assumed to be in the ground state, i.e. |a) =0).

To this point, the transition dipole moments have been calculated for a specific direction of
the magnetic field. However, in an MCD experiment the molecules are rotating in space and
are not aligned to a single direction. An isotropic average over the orientations introduces a
sum over the orientations 7, and a factor 1/3,

S 1VTI2 10l e [ [2

J 3,U,B ~ 471'80 B
Rl (U ) (o130
3up 4meg e By B e

where the definition my = %(ma +mg) has been exploited to introduce the Levi-Civita
tensor eq8+, wWith {a, 5,7} = {z,y,2}, {y,2,2}, {#,2,y}. The band-shape function py; has
been replaced by a model broadening function f(w,wys), chosen to be either Gaussian or
Lorentzian. The index < indicates that the transition dipole moments are computed in a
magnetic field in the ~ direction.

Defining the so-called spectroscopic term % ; as

i (Olial ) g 0))
4dmeg 3up by hy B

(6.1.32)
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Figure 6.5: Schematic depiction of the spectroscopic terms o,%,6.

the molar ellipticity is given as

[Q]MZFWZ%J!}C(W*(JJJ). (6.1.33)
J

The calculation of the MCD spectra can be performed directly computing the transition
dipole moments and the excitation energies within an external magnetic field. However, not
all computational codes can perform such a calculation; a different approach is therefore
often exploited, obtained using perturbation theory to express the molar ellipticity. The
next section is concerned with this perturbative treatment of eq. 6.1.33.

6.1.3 Perturbative approach

In the case of a small magnetic field, the molar ellipticity in eq. 6.1.31 can be expanded in
Taylor series around B =0 as

l0]m

Bl = (Bho)o+ (%"

) B+6(B?). (6.1.34)
0

At B =0, the molar ellipticity ([#]m)o vanishes, as the difference in absorption between
left and right circularly polarised light for non-chiral molecules is zero in the field-free case.
Therefore, the molar ellipticity is approximated at first order as

0|6 ((0] 7 |J) (J| 253 |0
e 3 M ]

47T€0 3MB

(0l 1) ] o) P

(6.1.35)

Note that eq. 6.1.31 depends on the field both through the transition dipole moments and
through the broadening function, accounting for the two terms in eq. 6.1.35. This form can
be related to the perturbative formulation found in the literature!'?3

Ol = FwZ{

afwwj)

ZACTL 2D T (%J+ fT)} (6.1.36)

9, ,6 are the spectroscopic terms (Faraday terms) depicted in fig. 6.5 and they char-
acterise the structure of the MCD spectrum. 9 ; describes the energy shift which state J
undergoes in a magnetic field. When J is a degenerate excited state, &f ; describes the effect
of the orbital-Zeeman splitting and is multiplied by a derivative band shape. Finally, €
needs to be considered in the case in which J corresponds to a degenerate ground state. The
67 term is temperature dependent and weighted by the Boltzmann factor determining the
occupation of the near-degenerate ground states. This last term does not contribute for the
systems analysed in this work, as they have non-degenerate ground states.
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J=4 —_— —_— J=6
5 J=5

J=3 B — J=14
Jo=1 Jg=2 Jg=3 _— J=3

J=2 e J=2
J=1 — — J=1

Figure 6.6: Graphical scheme of the labelling of excited states: the index J refers to a given
n-fold degenerate state. In the case of a degenerate state, the index J; refers to the single
components of state J. In a magnetic field B, the degenerate states undergo orbital-Zeeman
splitting (right side of the figure). In this case, only the index J is needed, as there are no
degenerate states anymore.

The % ; term can be recognised in the first term of eq. 6.1.35, where the differentiation
is performed on the linear contributions in the magnetic field to ((0| 7, |J) (J|7740)).126 In
order to obtain linear terms in B, the states |J) and |0) can be expanded in perturbation
orders. Therefore, a perturbative treatment of the Hamiltonian needs to be formulated.

In an MCD experiment, the magnetic field is very small, of the order of 10~* By. In the
magnetic field Hamiltonian

N
MO | 1
H:H0+§B-L+B-S+§Z(B2ri20—(B~rio)2), (6.1.37)
7

the diamagnetic term, of second order in the magnetic field, can be neglected. Furthermore,
for simplicity the focus is here on singlet states; the spin-Zeeman term B - S does therefore not
contribute. Therefore, the perturbation is given by the paramagnetic term H' = uygB-L =

%B - L, where the second equality is expressed in atomic units, in which MB = 1

The first-order correction to the energy of a state |J) is given by EM = (J|H'|J) =
usB (J |L |.J), where the z axis is aligned to the direction of the apphed magnetlc field,
coincident with the direction of light propagation in the experimental setting. The first-
order wave function is given by

K|H' (K| L.
’J(1)>: 3 7< [H] ) upB Z (KL |J) “]> K), (6.1.38)
& BBy & By o

where {K'} denotes the set of unperturbed eigenfunctions of Hy. The sum excludes the
states in the space 97, made of states degenerate to |J) in the field-free case. For a visual
description, see fig. 6.6.

The 9% ; term is obtained from the first term in eq. 6.1.35, where the terms of first order
in % are differentiated

R 8/{0] e |7V (105 |0) , 00lial) (J]ig oM
o3 05, e (6.1.39)
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Substituting the first-order perturbed eigenfunction from eq. 6.1.38 into eq. 6.1.39, the ex-
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pression for the % ; term is obtained*

1 2 (K|L7[0) . :
By=——= eam{z g OlmalJ) {J|is |K)
dmeg 3 5 iczo B —Eo
gl - (6.1.40)
+ Y S (0] ) (K [ [0) |
K9 Ex—Ey

The o ; term arises from the second term in eq. 6.1.35; the differentiation of the band-
shape function can be performed through the chain rule

Of(w—wy) Of(w—wy)Owy :_8f(w—wj) owy

0B owy 0B ow dB’

(6.1.41)

with 5
w e A
S — (W1 E71) — (01 £710)) (6.1.42)
Note that eq. 6.1.42 vanishes for non-degenerate states (for further theoretical insight, the
time-reversal symmetry may be checked in ref. 284).

The o« j-term is defined as the sum of all contributions given by all the components of
the degenerate state |.J); here the basis of the degenerate space 9 ; is chosen to be the one
diagonalising L7 and is labelled as |Js) (see fig. 6.6)

1 i ) ) . .
dy= 22 capy D (Ol Js) (Jsl v |0) ((Js| L7 | Js) — (0] L7]0)). (6.1.43)
471-80 3 aBy Js€D 5

Comparing the finite-field method to the perturbative one described here, it may be
noted that the sum of both Faraday terms «f; and 9% ; correspond to the first order of the
%Ry term. In fact, the exact expression of % ; describes both the splitting of degenerate
states in a magnetic field (given by &7 in the perturbative approach) and the shift in energy
of non-degenerate states (given by the % ; contributions). Therefore, the finite-field theory
accounts for the effects of an external magnetic field to infinite order, and not just to first
order.

For experimental spectra, the field strength is small enough (of the order of 10~* By) to
allow both a comparison with spectra obtained through the perturbation-theory approach
and through the finite-field approach. However, the applicability of the finite-field approach
includes in principle any arbitrary magnetic field, even outside the limit of small B, while
the perturbative approach fails by construction when the influence of the magnetic field can
no longer be considered a small perturbation. MCD spectra in a non-perturbative limit can
therefore be explored only through the finite-field methods.

6.1.4 Gauge-origin dependence

From the previous section, it is clear that [@]y is defined in presence of a magnetic field. For
approximated wave functions, it may happen that the results for the physical observables are
gauge-origin dependent. It has been described in sec. 2.4.1 that the use of Gauge Including
Atomic Orbitals (GIAOs)!84 allows to find gauge-origin independent results. The results
obtained in the GIAO basis set are no longer dependent on the gauge origin, and can be
exploited to predict MCD spectra.

*Note that the spectroscopic % ; term in eq. 6.1.40 is calculated through a sum-over-states expression,
which is dependent on the number of states considered. Faber et al., in ref. 124, exploit the so-called derivative
formulation, exploiting the CC response fornﬂulationfm219 which avoids the sum-over-states method.
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Even when performing a calculation in the field-free setting, which is gauge-origin in-
dependent, the gauge dependence is present in the perturbative terms, which describe the
effect of the magnetic field. The unwanted gauge dependence in the perturbative approach
has been addressed in ref. 285, exploiting GIAOs in the field-free calculations. However,
in the perturbative framework the dependence of the GIAO basis set on the magnetic field
complicates the calculation of the Faraday terms, as these terms are defined through differ-
entiations with respect to B. Therefore, the achievement of gauge-origin independence in
the perturbative approach is rather involved, requiring the formulation of additional terms
coming from the differentiation of the GIAOs. Thus, perturbative calculations often ne-
glect the magnetic-field dependence of the Faraday terms, obtaining gauge-origin dependent
results.!?* These can also lead to qualitative wrong descriptions of MCD spectra, as it will
be shown in the results section (sec. 6.3).

In the case of the finite-field approach, ensurance of gauge-origin independence is straight-
forward. Due to the presence of the magnetic field, the calculations are already performed
with the GIAO basis set, leading to gauge-origin independent transition dipole moments and
transition frequencies. Unlike for the perturbative approach, the equations do not need to be
modified when using the GIAO basis set and the % ; term is computed following eq. 6.1.32.

Concluding the theoretical description of MCD theory, it may be observed that the
computation of MCD spectra through a finite-field approach possesses numerous advantages
over the usually exploited perturbative approach. In fact, a finite-field computation needs
only first-order response theory, for the computation of the transition dipole moments, while
the perturbative treatment exploits second-order response theory, with respect to both the
electric and the magnetic fields. Furthermore, gauge-origin invariant results are more easily
obtained with a finite-field computation. Lastly, the exact inclusion of magnetic effects allows
to explore also field strengths, for which the perturbative approximation cannot be applied.
All these advantages are discussed in the next sections, on the basis of some test molecules.

6.2 MCD protocol

The magnetic circular dichroism spectra are obtained from the transition dipole moments
calculated in QCUMBRE. An MCD spectrum is composed of the isotropic average of the
different orientations the magnetic field can assume in space with respect to the molecular
system. As described in eq. 6.1.32, three calculations need to be performed, with either
B| z, B| g or B| 2. These can be started manually or the script MCDGlobal.sh may be
used, which is part of the QCUMBRE package. Each calculation has its own CFOUR and
QCUMBRE input files, for the different orientations of the field. In particular, in the latter
the keyword mcd=I, with I=x,y,z, signals to QCUMBRE that the calculation of transition
properties is performed for an MCD spectrum and specifies which orientation of the field is
chosen.

As seen in eq. 6.1.32, only transition moments from the ground state are needed; for an
MCD calculation, only these transitions are computed, while those between different excited
states are not considered. The transition dipole moments are written on an external file,
MCD_tramo_I, while the transition energies are written on MCD_ee_I. These are the outputs
needed for the computation of an MCD spectrum.

The actual spectrum is assembled through an external Python script, MCD.py (which is
part of the QCUMBRE package). This Python script computes % ; through the expression in
eq. 6.1.32. The input file inputMCD contains the necessary input parameters:

e concentration: concentration of the solute in the experimental setting in mol/L (de-
fault: 1);
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o length: length of the probe in cm (default: 1);

o refractiveIndex: refractive index of the solution (default: 1);

o sigma: broadening parameter of the broadening function (default: 0.005);
e bfield: magnetic field strength in By (default: 107°);

o spectrumMode: output option of the molar ellipticity in atomic units (0) or experimen-
tal units (1) (default: 0);

o energyMode: output option, determining the z axis to be either in eV (0) or in nm (1)
(default: 1);

o bandshapeFunction: choice of the broadening function (default: 0):

w—w g

e~ (—5)%.107

I

— Gaussian function (0): f(w—wy) = ﬁ

— Lorentzian function (1) f(w—wy) = gm;lm

e ucc: CC transition moments (0) or UCC transition moments (1) (default: 0).

Providing the input files MCD_tramo_I and MCD_ee_I to the Python script, the MCD
spectrum is given as an output.

This script has been debugged by ensuring that the multiplied quantities are treated
correctly (with particular attention to the complex algebra necessary); the obtained results
have been compared to the spectra in ref. 124 (this comparison is described in more detail
in the results section hereafter).

6.3 MCD spectroscopy

The theoretical framework developed in sec. 6.1 needs to be validated by applying it to
some test molecules, in order to verify that the perturbative and the finite-field methods
give agreeing results at low magnetic-field strengths. Therefore, the developed methodology
is tested against perturbative calculations reported in the literature. The importance of
gauge-origin invariance is then assessed through the comparison of spectra calculated both
with and without GIAOs. Once the finite-field approach has been validated, the method
can be exploited in connection to UCC transition dipole moments, discussing the differ-
ences between a CCSD and a UCC3 calculation of the MCD spectrum. In the last part, a
Gedankenexperiment is performed, calculating an MCD spectrum in a magnetic field typical
for magnetic white dwarf stars.

6.3.1 Perturbative vs finite-field approach

This work wants to prove the equivalence of the two explained approaches by performing
calculations on the same systems as in ref. 124, urea and cyclopropane, with geometries
and basis sets (aug-cc-pVDZ?56-271) there adopted. The Lorentzian broadening function of
sec. 6.2 was chosen in order to best compare to the mentioned reference, with ¥ = 2000cm ! =
0.0045563 a.u. The comparison of the finite-field approach with the results from perturbation
theory is performed by setting the magnetic field to a strength of 10~ By

In figures 6.7a and 6.7b, the comparison between the perturbative method (blue lines in
the plots) and the finite-field calculation (red lines) is visualised for urea and cyclopropane.
The blue lines were adopted from ref. 124, where the CCSD calculations are not using
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(a) MCD spectrum computed for urea. (b) MCD spectrum computed for cyclopropane.

Figure 6.7: MCD spectra for urea (fig. 6.7a) and cyclopropane (fig. 6.7b): in blue, the
reference from ref. 124 (no GIAOs, perturbation theory), in red the curves computed with
the non-perturbative approach, with direct calculation in a magnetic field of 10~* By, without
GIAOs as well. When calculating without GIAOs, the gauge origin was chosen in the centre
of mass of the system.

GIAOs. In order to obtain a comparison, also the finite-field calculations were performed
without GIAOs, thus giving origin-dependent results. The perturbative method, in blue,
and the finite-field (ff) calculation in red, are exploited at the CCSD level of theory.

In fig. 6.7a, the first 10 excited states of urea are considered, as these lie in the typical
range of an MCD spectrum. As there are no degenerate states for this molecule in the field-
free case, only the % ; term determines the MCD spectrum obtained with the perturbative
approach. For this system, the comparison between the description given by the % ; term
for the perturbative approach and the description given by the % ; term for the finite-
field approach can be discussed. On the other hand, in fig. 6.7b the first 7 excited states
of cyclopropane are calculated. Cyclopropane has multiple degenerate states in the zero-
field case, as a consequence of its molecular symmetry. This molecule is therefore suitable
to test the equivalence of the % ; term to the simultaneous contribution of both «f; and
9B . It is observed that for both systems the two spectra are practically indistinguishable,
reproducing the same intensity and position of the peaks (the same broadening function
has been adopted). As was suggested in ref. 124, the MCD spectrum of cyclopropane can
be compared to the experimental data in ref. 120. A good qualitative agreement with the
experiment is achieved by the theoretical treatment.

6.3.2 Gauge-origin independent calculations

In order to obtain gauge-origin independent results, the calculations ought to be performed
in the GIAO basis. Figure 6.8 shows the effects given by the inclusion of GIAOs for the test
systems urea (fig. 6.8a) and cyclopropane (fig. 6.8b). The intensity of the peaks is affected by
the use of GIAOs and qualitative differences are observed. Especially for cyclopropane the
spectrum is not qualitatively well reproduced without GIAOs, as the relative intensities of
the positive peaks changes. Therefore the effect of gauge-origin independence is not negligible
and all calculations should be performed in the GIAO basis for physically consistent results.

Fig. 6.8a also pictures the effect of the formalism used for the calculation of CCSD prop-
erties. Transition dipole moments were computed both in the response-theory framework
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Figure 6.8: Comparison of MCD spectra analysing the effect of GIAOs: in green, the
reference'?* (no GIAOs, perturbation theory), in blue the curves computed using GIAOs.
When calculating without GIAOs, the gauge origin was chosen in the centre of mass of the
system. In fig. 6.8a the comparison between MCD spectra computed with CCSD response-
theory properties (blue line) and EOM-CCSD properties (red line) is reported.

(blue lines in the plot) and in the EOM one (red line in the plot). No noticeable differ-
ences are observed in the MCD spectrum, confirming the small effect given by the perturbed
amplitudes on CCSD properties,''® as it was observed in the previous section 5.2.

Summarising, the two approaches for the prediction of MCD spectra, perturbation theory
and finite field, have been shown to be equivalent in the perturbative limit of small magnetic
fields. The inclusion of GIAOs is necessary to obtain qualitative correct spectra, which
however is not as straightforward in the perturbative framework. For CCSD, the calculation
of properties can be approximated with the EOM framework, without loss in accuracy in
the MCD spectrum.

6.3.3 UCC spectra

In the previous sections, the validity of the implemented finite-field method for MCD spectra
has been tested. The method can be used in combination with different wave-function
ansatze; in this work, CCSD and UCC3 are compared. In fig. 6.9 this comparison is shown
for the two test systems urea (fig. 6.9a) and cyclopropane (fig. 6.9b). For both methods, the
EOM definition of the transition moments has been used, as it has been shown in sec. 5.2
that the transition dipole moments from the ground state are not drastically changing when
adding the response of the amplitudes. The qualitative reproduction of the spectrum is very
similar between the two methods, with a slight shift to higher energies for UCC3. The only
major difference is visible in fig. 6.7a around 8 eV, where CCSD shows a unique negative
peak, while UCC3 shows a double peak. Through inspection of the excitation energies, it
is seen that the CCSD peak is given by the overlap between two smaller peaks, while the
corresponding UCC3 peaks are more clearly distinguished. The difference in the shape of the
spectrum is therefore motivated by the shift between the excitation energies computed with
the two methods. The relative intensities are the same for the two methods, with slightly
more intense peaks for UCC3.

For both systems under inspection, the MCD spectra are agreeing from a qualitative
point of view, with UCC3 shifted to higher energies than CCSD. However, it has to be
noted that this may not be a general result, as systems (sec. 5.2.6) have been found in the
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Figure 6.9: MCD spectrum computed for cyclopropane in a magnetic field of 1074 By, using
GIAOs. The red lines correspond to results obtained with the CCSD method and the blue
ones to results obtained with the UCC3.

framework of this thesis where the UCC3 excitation energies are smaller than the CCSD
ones. As these differences between the two methods do not translate in a constant shift, the
spectra may appear qualitatively different when two peaks overlap in the same energy region
for only one of the two methods.

In all these cases, the comparison with the experiment (ref. 124) does not provide infor-
mation on the accuracy of the calculated spectra. In fact, experiments present very broad
peaks, making the identification of their position not accurate enough to be compared to the
calculations. The MCD spectra are experimentally measured in a solvent, while all calcula-
tions are performed without a solvent. Inclusion of solvent effects may be achieved through
embedding methods, such as the polarizable continuum model (PCM),286-2%4 or other meth-
ods combining quantum mechanical and molecular mechanical (QM/MM) approaches.?%5-297

6.3.4 MCD spectra in a strong magnetic fields

In sec. 6.1 the differences and advantages of using the exact formulation for the calcula-
tion of the MCD ellipticity with respect to the perturbative approach have been discussed.
The finite-field formalism in principle applies also to strong magnetic fields, for which the
perturbative limit does not apply.

Therefore, a Gedankenexperiment of placing an MCD spectrometer on a magnetic white
dwarf star can be performed, predicting the spectrum for cyclopropane. In fig. 6.10a, the
MCD spectrum of cyclopropane in strong magnetic fields ranging from 0.010 By to 0.030 Bg
is displayed, showing the evolution of spectral lines in relation to the field strength. The
interpretation of the behaviour of these spectra is not trivial and it is of some advantage to
unravel the spectrum into the single contributions, given by each orientation of the magnetic
field. In a strong magnetic field the molecules are not expected to be isotropically distributed
in space, as the confinement of the magnetic field hinders the free rotational movement. In
this study, however, the approximation of an isotropic distribution is adopted, assuming the
validity of eq. 6.1.33.

For cyclopropane it is sufficient to analyse the orientations where the magnetic field is
aligned along the C35 axis (fig. 6.10c) and the Cy axis (fig. 6.10b).

In order to understand the evolution of the peaks, the states contributing to the MCD
spectrum need to be considered. Starting from fig. 6.10b, the excited states and their corre-
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Figure 6.10: MCD spectra computed for cyclopropane in a strong magnetic field of various
strength (fig. 6.10a). Contribution of the B || C component (fig. 6.10b) contribution of the
B || C5 component to the MCD spectrum (fig. 6.10c). The intensity of the latter spectrum
is scaled by a factor of 20.
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Figure 6.11: Total energies of the excited states of cyclopropane contributing to the MCD
spectrum, in an interval up to B =0.14 Bg. The denomination of the states refers to the
point group Cy and only the states contributing to the MCD spectrum are shown.



6.3. MCD SPECTROSCOPY 151

—— 11E—— 3UE SUE—— 19QF—— 32F'—-— 592F
— 21UF ME—— GUE—— 22F 41F—— G12F
10.5
/>\10.0
L
8 951 = T_
Eo \ .\'\.s_'
(<} o
£ 9.0 e
= T
.2 =
] I N §
Q .................................. :: .......
= 8.0 S A—— L T
7.5 T
\
0.000 0.005 0.010 0.015 0.020 0.025 0.030
B/By

(a) B || C3. The vertical lines mark the magnetic field strength of the
correspondingly colored spectra of fig. 6.10c.

— 1'B — 3B 5'B — 7'B
— 2B 4B — 6'B — 8B

10.0 N

——

_\\\

)

/

o0
ot

Excitation energies (eV

_\\

I
o

\

0.000 0.005 0010 0015 0020 0.025 0.030
B/B,

(b) B || C3. The vertical lines mark the magnetic field strength of the
correspondingly colored spectra of fig. 6.10b.

Figure 6.12: Excitation energies of the excited states of cyclopropane contributing to the
MCD spectrum, in an interval up to B = 0.03 Bg. Only the states contributing to the MCD
spectrum are shown.



152 CHAPTER 6. MAGNETIC CIRCULAR DICHROISM

sponding excitation energies (fig. 6.12b and fig. 6.11b) need to be examined. The evolution
of the peaks in an increasing magnetic field may be understood by analysing the behaviour
of the corresponding excited states at the same field strengths. The states are evolving by
gaining or lowering their excitation energy, causing a shift in the position of the peaks in the
MCD spectrum. The different evolution of distinct states may therefore result in a split of
previously superimposed features or, on the contrary, the superposition of peaks which were
distinct before. The first meaningful feature at &~ 8.25 eV corresponds to the overlap of the
excitations to 3! B and 4! B. Increasing the field strength, the 3! B excitation energy remains
relatively constant, while the 4' B transition is shifted to higher values. The previously over-
lapping peaks are therefore evolving into two distinct peaks of smaller intensity than the
original one (whose intensity was the sum of the two peaks). The second feature analysed
here is situated at ~ 9.3 eV (5'B). This peak is shifted to lower energies as the magnetic
field strength increases, until the 5' B and 4! B states start to mix at higher magnetic field
strengths. Finally, the o feature at ~ 9.5 ¢V is obtained from the states 6'B and 7'B,
which are nearly degenerate in the field-free case. The last peak, at ~ 9.85 eV comes from
the transition dipole moment of the excitation to state 8' B, the last considered in this study.
In principle, also higher-lying states could be considered, but this study has been restricted
to the usual range of energies of an MCD spectrum, up to about 10 eV.

The spectrum of fig. 6.10c is more involved, but offers a good example to understand the
effect of avoided crossings and mixing of states on the MCD spectrum. The behaviour of
these states in an increasing field is analysed in figs. 6.11a-6.12a. The first & feature at ~
8.3 eV originates from the previously degenerate 2'1E’ and 2!'2F’ states, which are split by
the magnetic field. The higher-lying states experience avoided crossings, where the character
of the states is mixing. As seen before, in the perturbative limit of a small magnetic field,
three «-like shapes are observed. The first and smallest feature at ~ 9.36 eV is due to states
3'1E’ and 3'2F’, the second one at ~ 9.85 eV to states 4'1E’ and 4'2E’. The third and
largest feature at ~ 10.43 eV-10.63 eV is caused by two overlapping peaks, originating from
states 5'1E" and 5'2E’ on one side, and 6'1E’ and 6'2E’ on the other side. From fig. 6.11a
it is clear that these two couples of states lie close to each other. The avoided crossings
between 3'2FE’ and 4!2E" and of 4'1E’ and 5'1E’ cause a complexity in the peak structure
not predictable from the field-free spectrum. The mixing of the excited states brings in the
contribution of states which in the field-free case had a vanishing transition dipole moment.
Therefore, increasing the magnetic field strength, the MCD spectrum is undergoing major
changes. These changes are only explained by looking at the evolution of the excited states
and cannot be understood by simply referring to the field free case, as avoided crossings and
splitting of degeneracies have a large influence on the peak structure.

6.3.5 MCD spectra of pyrazine and pyrimidine

The discussion on MCD spectroscopy may be concluded by showing the application of the de-
veloped finite-field approach to the calculation of the MCD spectra for two larger molecules,
pyrazine (fig. 6.13a) and pyrimidine (fig. 6.13b). For both molecules a field-free geometry op-
timisation on B3LYP/6-31G* level was performed using Qchem.?® The corresponding com-
putation was performed by Simon Blaschke, using Cholesky decomposition of two-electron
integrals. 103,299

For both molecules, a comparison with experimental data is possible. The calculated
spectra are very similar to the experimental ones in both cases. The reference spectra show
that both molecules have a very similar MCD spectra. The highest peak of the pyrimidine
spectrum is shifted of about 4-10% cm™! with respect to the highest peak in the pyrazine
spectrum. The accuracy of the finite-field method therefore is good enough to allow to
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Figure 6.13: Simulated MCD spectrum of pyrazine (fig. 6.13a) and pyrimidine (fig. 6.13b) in
comparison to experimental spectrum (n-heptane) from ref. 117 (blue). The spectrum was
calculated in a magnetic field of 10~* By on ff-CCSD /aug-cc-pVTZ level of theory. (Gaussian

bandshape, o = 0.009, Cholesky threshold § = 6).

distinguish between the spectra of the two molecules. The shape of the spectra computed
with the finite-field approach shows a good agreement with the shape of the measured spectra.
The relative position of the peaks is well-reproduced. The shift of the computed spectra with
respect to the experiment is probably due to the lack of embedding effects in the computation,

as the experiment was conducted in n-heptane.
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Chapter 7

Quantum electrodynamics (QED):
cavity chemistry

This thesis focuses on the description of molecules interacting with a finite magnetic field,
in the regime of weak coupling between matter and light. However, a confinement in
space of the electromagnetic fields results in a much more intense light-matter interaction,
reaching the strong-coupling regime. Hybrid light-matter states are called polaritons;'43:300
because of the entanglement between light and matter, they cannot be explained through
the features of the uncoupled states.?°" From a physical point of view, polaritonic states
are used to fine-tune the photonic part of the system, modulating matter properties in a
non-invasive way.!51:302

Strong light-matter coupling is achieved inside optical cavities, which consist of highly re-
flective mirrors, with the role of confining the electromagnetic field in a restricted volume.3°
In the last years major advances have been made from an experimental point of view, reduc-
ing the cavity length to the order of nanometers,3%33%4 therefore allowing to study regimes
with a strong light-matter interaction. The mirrors constituting the cavity influence the
characteristics of this coupling, and studies on absorption spectra, photochemical reaction
rates and conductivity have been carried out from an experimental point of view.'3 147 Ma-
jor results are documented from the Ebbesen group, where it was demonstrated that strong
light-matter coupling can influence the reaction rate, slowing down or catalysing a reaction,
and even inducing selectivity in the product formation. 48150

In order to predict and explain experimental results, a consistent theory has been devel-
oped in the literature for the description of polaritonic states.?17133 As photons behave as
bosons, a formalism in second quantisation consistent with the principle of quantum elec-
trodynamics (QED) has been adopted. In general, the theories describing the chemistry
inside optical cavities are seen as generalisations of the quantum-chemical methods in use:
quantum electrodynamics density functional theory (QEDFT),4%:141152 quantum electro-
dynamics Hartree-Fock (QED-HF),'36137 quantum electrodynamics coupled cluster (QED-
CC),136:1537155 quantum electrodynamics FCI (QED-FCI)37 and others.!?67159 In this thesis,
the main aspects of field quantisation and QED Hamiltonians are discussed, necessary for
the description of QED-HF and QED-CC. QED-UCC has been explored in the framework
of quantum computing.'® In this thesis, the first development of a QED-UCC2 approach is
discussed, considered to be the first step towards higher-order QED-UCCn approximations.

155
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7.1 Quantum Electrodynamic theory

7.1.1 Quantisation of fields

The experimental set up of an electromagnetic cavity is given by highly-reflective mir-
rors, in the simplest case, two parallel flat mirrors placed at a fixed distance (Fabry-Pérot
cavity).305397 The description of electrodynamics seen in sec. 2.2 is here continued to treat
electromagnetic cavities.'3® The confinement of the electromagnetic field inside the volume
of the cavity determines specific boundary conditions. In order to investigate the allowed
modes, the vector potential A can be expanded in a Fourier series

A(r,t)zz[ak( )e®T 4 ay*(t)e —Zk'f] (7.1.1)
k

Only modes whose half wavelength is a multiple of the cavity length are stable; a modulation
of the mirror distance allows to control the allowed modes. In this chapter, the mirrors are
assumed to be perfect reflectors, without any losses, which in fact is an ideal setup. For a
cavity of volume V, the permitted wave vectors k have components

2 2T 2
T\/Vnm ky = givny7 k.= Tﬁnz,

where n;,ny,n. are integer numbers. The frequency associated to a cavity is given by wy, = kc.
From the literature,'30 it is known that the Hamiltonian for the fields in free space is

kp = (7.1.2)

H= /[(%‘?) +c2V x AA)d? (7.1.3)

Inserting the Fourier transform of the vector potential, the Hamiltonian becomes

H = = 3 (3 (1)) + R e (Daw(t) = %Z(pi‘i-pk L ARG Oae®),  (7.1.4)

47Tk ”

where px = ak\/ — and qx = ak\/ have been defined.
Referring to the theory in free space in sec. 2.2, eq. 2.2.14 reduces to a standard wave
equation when the current vector vanishes, i.e., J =0:

82ak(t)

92 + ay (t) = 0. (7.1.5)

The Fourier components ay () depend on t as ay (t) ~ e~*! with w = ck. The vector potential
therefore corresponds to a wave propagating in the direction k at the speed of light. In this
thesis, the Coulomb gauge is chosen (eq. 2.2.11), which for the quantised vector potential
yields

V- Z [ak ek —ik r} = zz {k ay (t)e’xT — k-aii(t)e*ik'r} =0, (7.1.6)

therefore implying the mode amplitudes to be orthogonal to the propagation direction (k -
ay(t) =0). The vector potential is orthogonal to k and defined in the space spanned by two
basis vectors, €y ,, with v =1,2

ag = Zsk,uak,y- (7.1.7)
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Substitution yields an expression of the vector potential expressed through the basis vectors

ak. v
A(r) = |ewpac ™ +e ap e (7.1.8)
k,v
From Maxwell’s equations, the quantised electric and magnetic fields are obtained
E(r) = icZk (sk7yak7yeik‘r - €l*<7l,a;l,e*ik'r) , (7.1.9)
k,v
B(r) = zz [(k X Eky) ag €T — (k X efw,) ai';l,e*ik'r} ) (7.1.10)
k,v

7.1.2 Hamiltonian in free space

From eq. 7.1.4, it appears that the Hamiltonian in free space can be seen as a sum of
decoupled oscillators. Shifting from classical mechanics to quantum mechanics, the classical
quantities of position and momentum become operators, yielding

N 1 R R
H =33 (Pew)” + 0k (i) (7.1.11)
k,v

Defining suitable creation and annihilation operators

A 1 . . ot 1 . .
b, = o (Wi, +iPxp) bk,u = T (wkdk,y —iPxp) » (7.1.12)
the Hamiltonian is reformulated to give
A ~ ~ ].
A= <bLybk7V + 2) W (7.1.13)

kv

Electromagnetic fields are described by photons, which behave as bosons. Therefore,
they have to fulfill the commutation relations

bl bl 1 =0,  [biwsbn] =0, [0, bl ] = Gl b (7.1.14)

Analogously to the occupation number vectors exploited by the second quantisation for
electrons, occupation number vectors are used for bosons. These have no restriction on the
occupations, which can be arbitrarily high

)™
12
Ink,) =] ~——~—10). (7.1.15)
' E (ac.0)!
The associated energies are the eigenvalues of eq. 7.1.13
1
By = o (n—i— 2) . (7.1.16)

In terms of l;k’l, and lA)lT( ,» the vector potential and the electric and magnetic fields are
rewritten as

27 5 ikr | ok ] —ik-r
A(r):Z\/W[Ek,ka,uek +eq bl e ™ ] (7.1.17)
k,v

2mck

(r-:kyyi)kjyeik'r — eﬁ}ulsf(vye*ik'ﬂ , (7.1.18)

E(r) = zz

k,v
B(r)=iy 1/ 2 (e x exc,) bicpe™ ™ — (ke x e, ) Bl 7™ (7.1.19)
< ckV ,
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7.1.3 Hamiltonian for light-matter interaction

In optical cavities, the system is exposed to a strong light-matter coupling. The Hamiltonian

describing this situation is known as minimal-coupling Hamiltonian'40:159,308
N 1 N N N
H =23 i+ Ary) / 12+ 2V x AP dPr+ Vio+ Tan + Vene (7.1.20)

1

The light-matter coupling is given by the paramagnetic (3, p;- A(r;)) and the diamagnetic
terms (3 >, A(r;)?). Substituting the quantised vector potential into eq. 7.1.20, the minimal-
coupling Hamiltonian becomes

H = Hel+Zwkbkybku+ZZF i Eky)(i?k,l,eik'“+5L’Ve*ik'”)+
i kv
(7.1.21)

4 A eik-l‘i_i_l;'i' e*ik-l‘i Z;kl eik’.ri_i_l;i' e*ik/.l‘i
;k%; 4¢m o ot ) (e e,

where \ = \/‘%}r is the light-matter coupling strength. From this formulation, it is appar-

ent that smaller cavities achieve higher coupling strengths, and therefore the light-matter
interaction has a larger effect.393:399:310 In eq. 7.1.21 the sum over the wave numbers is in
principle infinite; here the discussion is restricted to one single mode, which is in most cases
enough to obtain a qualitatively accurate description of the field effects.

Furthermore, in most experimental settings the field wave length is significantly larger
than the molecular size. Thus, e® ™ can be approximated with 1 (dipole approzima-
tion).136:159:308,311 Thig approximation is valid in most cases for linearly polarised cavities, in
which the wavelength of the field is much larger than the size of the cavity. The Hamiltonian
simplifies to

H= Hel—l—wbb—l—zrpl e)(b+b)+> = (b+bh)2 (7.1.22)

The third term is describing the light-matter interaction, through the momentum operator.
Since it is known that p makes the convergence quite slow with respect to the basis set
size, in literature the light-matter interaction is usually described by a unitarily transformed
version of eq. 7.1.22, known as Pauli- Zienau- Woolley (PZW) form, 312316

0 = ilde)b+bh) (7.1.23)

passing from the so-called length gauge to the velocity gauge. Here d represents the molecular
dipole operator, defined as the sum of the electronic and the nuclear dipole d = dyuc + del.
The PZW Hamiltonian in dipole approximation yields

A2 2.

ﬁz_ﬁeﬁwz}%—x\f(d e)(b+b") + 2(d-5) (7.1.24)

Light-matter interaction is mediated by the molecular dipole operator. The last term is the
dipole self-interaction term, whose presence has been debated in the literature, which proves
that it is necessary to ensure a Hamiltonian bound from below.!41:317

In order to construct a framework for UCC inside a cavity, the HF reference has to be
constructed and analysed. In this thesis, the work by Haugland et al. in ref. 136 is followed.
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7.1.4 QED-HF

In this section, the Hartree-Fock method is expanded to the QED framework, in order
to provide a starting point for the targeted post-HF methods. The wave function for non-
interacting electrons and photons can be factorised into a pure electronic and a pure photonic
part

W) = [ W) [Wp) (7.1.25)

where the photonic part is an occupation number vector as seen in eq. 7.1.15. Due to the
factorisation of the wave function, also the Schrédinger equation can be split into the solution
of the electronic and of the photonic part

(Vel| Hqep [Pa) [Tpn) = E (Ve[ Ve) [Wpp)

A B (7.1.26)
(Wpn| HQED [Vpn) [Ver) = E(Ppn|Vpn) [Var) -

Hqep |¥) = E|¥) — {

The two equations have to be solved simultaneously. For a chosen HF state, the electronic
expectation value (V| HQrp |Vel) may be minimised with respect to the photonic coefficient

~ A w ~ ~ A 22 ~
<\I/el’ HQED ’\I/e1> = Eel —i—wab— A\/;(@I/e]’ d‘\pel> . E)(b-i-bT) + ? <\I]el’ (d-€)2 ‘\I/el> . (7.1.27)

This purely photonic Hamiltonian can be diagonalised through a coherent-state transforma-
tion, performed through the unitary operator

" e Ae- (Uy|d| W,
U=t with z:—w. (7.1.28)

In the coherent-state basis, the transformed Hamiltonian simplifies to

2 n A2 ~
(Wal Happ [Wat) = Fa +wbTh+ - (Bl (e-d)* | W) (7.1.29)

where no terms linear in the creation or annihilation operators appear. The eigenstates of
this transformed Hamiltonian are the photon number states |n), which in the untransformed
basis are expressed as

In) —s bt—th D" 10) (7.1.30)

=10} 1.
Applying the coherent-state basis to the PZW Hamiltonian in eq. 7.1.24 leads to the final
form which will be used for the construction of QED-UCC
2 w

Hopp = Ho +wblb+ %(e (d—(d)))? - S (d—(d))) (b +b). (7.1.31)

This expression is manifestly origin independent.

7.1.5 QED-CC

Following the notation in ref. 136, the Coupled Cluster method used to describe the wave
function inside an optical cavity. The excitation operator 1" has here to account for purely
electronic, purely photonic and mixed electronic and photonic excitations

|Wqep_cc) = €Z10,0) = eT5410,0) (7.1.32)
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where the excitation operators are defined as follows

T=T+Ty+---= thfaTamL e tilalalaga; + ...

S gll + 5*21 e +S% "’52 =ia Za SzaaTale +1 12 ijab2aa SzjabaTaZd]@bT +.
+3 Zla 2ap Sia Jaf ale bT +3 Zzyab > a8 Sl]ab& aba]ale bT
+5 Y00 Yo S0l aiblb ba + 13 jap S S50 A aaiDL B, + .

D=T1+To+-- = Za’YabL—i-gZaﬁfyagbabT + QZafyaababL+...

(7.1.33)
As in ref. 136, only operators with at most one photon operator are considered, leading to
the simplification of the photonic and mixed excitation operators to S = 5] + 53 +... and
['=T). In the QED frame, the expansion basis is given by {|0,0),|x,0),]0,1), |z, 1)}, where
the first position is reserved to the electronic excitations and the second position to the
photonic ones (|0,0) is the ground state). The QED-CC energy is expressed as

Eqep—cc = (0,0]e" T+ freT+S+T 0 0) = (0,0]e 2 17 10,0} . (7.1.34)

The similarity transformed Hamiltonian is treated with the Baker-Campbell-Hausdorff ex-
pansion. The series truncates after the fourth commutator, as the QED-Hamiltonian is still
a two particle operator.

In analogy to the electronic CC theory, the amplitudes are found through projection on

the basis (u, k|, where p labels the electronic excitations and & the number of photons (here
k:O71)7

<u,0|e_(T+§+f)erT+§+f |0,0) =0 ampl. eq. for t,, (7.1.35)
(u, 1] e~ (T+5+D) freT+5+0 |0,0) =0 ampl. eq. for s}“ (7.1.36)
0,1]e” T+S+F)H T+8+1 10,0) =0 ampl. eq. for ;. (7.1.37)

7.1.6 QED-UCC

The unitary parameterisation can be adapted to the optical cavity to obtain a Hermitian
theory

[Wqep-uce) = eZ72110,0) = 70T +S=S =TT g g) (7.1.38)

where the operators are defined as in eq. 7.1.33. Like in the previous sections, only single pho-
tonic excitations are considered here. The expansion basis consists of {|0,0),|u,0),[0,1),|u,1)}.
Furthermore, electronic excitations are restricted to singles and doubles excitations. The en-
ergy and amplitude equations are

(0,0]e™ (22" fe2-2" 0,0) = Eqep-ucc,
<M’0|6_(Z_ZAT)IA{6>ZA_ZAT 0,0) =0 ampl. eq. for o, (7.1.39)
(u,1] o—(Z=2Y) fr,2-21 |0,0)=0  ampl. eq. for s}“ h
(

0,1]e (2-21) f1.2-21 10,0) =0 ampl. eq. for 7.

The expansion of the unitarily transformed Hamiltonian e~ (Z=2Y) 122" has the same
issues as discussed in sec. 3; the Bernoulli expansion will be exploited once again.'69

Adopting the same truncation scheme as for UCCn, the amplitude equations are trun-
cated at nth order. Here the zeroth order Hamiltonian is

Hy = FEPHE bt (7.1.40)
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where the QED-Fock operator is

_ ~ 22 2 2 PS
F;;?;ED = Fa+ ) Z(d'g)pa(df)aq - *Z(d'g)pi(d‘g)im (7.1.41)

as in ref. 318; the notation c?z d— (d) has been adopted. The perturbation is composed as
follows:

H :ﬁel—FQEDHF—A\/g(J.e)(BHST), (7.1.42)

consisting of a pure electronic term and a coupling term of light and matter. The pertur-
bative order of the mixed operators S} and S} is derived from the first order correction to
the wave function in MP theory. As H only has one-electron one-photon operators, only
S} contributes to the first order correction to the wave function. Sj is needed only from
the second order correction. The I'y amplitudes cannot contribute to the first order wave
function, as

(0,1](d-€)(b+5)]0,0) = (d) — {d) = 0. (7.1.43)

However, this result is bound to the choice of the HF method. The coherent-state HF wave

function is not the only possible choice. Therefore, for other choices of the HF reference

determinant, the operator I'; also has contributions at first order in perturbation theory.
The perturbation orders are here recapitulated:

e &1 second order and &9 first order;
 S{ first order and S second order;
e I'y second order.

The UCC amplitude equations can therefore be truncated according to perturbation
theory. In this thesis, only the QED-UCC2 method is developed, as QED-UCC3 needs
further inspection.

7.2 QED-UCC2 implementation

In this thesis, QED-UCC theory war explicitly developed at second order in perturbation
theory. Not only amplitude equations for the electronic amplitudes need to be solved, but
also equations for the purely photonic amplitudes v and the mixed amplitudes s have to be
derived. The o-amplitudes have to account for the coupling to the cavity and are altered
by it. Therefore, the o-amplitude equations are not the same as outside the cavity, as some
terms depending on the mixed electronic-photonic amplitudes arise

Ao = Hel+ 0oyt = sy =0, 7o)

Hapij = ‘Hg%nj + P(ab) P(ij)dg;sp; = 0,

where it has to be underlined that the wave function is constructed on top of the coherent-

state HF determinant (sec. 3.2.1), for which dp, = dpg — (ci)&pq. The terms H¢ and Hg%ﬂj
represent the electronic amplitude equations in free space, the same as in section 4.3. In
order to be consistent with the perturbation order, no contributions exceeding second order
are considered. It can be recalled here that for the mixed amplitudes, 5’11 is first order and

5'21 second order in perturbation theory, while the photonic amplitude I'; is second order.
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The amplitude equations for the mixed operators 5] and S} are derived

Hﬁ:dz+W”%+d%ﬁ?—ﬁﬁ%+J%$§+ﬁW%m+5%@y+@ﬂﬁws%:0
Hgbij :ngbij - P(ij)fkisgbkj +P(ab)fa03?bij — P(ij) %0;‘5’? —i—P(ab)d‘)‘ ol (7.2.2)

ac” ij
+{abl|cj) sg; — (kbl[ig) sgx = 0.
The purely photonic amplitude 7, is derived from the equation
H® = d3s + fjusf; +wya =0. (7.2.3)

In the coherent-state HF framework, J;‘] = 0. Each of these amplitude equations are solved
iteratively, by isolating the diagonal part of the equations on the right hand side of the
equations. In particular, for the mixed amplitudes it can be observed that the frequency
associated to the cavity is shifting the pole of the iterative equation

a(n+1) ﬁa‘(n) - (5a —&i— w)sgi(n)

at ?

Eq— & —W (7 9 4)
re(n) a(n) -
a(n+1) _ Hypii —(Eatep—€i—gj—w)sy
abij Eater—€i—€gj—w
For the purely photonic amplitude, no iteration is needed
s+ ibSh
Yo =———"1 jj Gy (7.2.5)

It may be observed that the photonic amplitude equation is decoupled from egs. 7.2.1-
7.2.2. Furthermore, in the canonical orbital basis, fj, vanishes, as well as the second term
in eq. 7.2.3, due to the coherent-state HF reference, leaving v, = 0. This result is not
surprising, as the coherent-state transformation in eq. 7.1.28 has the form of a unitary
photonic exponential ansatz.

With the converged amplitudes, the energy can be computed. Also in this case, some
additional terms have to be accounted for, alongside those which had already been considered
outside the cavity

Eqep-vucc2 = Eucc,el + %d%sﬁ‘i + %d%sg‘f + g+ dsT (7.2.6)
The last two terms vanish for the coherent-state HF ansatz. In fact, this result is not
surprising, as these two terms are already accounted for in the HF energy expression, when
performing the coherent-state transformation.

It is also possible to develop a QED unitary theory built on top of a different ansatz
for the HF determinant. In that case, the dipole operator is not referred to its mean value
and the integrals d; do not vanish. In particular, in that case the I'; operator also counts
contributions at first order.

Note that the prefactors in eq. 7.2.6 have been obtained following the diagrammatic
rules of the Bernoulli expansion, where the photonic part of the potential operator has been
considered to be part of Vxp (eq. 3.1.26).

The implementation has been performed by Laurenz Monzel.
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Diagrams 17: QED-UCC2 energy in the dipole approximation. As before, the cross depicts the Fock
operator, the dashes the two-electron Hamiltonian operator and the plain lines the o-amplitudes. The
waved lines symbolize the photons.
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Diagrams 18: Additional diagrams for ¢; and o,-amplitude equation, which need to be added to
those already presented for the general case, outside the cavity. The same conventions as before are
used for the representation of the operators.
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Diagrams 19: Diagrams to determine the I'j-amplitudes. The square represents the purely photonic
part of the Hamiltonian, Flph.
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Diagrams 20: Diagrams to determine the S% amplitude (first row) and the S% amplitudes (second
row). The same diagrammatic notation illustrated for the previous diagrams has been adopted.
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Figure 7.1: Paramagnetic bonding for the Hy molecule.

7.3 Paramagnetic bonding in a cavity

Strong magnetic fields are known to influence the formation of bonds of molecular systems,
giving the possibility to have bound molecules from systems which are not bound in the field-
free case. The phenomenon of paramagnetic bonding is documented in the literature®%:162 for
various diatomic systems in a perpendicular magnetic field. The simplest example is given
by the triplet state 3%} of Hy, which in a general molecular-orbital picture is not bound, as
can be seen from the MO diagram in fig. 7.1. When subjected to a strong magnetic field, the
diamagnetic term in the Hamiltonian gives a positive shift to higher energies for both MOs,
leaving the energy difference more or less unchanged. As in the triplet state both electrons
have the same s, value, the spin-Zeeman term in eq. 2.3.12 also leaves the energy difference
unaffected. In the case of a magnetic field parallel to the bond axis, (L.) =Y my; =0,
where m; is the eigenvalue of the L. operator associated to the orbitals. In this specific
case, the energy difference between the orbitals is not changed (see fig. 7.1). For all other
orientations, the secondary quantum number m; is no longer a good quantum number due to
the lowering of point group symmetry induced by the magnetic field. Therefore, in general
the orbital-Zeeman term affects the energies of the orbitals, inducing an inhomogeneous shift.

For the Hy molecule, this difference in shift is motivated by the different (L) values for
the o, and o}, orbitals. In a perpendicular magnetic field, the system has Coj, symmetry. The
o4 orbital transforms as A, and is given by a linear combination of s-type orbitals, giving
an overall value (f)z> = 0. The o}, orbital, on the other hand, transforms as B, and may
be expressed through the p+ orbitals, also transforming as p1+. The o} orbital is stabilised
by the orbital-Zeeman term, which results in a lower energy. Despite the bond order being
formally zero, the magnetic field induces a bond which is strongest in the perpendicular
orientation.

The hydrogen molecule is the simplest example to treat for the understanding of this
phenomenon, but it may also be applied to other diatomic molecules.%%162 Here the focus is
on the 12;{ state of the helium dimer Hes, which in zero field is not bound. It is known'6? that
a perpendicular strong magnetic field induces a bonding situation, which can be described
in analogy to the hydrogen molecule (the MO diagram is analogous to fig. 7.1, with double
occupation of all orbitals).

It has already been mentioned that placing chemical systems inside an electromagnetic
cavity may alter the chemistry considerably. The present discussion is therefore concerned
about the effect of a cavity on the paramagnetic bonding, comparing results obtained at
the QED-UCC?2 level to those obtained with the QED-CCSD level of theory, with the unc-
aug-cc-pVQZ basis set.2667270319 Tpy fig. 7.3, the energy curves for the Hey dimer are shown
for various coupling and magnetic field strengths. The frequency associated to the cavity
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Figure 7.2: Orientations of the helium dimer in an electromagnetic cavity, with respect to
the magnetic field vector B (red) and the polarisation vector of the cavity e (blue).

is satisfying the resonance condition of the system (w = 0.466). The different orientations
of the system are pictured in fig. 7.2. For all calculations, the dimer was chosen to be
parallel to the z axis and the magnetic field perpendicular to it, along the y axis, without
loss of generality. In order to evaluate the effects due to the coupling with the cavity, the
reference is given by the calculation outside the cavity (blue lines in the plots in fig. 7.3).
The polarisation vector of the cavity can either be oriented parallel to the dimer (fig. 7.2a),
parallel to the magnetic field (fig. 7.2b), or perpendicular to both dimer and field (fig. 7.2c).

It is observed that both the magnetic field strength and the coupling with the cavity
have a stabilising effect on the dimer, as the minimum of the energy curves is lowered both
when increasing B (from fig. 7.3b to fig. 7.3c) and A (from fig. 7.3a to fig. 7.3b). For all
coupling and field strengths, when the cavity is oriented parallel to the molecule (red lines),
the paramagnetic bonding is less pronounced, resulting in a higher minimum. In the case of
the polarisation vector perpendicular to the dimer, the curves are very similar and do not
show large discrepancies. For these orientations, the coupling to the cavity enhances the
paramagnetic bonding, giving lower minima.

These observations can be explained considering the physical setting of the system. As
was discussed in sec. 7.1.3, ﬁQED in the dipole approximation contains the scalar product
d- €, which does only contribute when the molecular dipole and the polarisation vector are
parallel, as in fig. 7.2a. From a physical point of view, the fields are always perpendicular
to the polarisation vector. Therefore, photons can be exchanged between the two helium
atoms only when these are perpendicular to €. The orientations in figs. 7.2b-7.2c satisfy this
condition and are stabilised by the cavity.

For a quantitative discussion, in table 7.1 the positions of the minima and their values
for QED-CCSD and QED-UCC2 are listed. The equilibrium geometry only slightly shifts
between the different orientations of the cavity. An increase in the magnetic field strength
causes the paramagnetic bonding to happen at smaller distances. On the other side, the
change in the coupling does not affect the equilibrium geometry much, but causes the dis-
crepancy with the cavity-free case to become more pronounced. The differences between
QED-CCSD and QED-UCC2 increases when increasing the magnetic field and the coupling
to the cavity, but is always of the order of 10~* E},. For the orientation ¢ || 2, QED-UCC2
overestimated the energy, giving a higher minimum, while in the more stabilised orientations,
QED-UCC?2 predicts a slightly lower minimum. The differences are not very pronounced and
QED-UCC?2 can be taken as a cheaper method to predict the effects of paramagnetic bonding
in an electromagnetic cavity.

Summarising, it has been shown that an electromagnetic cavity can enhance the para-
magnetic bonding effect, when the polarisation vector is perpendicular to the molecular
bond axis. Increasing the coupling parameter, i.e., decreasing the size of the cavity, leads
to a larger stabilisation. The comparison of the results obtained with QED-UCC2 to the
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Figure 7.3: Energy curves for the dissociation of the Hey dimer, plotted as Eye, — 2EHe, for
different orientations of the cavity. Results are obtained in the single-photon approximation

for QED-CCSD and QED-UCC2 (w = 0.466). For all calculations, the dimer is parallel to
the z axis, without loss of generality.
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B=0.5B0,A = 0.05 | "min,ccSD | Tmin,ucC2 | Emin,ccsD | Emin,ucc2 | AEccsp-ucc?
e=0 4.10 4.08 -0.2512 -0.2634 0.0122
ellx 4.10 4.10 -0.2399 -0.2406 0.0006
elly 4.10 4.08 -0.2566 -0.2749 0.0183
el 2 4.10 4.08 -0.2569 -0.2744 0.0175

B=0.5B,,\ = 0.1
e=0 4.10 4.08 -0.2512 -0.2634 0.0122
ez 4.14 4.14 02084 | -0.1879 -0.0205
elly 4.08 4.06 -0.2748 -0.3211 0.0463
el = 4.08 4.06 -0.2758 -0.3177 0.0419

B=1.0Byg,A=0.1
e=0 2.96 2.94 -1.3398 -1.3881 0.0483
e H x 2.96 2.96 -1.2411 -1.1976 -0.0435
elly 2.94 2.94 -1.3889 -1.4831 0.0942
el 2 2.96 2.96 -1.3834 -1.4564 0.0730

Table 7.1: Equilibrium geometry (in ag) and energies (in mEy, ), calculated as Eye, — 2Epe,
for the helium dimer obtained at the unc-aug-cc-pVQZ/QED-CCSD and unc-aug-cc-
pVQZ/QED-UCC?2 levels of theory.

QED-CCSD ones shows that the cheaper QED-UCC2 method already gives a qualitatively
correct description of the physical phenomenon, while the quantitative values do not differ
much from the more accurate QED-CCSD ones. A more accurate calculation in the unitary
framework would be provided by QED-UCCS3.
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Chapter 8

Conclusions and Perspectives

This thesis represents a contribution to the field of electronic-structure theory, dis-
cussing a unitary formulation of coupled-cluster theory. The development of the
unitary coupled-cluster approach was motivated by the limitations of coupled-cluster theory
originating from the non-Hermiticity of its energy formulation. These limitations are well-
documented in the literature: complex energy eigenvalues are obtained in a magnetic field?’
and for excited states in the proximity of conical intersections.?*32° Furthermore, another
shortcoming of CC theory is observed in the calculation of oscillator strengths, which in the
CC framework are not guaranteed to be positive.36-37

The UCC ansatz maintains the advantages of an exponential parameterisation of the
wave function, and the additional constraint given by the unitary transformation solves the
issues which have been outlined as problematic for CC theory. It was shown in chapter 5
that UCC theory can be used instead of CC theory for the calculation of molecular energies
and properties.

The UCC formalism has been applied to different fields of quantum chemistry.

« Following the formalism first proposed by Liu et al.,'6° the method has been adapted to
the finite magnetic-field case, implying the use of complex algebra. Through this adap-
tation, both ground- and excited states could be targeted, maintaining a structure of
the equations as similar as possible to CC theory. This work focuses on two flavours of
unitary coupled-cluster theory, determined by a perturbative truncation of the ampli-
tude equations to second order (UCC2) and to third order (UCC3). Both methods have
been implemented in the QCUMBRE program package'®! and their accuracy has been
tested in comparison to FCI, CCSD, and CC3 as this method possesses the same scal-
ing as UCC3. The CH™ cation in a magnetic field of various orientations was discussed,
showing how the different UCC truncations deal with states with a double-excitation
character. This system was chosen because of its low-lying doubly-excited state, which
for some orientations possesses avoided crossings with singly-excited ones. This system
allowed to observe the comparable accuracy of the CCSD and UCC3 results, and the
inability of UCC2 to treat states with a double-excitation character.

e The issue of complex eigenvalues obtained in the CC framework was analysed for two
cases. The case of complex energy values in a finite magnetic field was discussed first on
the example of the water molecule in a strong magnetic field with varying orientation.
It was shown that by exploiting the developed UCC theory the problem of complex
energies is solved in a mathematically rigorous way (as shown in the results chapter
5), therefore obtaining real energies. The qualitative description of the ground- and

169
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excited-state energies was found to agree for CCSD and UCC3, but in particular for
the excited states, imaginary contributions to the energy values were found not to be
negligible. The presence of complex energy values, however, could not be used as a
diagnostics for the behaviour of the real energy part of CCSD results.

While for the water molecule the temptation may exist of considering only the real
part of the results, neglecting the imaginary one, the example of boric acid was shown
to present a case in which a real-valued quantum-chemical code cannot describe the
excited states of the irreducible representations E' and E”. Due to its symmetry,
complex algebra is needed for the CC calculation of these states already in the field-
free case. Alternatively, the calculation in the field-free case only needs real algebra
when using UCC theory and is therefore preferable. This molecule has then been
analysed also in the magnetic field, where UCC represents a solution to the non-
negligible imaginary parts in the excited-state energies. From the analysis of water and
boric acid, it was clear that from the magnitude of the imaginary part no conclusion on
the behaviour of the real part can be obtained. In fact, major discrepancies between the
UCC3 and CCSD results were not observed in correspondence to the largest values of
the imaginary part of the energy results. This important consideration underlines the
need to turn to UCC in the case of complex energy values in order to ensure physically
acceptable results. The real part of CC energies is often a good approximation, however
it is uncertain to which extent it may be trusted.

A further major part of this thesis is the development of UCC response theory for the
calculation of molecular properties. The focus of the theoretical development has been
on the formulation of a description common to CC and UCC theory. In sec. 3.2.1, the
differences to the expectation-value based approach found in the literature® were dis-
cussed. A deeper insight into the CC description of molecular properties showed that
the expectation-value approach leads to non size-extensive properties. The response-
theory formalism is shown to solve this issue, including the response of the wave func-
tion to the perturbation. The importance of including the effect of the perturbed wave
function in the calculation of properties had already been discussed in ref. 57. Fur-
thermore, response theory allows to find a description of those properties for which
the Hellmann-Feynman theorem does not hold. These motivations strongly suggested
the adaptation of response theory to the UCC method. This thesis presents a consis-
tent formulation for the evaluation of both single-state and transition properties in the
response UCC framework.

With the developed UCC response theory, the issue of negative oscillator strengths
was discussed for the silicon dication and the cation CH™. A specific transition of
the silicon dication, observed to be present on white dwarf stars, was analysed both
in the field-free case and in a magnetic field of varying strength. Negative oscillator
strengths for the inspected transition in the field-free case are obtained by means of the
CCSD method. UCC3 could be exploited to obtain physically meaningful results. The
example of the cation CHT in a varying magnetic field has been discussed next. This
system, though having real CCSD energies, has negative CCSD transition probabilities,
which do not have any physical interpretation. For these cases, UCC theory offers a
valid method for the computation of transition dipole moments.

Further investigations were done on the sodium, water, and lithium hydride, showing
that the UCC3 results are in good agreement to CCSD when exploiting the developed
response theory. The inclusion of effects describing the response of the wave function
to the perturbation was observed to have a larger impact on the UCC3 results than on
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the CCSD results, making the use of response theory in the UCC3 framework essential
to get accurate results.

In chapter 6, the developed UCC finite-field theory was used for the computation of
magnetic circular dichroism spectra. MCD represents a valuable tool for the analysis of
the electronic structure of both the ground and the excited states, as it detects overlap-
ping transitions and weak transitions which are not visible with other spectroscopies.
Transition dipole moments, computed with the developed finite-field methods, are used
in this work for the computation of MCD spectra, differently from the approach de-
scribed in the literature, where the calculation of MCD spectra is performed through a
perturbative treatment of the magnetic field.!?!"1?® An alternative approach has been
developed, inspired by a formalism existing for TDDFT,10%129 and an adaptation for
CC and UCC theory has been developed. The finite-field approach was shown to cor-
respond to the perturbative one described in literature in the limit of small magnetic-
field strengths. However, the finite-field approach includes effects of the magnetic field
to infinite order. Only first-order properties are needed for the finite-field approach,
while the perturbative approach needs second-order response theory. Furthermore,
gauge-origin independence is easily included through the use of GIAQs.183:3217323 The
importance of the gauge-origin independence has been investigated for the examples of
urea and cyclopropane, observing that without GIAOs the experimental spectra could
possess differences in the relative intensities. GIAOs should therefore be used to have a
correct qualitative reproduction of the spectra. Comparing the spectra obtained with
UCC3 and CCSD for the test molecules urea and cyclopropane, it has been observed
that both give a qualitatively correct reproduction of the spectrum, with the UCC3
spectrum shifted to slightly higher energies.

The main differences to the already formulated perturbative treatment of MCD spec-
troscopy may be discussed in the presence of a strong magnetic field. Such a calculation
is, in fact, only possible using the finite-field formulation. As a Gedankenexperiment
the investigation on the evolution of the MCD spectrum of cyclopropane in an increas-
ing magnetic field has been discussed. As observed already for other molecules, the
strong magnetic field causes the excited states to dramatically change and interact with
each other, resulting in a completely changed spectrum with respect to the weak-field
limit. An explanation to the evolution of the spectrum in the field was given by means
of the analysis of the behaviour of the excited states involved in the relevant transitions
for the calculation of the spectrum. The discussion is based on the assumption that
the distribution of the molecular orientations is isotropic. However, this may not be
realistic for strong magnetic fields, as alignment effects could gain importance. For
practical comparison to experiments this does not play a decisive role, as MCD spectra
are (at the moment) measurable only in magnetic fields belonging to the perturbative
limit.

Finally, the MCD spectra computed for pyrazine and pyrimidine were shown to agree
quite well with the experimental spectra. A shift of the calculated spectra with respect
to the experiment was motivated by the fact that the computations are performed
without a solvent, neglecting the solvent effects present in the experiment.

The growing interest in recent years in light-matter interactions inside an electromag-
netic cavity'31142 motivated the curiosity to inspect the performance of the UCC meth-
ods in a cavity with an external magnetic field (chapter 7). A first step in this direction
has been made with the development of the QED-UCC2 theory. This approximation
has been conceived in analogy to the QED-CCSD method.'3¢ Further considerations
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on the perturbative orders of the photonic and mixed photonic-electronic amplitudes
have been discussed for a consistent truncation of the Bernoulli-expanded QED-UCC
Hamiltonian. Through this formalism, the phenomenon of paramagnetic bonding has
been investigated in an electromagnetic cavity. In the literature it has been docu-
mented that, in the presence of a magnetic field directed perpendicular to the bond
axis of small diatomic molecules (Ha, Hey, LiH), bond formation is induced despite a
formally zero bond order.%6:162 The effect of the coupling to an electromagnetic cavity
on the bond formation of the dimer Hes has been investigated. The performed calcu-
lations showed that the relative orientation of the propagation vector with respect to
the dimer axis may lead to a stronger or weaker bonding character. The tuning of the
coupling parameter through the volume of the cavity can therefore be exploited to en-
hance the perpendicular paramagnetic bonding. These first calculations showed that
the QED-UCC2 results are in good agreement with the more accurate QED-CCSD
results, providing a cheaper alternative for a first inspection of the phenomenon. Of
course, QED-UCC2 would not be suitable for the characterisation of doubly-excited
states. For this purpose, as well as for major accuracy, QED-UCC3 may be developed
in future.

Outlook

The present work represents a contribution to the investigation of the fields of applicability
of unitary coupled-cluster theory. Many interesting developments are opened by the in-
sights gained so far in various directions. For example, some of these directions may be the
following.

e The UCC method allows for various truncation schemes and different UCC formalisms
may be explored. Most UCC methods are based on a perturbative truncation of
the expansion. However, recent studies have analysed truncation schemes based on
expansions up to a certain rank of commutators.??432 These methods seem to be
more accurate than the ones based on perturbation theory for molecules for which the
Mgller-Plesset series does not show smooth convergence at low orders. For example,
the qUCCSD approach is argued to bring some improvement to the UCC3 method for
molecules with strong orbital relaxation and electron correlation.324:325

e The theory for molecular properties discussed in sec. 3.2.1 can be exploited to calculate
the properties originating from an electromagnetic perturbation, but does not include
the relaxation of the Hartree-Fock orbitals. A future development of UCC response
theory should include this effect. Furthermore, the calculation of molecular gradients
has not been discussed here and surely represents an interesting future challenge.

e In the field of MCD spectroscopy, new perspectives could be obtained considering a
more accurate description of the experimental medium in which the measurement of
an MCD spectra is performed. A desirable development consists in performing the
calculations of transition dipole moments in the magnetic field taking into account
solvent effects. Environmental effects are accounted for by various embedding models,
of which the polarisation continuum model?®6-2%4 is one of the best known. Otherwise,
a more refined estimate is provided by the whole class of QM/MM methods,2% 297
where a part of the system is described through quantum chemistry and the remaining
part through classical mechanics. These methods also offer the possibility to describe
the directionality of the interactions,???332 which is not possible with a homogeneous
continuum model.
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In the limiting case of strong magnetic field, one possible development consists in the
correct evaluation of orientational effects of the molecules in the magnetic field. As
already pointed out, the equations for the calculation of MCD spectra via the finite-field
approach discussed in chapter 6 are based on the assumption of an isotropic distribution
of the molecular orientations in space. This may not be the case in the presence of a
strong magnetic field, where the molecular spin tends to align to the external magnetic
field. To account for this effect, a weighting strategy of the contributions of each
orientation may be developed.

e The field of quantum electrodynamics opens various challenges for the next steps of
investigation. The QED-UCC2 is a quite rough approximation and different trunca-
tions of the exponential operators may be explored. Based on the results outside the
cavity, the single-mode QED-UCC3 method probably offers a better agreement with
QED-CCSD also inside the cavity. Thus QED-UCC3 would provide an alternative
method for the calculation of systems proven to be problematic for CCSD. Through-
out the discussion, the single-photon mode is adopted. The double- and higher-photon
regimes may be explored, although the theory becomes more involved than for the
single-photon case. Therefore, the perturbative truncation of the Bernoulli-expanded
Hamiltonian and of the amplitude equation has to be carefully evaluated. Additionally,
the present theory can only describe the ground-state energy in a cavity, but it is surely
desirable to obtain a characterisation of excited states as well. 12333

e The focus has been placed on Hamilton operator for which the occurrence of complex
energy values is motivated by the presence of an external magnetic field. In ref. 35,
conditions determining a complex part in the Hamiltonian have been extensively anal-
ysed. Among these, the vicinity to conical intersections is documented in the literature
to cause the CCSD results to become complex.3?® The Hermitian formulation of the
UCC energy evidently solves the problem of unphysical results also in this setting.
An alternative approach to this problem has been presented in the literature with the
similarity-transformed CCSD method (SCCSD).3? Therefore, a comparison of the re-
sults obtained with the SCCSD method with those obtained with the UCC method
could be of interest. Some preliminary studies in this direction were pursued by the
author of this thesis, in collaboration with the authors of the aforementioned work.
For instance, the molecule HOF is one of the systems for which complex eigenvalues
are found with CCSD in vicinity of the intersection seam. The results obtained from a
pilot investigation showed that both SCCSD and UCC3 are able to solve the problem
of dimensionality in the intersection seam, but the position of the conical intersection
itself is slightly different for the two methods. It would be interesting to test the two
methods also for other systems, in order to gain a more complete understanding on
the advantages and disadvantages characterising them.

The outlined perspectives are only part of the potential applications unitary coupled cluster
could find in quantum chemistry. Future investigations using UCC theory may open other
fields for which this method is preferable to standard CC methods.
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Appendix A

Application of UCC diagrammatic
rules

In fig. A.1, a few examples of UCC diagrams are discussed, in order to explain the diagram-
matic rules listed in sec. 4.2.

e I. a part of the VR operator is involved, as it is not a pure excitation nor a pure
de-excitation operator. This term arises from the single commutator, and belongs to
both %[VR,&] and %[V,&]. These two contributions add, and the term has a prefactor
%4—% in front of the commutator. The same global prefactor is found for the single
commutator in the BCH expansion, where there is [V, ). The term has the formulation
5 (ab|cd) af]‘-l, where the factor 1 comes from the pair of equivalent lines.

e II: as for term I, here a part of the VR operator is involved. As the global prefactor of the
single commutators in the Bernoulli expansion sums to unity, the same rules as for the
diagrammatic formalism of CC apply. The term is evaluated as P(ij)P(ab) (ak||ic) 0%.

o III: the potential operator here is part of VAD, as it only involves de-excitations. Fur-
thermore, the contraction with the & operator results in a term belonging to [V,&]R.
This term is therefore part of the double commutators %[[VND,&],&] and %[[V,&]R,&].
The global prefactor to this double commutator for this diagram is % +% = % This
prefactor differs from the prefactor of the BCH expansion, where %[[f/,&],&] is found.
From the CC diagrammatic rules, a factor % arises from the connection of the potential

operator with two equivalent operators. This factor here needs to be scaled, in order

vy o\

OG0 Y0 W

Figure A.1
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to account for the different prefactor in the expansion, obtaining (1 -1)/1 = 1. The

3
term therefore is P(ij)P(ab) (kl||cd) J?kcaé’f.

IV: as for term III, the potential operator is part of Vip. As before, the global prefactor
from the double commutators adds to %
1

From the CC diagrammatic rules, a factor § needs to be considered, arising from one

pair of equivalent lines, connecting & and Vb with particle lines. Accounting for the
different prefactors of the Bernoulli and the BCH expansion, a resulting prefactor of %
is found. Term IV is P(ij)3 (kl||cd) aflbafg.

V: once more, the potential operator is part of Vap and the term acquires a global
prefactor of % From the CC rules, here a prefactor i is predicted, because of two
pairs of equivalent lines in the diagrams. Scaling this factor in order to account for
the difference of the Bernoulli and the BCH expansion, giving (- %) /3= %. The last
rule of sec. 4.2 applies here, as the potential operator is connected only to one of the
amplitudes. A further factor of % is therefore multiplied here, giving the expression
5 (cd||ij) ofd*ob for this term.

VI and VII: both terms involve a pure-excitation part of V, therefore contributing to
L [[Vap,6],6] and 1[[V,6]r,6]. Both have one pair of equivalent lines, and the scaling
of the prefactor leads to % In both cases, the potential operator is connected to only

one of the amplitudes, thus requiring an additional factor % These terms are VI:

—P(ab) ¢ (ad||ij) oid* o and VII: —P(ij) ¢ (cd||kj) o&boiid.



List of Acronyms

e FCI: Full Configuration Interaction

o HF': Hartree-Fock

e MP: Mgller-Plesset

e (CC: Coupled-Cluster

e UCC: Unitary Coupled-Cluster

e EOM: Equation-Of-Motion

e ADC: Adiabatic Diagrammatic Construction
e MCD: Magnetic Circular Dichroism

e SD: Slater Determinant

e LCAO:Linear Combination of Atomic Orbitals
e SCF': Self-Consistent Field

o unc: uncontracted (basis set)

o ff: finite field

e PT: Perturbation Theory

¢ GIAO: Gauge-Including Atomic Orbital
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e AO: Atomic Orbital

e BO: Born-Oppenheimer

o BCH: Baker-Campbell-Hausdorff

e QED: Quantum ElectroDynamics

e DIIS: direct inversion of the iterative subspace



References

W. Heisenberg, “Uber quantentheoretische Umdeutung kinematischer und mechanischer
Beziehungen”, Z. Phys. 33, 879-893 (1925).

2E. Schrédinger, “Die Erfiillbarkeit der Relativititsforderung in der klassischen Mechanik”,
Ann. Phys. 382, 325-336 (1925).

3M. Planck, “Uber das Gesetz der Energieverteilung in Normalspectrum”, Ann. Phys. 4,
533-563 (1901).

4A. Einstein, “Uber einen die Erzeugung und Verwandlung des Lichtes betreffenden heuris-
tischen Gesichtspunkt ”, Ann. Phys. 17, 132-148 (1905).

SW. Heitler and F. London, “Wechselwirkung neutraler Atome und homépolare Bindung
nach der Quantenmechanik”, Z. Phys. 44, 455-472 (1927).

6J. Cizek and J. Paldus, “Coupled cluster approach”, Phys. Scr. 21, 251 (1980).

7J. Cizek, “Origins of coupled cluster technique for atoms and molecules”, Theor. chim.
acta 80, 91-94 (1991).

8R. J. Bartlett and M. Musial, “Coupled-cluster theory in quantum chemistry”, Rev. Mod.
Phys. 79, 291 (2007).

9P. Piecuch, S. Zarrabian, J. Paldus, and J. Cizek, “Coupled-cluster approaches with an
approximate account of triexcitations and the optimized-inner-projection technique. II.
Coupled-cluster results for cyclic-polyene model systems”, Phys. Rev. B 42, 3351-3379
(1990).

0P Pjecuch and R. J. Bartlett, “EOMXCC: a new coupled-cluster method for electronic
excited states”, in Adv. quantum chem. (Elsevier, 1999), pp. 295-380.

HP, Piecuch, K. Kowalski, I. S. O. Pimienta, and M. J. Mcguire, “Recent advances in elec-
tronic structure theory: method of moments of coupled-cluster equations and renormalized
coupled-cluster approaches”, Int. Rev. Phys. Chem. 21, 527-655 (2002).

2P, Piecuch, “Active-space coupled-cluster methods”, Mol. Phys. 108, 2987-3015 (2010).

BK. Kowalski and P. Piecuch, “The active-space equation-of-motion coupled-cluster meth-
ods for excited electronic states: full EOMCCSDt”, J. Chem. Phys. 115, 643-651 (2001).

K. Kowalski and P. Piecuch, “Extensive generalization of renormalized coupled-cluster
methods”, J. Chem. Phys. 122, 074107 (2005).

I5M. Nooijen and R. J. Bartlett, “Equation of motion coupled cluster method for electron
attachment”, J. Chem. Phys. 102, 3629-3647 (1995).

16M. Nooijen and R. J. Bartlett, “A new method for excited states: similarity transformed
equation-of-motion coupled-cluster theory”, J. Chem. Phys. 106, 6441-6448 (1997).

170. Christiansen, “Coupled cluster theory with emphasis on selected new developments”,
Theor. Chem. Acc. 116, 106-123 (2005).

179


https://doi.org/10.1007/bf01397394
https://doi.org/10.1088/0031-8949/21/3-4/006
https://doi.org/https://doi.org/10.1007/BF01119616
https://doi.org/https://doi.org/10.1007/BF01119616
https://doi.org/https://doi.org/10.1103/RevModPhys.79.291
https://doi.org/https://doi.org/10.1103/RevModPhys.79.291
https://doi.org/10.1103/physrevb.42.3351
https://doi.org/10.1103/physrevb.42.3351
https://doi.org/10.1016/s0065-3276(08)60534-1
https://doi.org/10.1080/0144235021000053811
https://doi.org/10.1080/00268976.2010.522608
https://doi.org/10.1063/1.1378323
http://dx.doi.org/10.1063/1.1848093
https://doi.org/10.1063/1.468592
https://doi.org/10.1063/1.474000
https://doi.org/10.1007/s00214-005-0037-5

180 REFERENCES

18A. Kohn, M. Hanauer, L. A. Miick, T.-C. Jagau, and J. Gauss, “State-specific multiref-
erence coupled-cluster theory”, Wiley Interdiscip. Rev. Comput. Mol. Sci. 3, 176-197
(2012).

9N, Oliphant and L. Adamowicz, “Multireference coupled cluster method for electronic
structure of molecules”, Int. Rev. Phys. Chem. 12, 339-362 (1993).

20J. Shen and P. Piecuch, “Biorthogonal moment expansions in coupled-cluster theory:
review of key concepts and merging the renormalized and active-space coupled-cluster
methods”, Chem. Phys. 401, 180-202 (2012).

21]. Liu and L. Cheng, “Relativistic coupled-cluster and equation-of-motion coupled-cluster
methods”, Wiley Interdiscip. Rev. Comput. Mol. Sci. 11, 1536 (2021).

22]. F. Stanton and R. J. Bartlett, “The equation of motion coupled-cluster method. A sys-
tematic biorthogonal approach to molecular excitation energies, transition probabilities,
and excited state properties”; J. Chem. Phys. 98, 7029-7039 (1993).

2D. C. Comeau and R. J. Bartlett, “The equation-of-motion coupled-cluster method. Ap-
plications to open- and closed-shell reference states”, Chem. Phys. Lett. 207, 414-423
(1993).

248, Hirata, “Higher-order equation-of-motion coupled-cluster methods”, J. Chem. Phys.
121, 51-59 (2004).

%5G. D. Purvis and R. J. Bartlett, “A full coupled-cluster singles and doubles model: the
inclusion of disconnected triples”, J. Chem. Phys. 76, 1910-1918 (1982).

26J. Noga and R. J. Bartlett, “Erratum: The full CCSDT model for molecular electronic
structure [J. Chem. Phys. 8 6, 7041 (1987)]”, J. Chem. Phys. 89, 3401-3401 (1988).

27G. E. Scuseria and H. F. Schaefer 111, “A new implementation of the full CCSDT model
for molecular electronic structure”, Chem. Phys. Lett. 152, 382-386 (1988).

283, A. Kucharski and R. J. Bartlett, “The coupled-cluster single, double, triple, and quadru-
ple excitation method”, J. Chem. Phys. 97, 4282-4288 (1992).

290. Christiansen, H. Koch, and P. Jgrgensen, “The second-order approximate coupled
cluster singles and doubles model CC2”, Chem. Phys. Lett. 243, 409-418 (1995).

30H. Koch and P. Jgrgensen, “Coupled cluster response functions”, J. Chem. Phys. 93, 3333
(1990).

31K. Raghavachari, G. W. Trucks, J. A. Pople, and M. Head-Gordon, “A fifth-order per-

turbation comparison of electron correlation theories”, Chem. Phys. Lett. 157, 479483
(1989).

32K. Emrich, “An extension of the coupled cluster formalism to excited states (I)”, Nucl.
Phys. A 351, 379-396 (1981).

33K. Emrich, “An extension of the coupled cluster formalism to excited states (II)”, Nucl.
Phys. A 351, 397-438 (1981).

34A. Koéhn and A. Tajti, “Can coupled-cluster theory treat conical intersections?”, J. Chem.
Phys. 127, 044105 (2007).

35S, Thomas, F. Hampe, S. Stopkowicz, and J. Gauss, “Complex ground-state and excitation
energies in coupled-cluster theory”, Mol. Phys. 119, 1968056 (2021).

36 A. M. Tucholska, M. Lesiuk, and R. Moszynski, “Transition moments between excited
electronic states from the Hermitian formulation of the coupled cluster quadratic response
function”, J. Chem. Phys. 146, 034108 (2017).


https://doi.org/10.1002/wcms.1120
https://doi.org/10.1002/wcms.1120
https://doi.org/10.1080/01442359309353285
https://doi.org/10.1016/j.chemphys.2011.11.033
http://dx.doi.org/10.1002/wcms.1536
https://doi.org/10.1063/1.464746
https://doi.org/10.1016/0009-2614(93)89023-b
https://doi.org/10.1016/0009-2614(93)89023-b
https://doi.org/10.1063/1.1753556
https://doi.org/10.1063/1.1753556
https://doi.org/10.1063/1.443164
https://doi.org/10.1063/1.455742
http://dx.doi.org/10.1016/0009-2614(88)80110-6
https://doi.org/10.1063/1.463930
https://doi.org/https://doi.org/10.1016/0009-2614(95)00841-Q
https://doi.org/10.1016/s0009-2614(89)87395-6
https://doi.org/10.1016/s0009-2614(89)87395-6
https://doi.org/10.1016/0375-9474(81)90179-2
https://doi.org/10.1016/0375-9474(81)90179-2
https://doi.org/10.1016/0375-9474(81)90180-9
https://doi.org/10.1016/0375-9474(81)90180-9
http://dx.doi.org/10.1063/1.2755681
http://dx.doi.org/10.1063/1.2755681
http://dx.doi.org/10.1080/00268976.2021.1968056
http://dx.doi.org/10.1063/1.4973978

REFERENCES 181

370. Christiansen, H. Koch, and P. Jorgensen, “Response functions in the CC3 iterative
triple excitation model”, J. Chem. Phys. 103, 7429-7441 (1995).

38Y. Cao, J. Romero, J. P. Olson, M. Degroote, P. D. Johnson, M. Kieferova, 1. D. Kivlichan,
T. Menke, B. Peropadre, N. P. D. Sawaya, S. Sim, L. Veis, and A. Aspuru-Guzik, “Quan-
tum chemistry in the age of quantum computing”, Chem. Rev. 119, 10856-10915 (2019).

39S, McArdle, S. Endo, A. Aspuru-Guzik, S. C. Benjamin, and X. Yuan, “Quantum com-
putational chemistry”, Rev. Mod. Phys. 92, 015003 (2020).

40A. Peruzzo, J. McClean, P. Shadbolt, M.-H. Yung, X.-Q. Zhou, P. J. Love, A. Aspuru-
Guzik, and J. L. O’Brien, “A variational eigenvalue solver on a photonic quantum pro-
cessor”, Nat. Commun. 5, 4213 (2014).

413, R. McClean, J. Romero, R. Babbush, and A. Aspuru-Guzik, “The theory of variational
hybrid quantum-classical algorithms”, New J. Phys. 18, 023023 (2016).

42M.-H. Yung, J. Casanova, A. Mezzacapo, J. McClean, L. Lamata, A. Aspuru-Guzik, and
E. Solano, “From transistor to trapped-ion computers for quantum chemistry”, Sci. Rep.
4, 3589 (2014).

43R. P. Feynman, “Simulating physics with computers”, Int. J. Theor. Phys. 21, 467488
(1982).
4D, S. Abrams and S. Lloyd, “Simulation of many-body Fermi systems on a universal

quantum computer”, Phys. Rev. Lett. 79, 25862589 (1997).

45J. Romero, R. Babbush, J. R. McClean, C. Hempel, P. J. Love, and A. Aspuru-Guzik,
“Strategies for quantum computing molecular energies using the unitary coupled cluster
ansatz”, Quantum Sci. Technol. 4, 014008 (2018).

46 A Anand, P. Schleich, S. Alperin-Lea, P. W. K. Jensen, S. Sim, M. Diaz-Tinoco, J. S.
Kottmann, M. Degroote, A. F. Izmaylov, and A. Aspuru-Guzik, “A quantum computing
view on unitary coupled cluster theory”, Chem. Soc. Rev. 51, 1659-1684 (2022).

47T, Helgaker, P. Jorgensen, and J. Olsen, Molecular electronic-structure theory (John Wiley
& Sons, Chichester, 2013).

48W. Kutzelnigg, “Pair correlation theories”, in Methods of electronic structure theory,
edited by H. F. Schaefer III (Springer, Boston, MA, 1977), pp. 129-188.

49R. J. Bartlett, S. A. Kucharski, and J. Noga, “Alternative coupled-cluster ansitze II. The
unitary coupled-cluster method”, Chem. Phys. Lett. 155, 133140 (1989).

S0R. Gilmore, “Baker-Campbell-Hausdorff formulas”, J. Math. Phys. 15, 20902092 (1974).

SLA. G. Taube and R. J. Bartlett, “New perspectives on unitary coupled-cluster theory”,
Int. J. Quantum Chem. 106, 3393-3401 (2006).

52]. Lee, W. J. Huggins, M. Head-Gordon, and K. B. Whaley, “Generalized unitary coupled
cluster wave functions for quantum computation”, J. Chem. Theory Comput. 15, 311-324
(2018).

5F. A. Evangelista, G. K.-L. Chan, and G. E. Scuseria, “Exact parameterization of fermionic
wave functions via unitary coupled cluster theory”, J. Chem. Phys. 151, 244112 (2019).

54T B. Pedersen and H. Koch, “Coupled cluster response functions revisited”, J. Chem.
Phys. 106, 8059-8072 (1997).

5T, B. Pedersen, H. Koch, and C. Hittig, “Gauge invariant coupled cluster response the-
ory”, J. Chem. Phys. 110, 8318-8327 (1999).


https://doi.org/10.1063/1.470315
https://doi.org/10.1021/acs.chemrev.8b00803
http://dx.doi.org/10.1103/RevModPhys.92.015003
http://dx.doi.org/10.1038/ncomms5213
https://doi.org/10.1088/1367-2630/18/2/023023
http://dx.doi.org/10.1038/srep03589
http://dx.doi.org/10.1038/srep03589
https://doi.org/10.1007/bf02650179
https://doi.org/10.1007/bf02650179
https://doi.org/10.1103/physrevlett.79.2586
https://doi.org/10.1088/2058-9565/aad3e4
https://doi.org/10.1039/d1cs00932j
https://doi.org/https://doi.org/10.1007/978-1-4757-0887-5_5
https://doi.org/10.1016/s0009-2614(89)87372-5
https://doi.org/10.1063/1.1666587
https://doi.org/10.1002/qua.21198
https://doi.org/10.1021/acs.jctc.8b01004
https://doi.org/10.1021/acs.jctc.8b01004
http://dx.doi.org/10.1063/1.5133059
https://doi.org/10.1063/1.473814
https://doi.org/10.1063/1.473814
https://doi.org/10.1063/1.478742

182 REFERENCES

5P Norman, K. Ruud, and T. Saue, Principles and practices of molecular properties: theory,
modeling, and simulations (John Wiley & Sons, Hoboken, 2018).

57Q. Christiansen, P. Jgrgensen, and C. Hittig, “Response functions from Fourier com-
ponent variational perturbation theory applied to a time-averaged quasienergy”, Int. J.
Quantum Chem. 68, 1-52 (1998).

58T Helgaker, S. Coriani, P. Jorgensen, K. Kristensen, J. Olsen, and K. Ruud, “Recent
advances in wave function-based methods of molecular-property calculations”, Chem. Rev.
112, 543-631 (2012).

%M. Hodecker and A. Dreuw, “Unitary coupled cluster ground- and excited-state molecular
properties”, J. Chem. Phys. 153, 084112 (2020).

60J. Noga and M. Urban, “On expectation value calculations of one-electron properties using
the coupled cluster wave functions”, Theor. Chim. Acta 73, 291-306 (1988).

61R. J. Bartlett and J. Noga, “The expectation value coupled-cluster method and analytical
energy derivatives”, Chem. Phys. Lett. 150, 29-36 (1988).

621,. Z. Stolarczyk and H. J. Monkhorst, “Coupled-cluster method in Fock space. IV. Cal-
culation of expectation values and transition moments”, Phys. Rev. A 37, 1926-1933
(1988).

63T. Korona and B. Jeziorski, “One-electron properties and electrostatic interaction energies
from the expectation value expression and wave function of singles and doubles coupled
cluster theory”, J. Chem. Phys. 125, 184109 (2006).

64H. Sekino and R. J. Bartlett, “A linear response, coupled-cluster theory for excitation
energy”, Int. J. Quantum Chem. 26, 255-265 (1984).

658, Stopkowicz, J. Gauss, K. K. Lange, E. I. Tellgren, and T. Helgaker, “Coupled-cluster
theory for atoms and molecules in strong magnetic fields”, J. Chem. Phys. 143, 074110
(2015).

66S. Stopkowicz, “Perspective: Coupled cluster theory for atoms and molecules in strong
magnetic fields”, Int. J. Quantum Chem. 118, €25391 (2018).

67E. 1. Tellgren, A. Soncini, and T. Helgaker, “Nonperturbative ab initio calculations in
strong magnetic fields using London orbitals”, J. Chem. Phys. 129, 154114 (2008).

68M. J. Pemberton, T. J. P. Irons, T. Helgaker, and A. M. Teale, “Revealing the exotic
structure of molecules in strong magnetic fields”, J. Chem. Phys. 156, 204113 (2022).

89A. Pausch, C. Holzer, and W. Klopper, “Efficient calculation of magnetic circular dichro-
ism spectra using spin-noncollinear linear-response time-dependent density functional the-
ory in finite magnetic fields”, J. Chem. Theory Comput. 18, 3747-3758 (2022).

D, Nakamura, A. Ikeda, H. Sawabe, Y. H. Matsuda, and S. Takeyama, “Record indoor
magnetic field of 1200 T generated by electromagnetic flux-compression”, Rev. Sci. In-
strum. 89, 095106 (2018).

"IB. Franzon and S. Schramm, “Effects of strong magnetic fields and rotation on white
dwarf structure”, Phys. Rev. D 92, 083006 (2015).

"B. Franzon and S. Schramm, “Effects of magnetic fields in white dwarfs”, J. Phys. Conf.
Ser. 861, 012015 (2017).

73P. Bera and D. Bhattacharya, “Mass-radius relation of strongly magnetized white dwarfs:
nearly independent of Landau quantization”, Mon. Not. R. Astron. Soc. 445, 3951-3958
(2014).


https://doi.org/10.1002/(sici)1097-461x(1998)68:1<1::aid-qua1>3.0.co;2-z
https://doi.org/10.1002/(sici)1097-461x(1998)68:1<1::aid-qua1>3.0.co;2-z
https://doi.org/10.1021/cr2002239
https://doi.org/10.1021/cr2002239
http://dx.doi.org/10.1063/5.0019055
https://doi.org/10.1007/bf00527416
https://doi.org/10.1016/0009-2614(88)80392-0
https://doi.org/10.1103/physreva.37.1926
https://doi.org/10.1103/physreva.37.1926
http://dx.doi.org/10.1063/1.2364489
https://doi.org/10.1002/qua.560260826
https://doi.org/10.1063/1.4928056
https://doi.org/10.1063/1.4928056
https://doi.org/https://doi.org/10.1002/qua.25391
https://doi.org/10.1063/1.2996525
https://doi.org/10.1063/5.0092520
https://doi.org/10.1021/acs.jctc.2c00232
https://doi.org/10.1063/1.5044557
https://doi.org/10.1063/1.5044557
https://doi.org/10.1103/physrevd.92.083006
https://doi.org/10.1088/1742-6596/861/1/012015
https://doi.org/10.1088/1742-6596/861/1/012015
https://doi.org/10.1093/mnras/stu2014
https://doi.org/10.1093/mnras/stu2014

REFERENCES 183

7K. Boshkayev, J. A. Rueda, R. Ruffini, and I. Siutsou, “General relativistic white dwarfs
and their astrophysical implications”, J. Korean Chem. Soc. 65, 855-860 (2014).

Y. Terada, T. Hayashi, M. Ishida, K. Mukai, T. Dotani, S. Okada, R. Nakamura, S. Naik,
A. Bamba, and K. Makishima, “Suzaku discovery of hard X-ray pulsations from a rotating
magnetized white dwarf, AEAquarii”, Publ. Astron. Soc. Jpn. 60, 387-397 (2008).

D. Koester and G. Chanmugam, “Physics of white dwarf stars”, Reports Prog. Phys. 53,
837-915 (1990).

""R. H. Garstang, “Atoms in high magnetic fields (white dwarfs)”, Reports Prog. Phys. 40,
105-154 (1977).

78S, Jordan, P. Schmelcher, W. Becken, and W. Schweizer, “Evidence for helium in the
magnetic white dwarf GD 229”, Astron. Astrophys. 336, L33-136 (1998).

D. T. Wickramasinghe and L. Ferrario, “Magnetism in isolated and binary white dwarfs”,
Publ. Astron. Soc. Pacific 112, 873-924 (2000).

80B. Zuckerman, D. Koester, I. N. Reid, and M. Hunsch, “Metal lines in DA white dwarfs”,
Astrophys. J. 596, 477-495 (2003).

81B. Zuckerman, C. Melis, B. Klein, D. Koester, and M. Jura, “Ancient planetary systems
are orbiting a large fraction of white dwarf stars”, Astrophys. J. 722, 725-736 (2010).

82E. L. Degl'Innocenti and M. Landolfi, Polarization in Spectral Lines (Springer Nether-
lands, Dordrecht, 2004).

83p. Dufour, J. Liebert, G. Fontaine, and N. Behara, “White dwarf stars with carbon at-
mospheres”, Nature 450, 522-524 (2007).

843, Jordan, “Magnetic fields in white dwarfs and their direct progenitors”, Proc. Int. Astron.
Union 4, 369-378 (2008).

858, Xu, M. Jura, D. Koester, B. Klein, and B. Zuckerman, “Discovery of molecular hydrogen
in white dwarf atmospheres”, Astrophys. J. 766, L18 (2013).

86, Ferrario, D. de Martino, and B. T. Génsicke, “Magnetic white dwarfs”, Space Sci. Rev.
191, 111-169 (2015).

8TW. Rosner, G. Wunner, H. Herold, and H. Ruder, “Hydrogen atoms in arbitrary magnetic
fields. I. Energy levels and wavefunctions”, J. Phys. B At. Mol. Phys. 17, 29-52 (1984).

88A. Kawka, S. Vennes, L. Ferrario, and E. Paunzen, “Evidence of enhanced magnetism in
cool, polluted white dwarfs”, Mon. Not. R. Astron. Soc. 482, 5201-5210 (2019).

89J. L. Greenstein, “The identification of hydrogen in GRW +70 deg 8247”7, Astrophys. J.
281, L47-L50 (1984).

9], L. Greenstein, R. J. W. Henry, and R. F. Oconnell, “Futher identifications of hydrogen
in GRW +708247”, Astrophys. J. 289, L25-1.29 (1985).

91R. J. W. Henry and R. F. Oconnell, “On the magnetic field in the white dwarf GRW +
70.8247 deg”, Astrophys. J. 282, L97-L98 (1984).

92R. J. W. Henry and R. F. Oconnell, “Hydrogen spectrum in magnetic white dwarfs -
H-alpha, H-beta and H-gamma transitions”, Publ. Astron. Soc. Pacific 97, 333 (1985).

9G. D. Schmidt, R. G. Allen, P. S. Smith, and J. Liebert, “Combined ultraviolet-optical
spectropolarimetry of the magnetic white dwarf GD 229”, Astrophys. J. 463, 320 (1996).

94H. Forster, W. Strupat, W. Rosner, G. Wunner, H. Ruder, and H. Herold, “Hydrogen

atoms in arbitrary magnetic fields. II. Bound-bound transitions”, J. Phys. B At. Mol.
Phys. 17, 1301-1319 (1984).


https://doi.org/10.3938/jkps.65.855
https://doi.org/10.1093/pasj/60.2.387
https://doi.org/10.1088/0034-4885/53/7/001
https://doi.org/10.1088/0034-4885/53/7/001
https://doi.org/10.1088/0034-4885/40/2/001
https://doi.org/10.1088/0034-4885/40/2/001
https://doi.org/10.1086/316593
https://doi.org/10.1086/377492
https://doi.org/10.1088/0004-637X/722/1/725
https://doi.org/10.1038/nature06318
https://doi.org/10.1017/S1743921309030749
https://doi.org/10.1017/S1743921309030749
https://doi.org/10.1088/2041-8205/766/2/L18
https://doi.org/10.1007/s11214-015-0152-0
https://doi.org/10.1007/s11214-015-0152-0
https://doi.org/10.1088/0022-3700/17/1/010
https://doi.org/10.1093/mnras/sty3048
https://doi.org/10.1086/184282
https://doi.org/10.1086/184282
https://doi.org/10.1086/184427
https://doi.org/10.1086/184314
https://doi.org/10.1086/131540
https://doi.org/10.1086/177244
https://doi.org/10.1088/0022-3700/17/7/015
https://doi.org/10.1088/0022-3700/17/7/015

184 REFERENCES

958, V. Berdyugina, A. V. Berdyugin, and V. Piirola, “Molecular magnetic dichroism in
spectra of white dwarfs”, Phys. Rev. Lett. 99, 091101 (2007).

96J. D. Landstreet, S. Bagnulo, G. G. Valyavin, L. Fossati, S. Jordan, D. Monin, and G. A.
Wade, “On the incidence of weak magnetic fields in DA white dwarfs”, Astron. Astrophys.
545, A30 (2012).

97S. Bagnulo and J. D. Landstreet, “Discovery of six new strongly magnetic white dwarfs
in the 20 pc local population”, Astron. Astrophys. 643, A134 (2020).

98M. A. Hollands, S. Stopkowicz, M.-P. Kitsaras, F. Hampe, S. Blaschke, and J. Hermes, “A
DZ white dwarf with a 30 MG magnetic field”, Mon. Not. R. Astron. Soc. 520, 3560-3575
(2023).

99P. Schmelcher, L. S. Cederbaum, and H. D. Meyer, “Electronic and nuclear motion and
their couplings in the presence of a magnetic field”, Phys. Rev. A 38, 6066-6079 (1988).

100p, Schmelcher, L. S. Cederbaum, and H. D. Meyer, “On the validity of the Born-Oppenhei-
mer approximation in magnetic fields”, J. Phys. B At. Mol. Opt. Phys. 21, L445-1.450
(1988).

101p_ Schmelcher and L. S. Cederbaum, “Molecules in strong magnetic fields: Properties of
atomic orbitals”, Phys. Rev. A 37, 672-681 (1988).

102p Schmelcher and L. S. Cederbaum, “On molecules and ions in strong magnetic fields”,
Int. J. Quantum Chem. 40, 371-385 (1991).

1033 Blaschke and S. Stopkowicz, “Cholesky decomposition of complex two-electron integrals
over GIAOQs: efficient MP2 computations for large molecules in strong magnetic fields”, J.
Chem. Phys. 156, 044115 (2022).

104 A Soncini and P. Fowler, “Non-linear ring currents: effect of strong magnetic fields on
m-electron circulation”, Chem. Phys. Lett. 400, 213-220 (2004).

105, 1. Tellgren, A. M. Teale, J. W. Furness, K. K. Lange, U. Ekstrém, and T. Helgaker,
“Non-perturbative calculation of molecular magnetic properties within current-density
functional theory”, J. Chem. Phys. 140, 034101 (2014).

1065, Sen, K. K. Lange, and E. I. Tellgren, “Excited states of molecules in strong uniform
and nonuniform magnetic fields”, J. Chem. Theory Comput. 15, 3974-3990 (2019).

1073 Sun, D. Williams-Young, and X. Li, “An ab initio linear response method for computing
magnetic circular dichroism spectra with nonperturbative treatment of magnetic field”,
J. Chem. Theory Comput. 15, 3162-3169 (2019).

108F  Hampe and S. Stopkowicz, “Equation-of-motion coupled-cluster methods for atoms and
molecules in strong magnetic fields”, J. Chem. Phys. 146, 154105 (2017).

1097 W. Furness, J. Verbeke, E. I. Tellgren, S. Stopkowicz, U. Ekstréom, T. Helgaker, and
A. M. Teale, “Current density functional theory using meta-generalized gradient exchange-
correlation functionals”, J. Chem. Theory Comput. 11, 4169-4181 (2015).

110G, Reimann, A. Borgoo, J. Austad, E. I. Tellgren, A. M. Teale, T. Helgaker, and S.
Stopkowicz, “Kohn—Sham energy decomposition for molecules in a magnetic field”, Mol.
Phys. 117, 97-109 (2019).

HIA. Pausch and W. Klopper, “Efficient evaluation of three-centre two-electron integrals
over London orbitals”, Mol. Phys. 118, €1736675 (2020).

H2(C. Holzer, A. Pausch, and W. Klopper, “The GW/BSE Method in Magnetic Fields”,
Front. Chem. 9, 746162 (2021).


https://doi.org/10.1103/PhysRevLett.99.091101
https://doi.org/10.1051/0004-6361/201219829
https://doi.org/10.1051/0004-6361/201219829
https://doi.org/10.1051/0004-6361/202038565
https://doi.org/https://doi.org/10.1093/mnras/stad143
https://doi.org/https://doi.org/10.1093/mnras/stad143
https://doi.org/10.1103/PhysRevA.38.6066
https://doi.org/10.1088/0953-4075/21/15/005
https://doi.org/10.1088/0953-4075/21/15/005
https://doi.org/10.1103/PhysRevA.37.672
https://doi.org/10.1002/QUA.560400836
https://doi.org/10.1063/5.0076588
https://doi.org/10.1063/5.0076588
https://doi.org/10.1016/j.cplett.2004.10.110
https://doi.org/10.1063/1.4861427
https://doi.org/10.1021/acs.jctc.9b00103
https://doi.org/10.1021/acs.jctc.9b00095
https://doi.org/10.1063/1.4979624
https://doi.org/10.1021/acs.jctc.5b00535
https://doi.org/10.1080/00268976.2018.1495849
https://doi.org/10.1080/00268976.2018.1495849
https://doi.org/10.1080/00268976.2020.1736675
https://www.frontiersin.org/articles/10.3389/fchem.2021.746162/full

REFERENCES 185

H3L,. Monzel, A. Pausch, L. D. M. Peters, E. I. Tellgren, T. Helgaker, and W. Klopper,
“Molecular dynamics of linear molecules in strong magnetic fields”, J. Chem. Phys. 157,
054106 (2022).

H4E Hampe, N. Gross, and S. Stopkowicz, “Full triples contribution in coupled-cluster and
equation-of-motion coupled-cluster methods for atoms and molecules in strong magnetic
fields”, Phys. Chem. Chem. Phys. 22, 23522-23529 (2020).

HSEF. Hampe and S. Stopkowicz, “Transition-dipole moments for electronic excitations in
strong magnetic fields using equation-of-motion and linear response coupled-cluster the-
ory”, J. Chem. Theory Comput. 15, 4036-4043 (2019).

160, Holzer, A. M. Teale, F. Hampe, S. Stopkowicz, T. Helgaker, and W. Klopper, “GW
quasiparticle energies of atoms in strong magnetic fields”, J. Chem. Phys. 150, 214112
(2019).

H7A. Kaito, M. Hatano, and A. Tajiri, “CNDO treatment for Faraday B terms of some
azaheterocycles”, J. Am. Chem. Soc. 99, 5241-5246 (1977).

H8A. A. Meier and G. H. Wagniere, “The long-wavelength MCD of some quinones and its
interpretation by semi-empirical MO methods”, Chem. Phys. 113, 287-307 (1987).

H9A . Gedanken and M. D. Rowe, “Magnetic circular dichroism spectra of the methyl halides.
Resolution of the n — ¢* continuum”, Chem. Phys. Lett. 34, 39-43 (1975).

120A. Gedanken and O. Schnepp, “The excited states of cycloporane. MCD spectrum, and
CD spectrum of an optically active derivative”, Chem. Phys. 12, 341-348 (1976).

121 A, Buckingham and P. Stephens, “Magnetic optical activity”, Annu. Rev. Phys. Chem.
17, 399-432 (1966).

122p_ Stephens, “Magnetic circular dichroism”, Annu. Rev. Phys. Chem. 25, 201-232 (1974).

1237, Kjeergaard, K. Kristensen, J. Kauczor, P. Jgrgensen, S. Coriani, and A. J. Thorvald-

sen, “Comparison of standard and damped response formulations of magnetic circular
dichroism”, J. Chem. Phys. 135, 024112 (2011).

I24R . Faber, S. Ghidinelli, C. Hittig, and S. Coriani, “Magnetic circular dichroism spectra
from resonant and damped coupled cluster response theory”, J. Chem. Phys. 153, 114105
(2020).

125M. Seth and T. Ziegler, “Formulation of magnetically perturbed time-dependent density
functional theory”, J. Chem. Phys. 127, 134108 (2007).

126M. Seth, M. Krykunov, T. Ziegler, J. Autschbach, and A. Banerjee, “Application of mag-
netically perturbed time-dependent density functional theory to magnetic circular dichro-
ism: calculation of B terms”, J. Chem. Phys. 128, 144105 (2008).

127TM. Seth, M. Krykunov, T. Ziegler, and J. Autschbach, “Application of magnetically per-
turbed time-dependent density functional theory to magnetic circular dichroism. II. Cal-
culation of A terms”, J. Chem. Phys. 128, 234102 (2008).

128M. Seth, T. Ziegler, and J. Autschbach, “Application of magnetically perturbed time-
dependent density functional theory to magnetic circular dichroism. III. Temperature-
dependent magnetic circular dichroism induced by spin-orbit coupling”, J. Chem. Phys.
129, 104105 (2008).

129 Sun and X. Li, “Relativistic effects in magnetic circular dichroism: restricted magnetic
balance and temperature dependence”, J. Chem. Theory Comput. 16, 4533-4542 (2020).


https://doi.org/10.1063/5.0097800
https://doi.org/10.1063/5.0097800
https://doi.org/10.1039/D0CP04169F
https://doi.org/10.1021/acs.jctc.9b00242
https://doi.org/https://doi.org/10.1063/1.5093396
https://doi.org/https://doi.org/10.1063/1.5093396
https://doi.org/10.1021/ja00458a002
https://doi.org/10.1016/0301-0104(87)80156-8
https://doi.org/10.1016/0009-2614(75)80196-5
https://doi.org/10.1016/0301-0104(76)87104-2
https://doi.org/10.1063/1.3607991
https://doi.org/10.1063/5.0013398
https://doi.org/10.1063/5.0013398
https://doi.org/10.1063/1.2772849
https://doi.org/10.1063/1.2901967
https://doi.org/10.1063/1.2933550
https://doi.org/10.1063/1.2976568
https://doi.org/10.1063/1.2976568
https://doi.org/10.1021/acs.jctc.0c00287

186 REFERENCES

130D, P. Craig and T. Thirunamachandran, Molecular quantum electrodynamics: an introduc-
tion to radiation-molecule interactions, Dover Books on Chemistry (Dover Publications,
London, 2012).

I3IM. V. Imperatore, J. B. Asbury, and N. C. Giebink, “Reproducibility of cavity-enhanced
chemical reaction rates in the vibrational strong coupling regime”, J. Chem. Phys. 154,
191103 (2021).

132G. D. Wiesehan and W. Xiong, “Negligible rate enhancement from reported cooperative
vibrational strong coupling catalysis”, J. Chem. Phys. 155, 241103 (2021).

133A. P. Fidler, L. Chen, A. M. McKillop, and M. L. Weichman, “Ultrafast dynamics of CN
radical reactions with chloroform solvent under vibrational strong coupling”, J. Chem.
Phys. 159, 164302 (2023).

134R. R. Riso, T. S. Haugland, E. Ronca, and H. Koch, “Molecular orbital theory in cavity
ged environments”, Nat. Commun. 13, 1368 (2022).

I35R. R. Riso, L. Grazioli, E. Ronca, T. Giovannini, and H. Koch, “Strong coupling in chiral
cavities: nonperturbative framework for enantiomer discrimination”, Phys. Rev. X 13,
031002 (2023).

1367 S. Haugland, E. Ronca, E. F. Kjgnstad, A. Rubio, and H. Koch, “Coupled cluster
theory for molecular polaritons: changing ground and excited states”, Phys. Rev. X 10,
041043 (2020).

137T. S. Haugland, C. Schifer, E. Ronca, A. Rubio, and H. Koch, “Intermolecular interactions
in optical cavities: an ab initio QED study”, J. Chem. Phys. 154, 094113 (2021).

138]. Flick, M. Ruggenthaler, H. Appel, and A. Rubio, “Atoms and molecules in cavities,
from weak to strong coupling in quantum-electrodynamics (QED) chemistry”, Proc. Natl.
Acad. Sci. 114, 3026-3034 (2017).

139J. Flick, N. Rivera, and P. Narang, “Strong light-matter coupling in quantum chemistry
and quantum photonics”, Nanophotonics 7, 1479-1501 (2018).

HONM. Ruggenthaler, J. Flick, C. Pellegrini, H. Appel, I. V. Tokatly, and A. Rubio, “Quantum-
electrodynamical density-functional theory: bridging quantum optics and electronic-struc-
ture theory”, Phys. Rev. A 90, 012508 (2014).

H41M. Ruggenthaler, N. Tancogne-Dejean, J. Flick, H. Appel, and A. Rubio, “From a quantum-
electrodynamical light—-matter description to novel spectroscopies”, Nat. Rev. Chem. 2,
0118 (2018).

142M. Ruggenthaler, D. Sidler, and A. Rubio, “Understanding polaritonic chemistry from ab
initio quantum electrodynamics”, Chem. Rev. 123, 11191-11229 (2023).

13C. A. DelPo, S.-U.-Z. Khan, K. H. Park, B. Kudisch, B. P. Rand, and G. D. Scholes,
“Polariton decay in donor—acceptor cavity systems”, J. Phys. Chem. Lett. 12, 9774-9782
(2021).

1447 Fregoni, G. Granucci, E. Coccia, M. Persico, and S. Corni, “Manipulating azoben-
zene photoisomerization through strong light—-molecule coupling”, Nat. Commun. 9, 4688
(2018).

1457 Fregoni, G. Granucci, M. Persico, and S. Corni, “Strong coupling with light enhances
the photoisomerization quantum yield of azobenzene”, Chem 6, 250-265 (2020).

146p  Herrera, “Photochemistry with quantum optics from a non-adiabatic quantum trajec-
tory perspective”, Chem 6, 7-9 (2020).


http://dx.doi.org/10.1063/5.0046307
http://dx.doi.org/10.1063/5.0046307
http://dx.doi.org/10.1063/5.0077549
http://dx.doi.org/10.1063/5.0167410
http://dx.doi.org/10.1063/5.0167410
http://dx.doi.org/10.1038/s41467-022-29003-2
http://dx.doi.org/10.1103/PhysRevX.13.031002
http://dx.doi.org/10.1103/PhysRevX.13.031002
http://dx.doi.org/10.1103/PhysRevX.10.041043
http://dx.doi.org/10.1103/PhysRevX.10.041043
http://dx.doi.org/10.1063/5.0039256
https://doi.org/10.1073/pnas.1615509114
https://doi.org/10.1073/pnas.1615509114
https://doi.org/10.1515/nanoph-2018-0067
http://dx.doi.org/10.1103/physreva.90.012508
http://dx.doi.org/10.1038/s41570-018-0118
http://dx.doi.org/10.1038/s41570-018-0118
http://dx.doi.org/10.1021/acs.chemrev.2c00788
https://doi.org/10.1021/acs.jpclett.1c02644
https://doi.org/10.1021/acs.jpclett.1c02644
http://dx.doi.org/10.1038/s41467-018-06971-y
http://dx.doi.org/10.1038/s41467-018-06971-y
https://doi.org/10.1016/j.chempr.2019.11.001
https://doi.org/10.1016/j.chempr.2019.12.025

REFERENCES 187

47M. A. Sentef, M. Ruggenthaler, and A. Rubio, “Cavity quantum-electrodynamical po-
laritonically enhanced electron-phonon coupling and its influence on superconductivity”,
Science Advances 4, eaau6969 (2018).

148 A Thomas, L. Lethuillier-Karl, K. Nagarajan, R. M. A. Vergauwe, J. George, T. Chervy,
A. Shalabney, E. Devaux, C. Genet, J. Moran, and T. W. Ebbesen, “Tilting a ground-state
reactivity landscape by vibrational strong coupling”, Science 363, 615-619 (2019).

1497 Lather, P. Bhatt, A. Thomas, T. W. Ebbesen, and J. George, “Cavity catalysis by
cooperative vibrational strong coupling of reactant and solvent molecules”, Angew. Chem.,
Int. Ed. 58, 10635-10638 (2019).

150K Hirai, J. A. Hutchison, and H. Uji-i, “Recent progress in vibropolaritonic chemistry”,
ChemPlusChem 85, 1981-1988 (2020).

151 J. Garcia-Vidal, C. Ciuti, and T. W. Ebbesen, “Manipulating matter by strong coupling
to vacuum fields”, Science 373, eabd0336 (2021).

152, Schéfer, M. Ruggenthaler, H. Appel, and A. Rubio, “Modification of excitation and
charge transfer in cavity quantum-electrodynamical chemistry”, Proc. Natl. Acad. Sci.
116, 4883-4892 (2019).

I53M. D. Liebenthal, N. Vu, and A. E. DePrince III, “Equation-of-motion cavity quantum
electrodynamics coupled-cluster theory for electron attachment”, J. Chem. Phys. 156,
054105 (2022).

154 A E. DePrince III, “Cavity-modulated ionization potentials and electron affinities from
quantum electrodynamics coupled-cluster theory”, J. Chem. Phys. 154, 094112 (2021).

I55F . Pavosevié and J. Flick, “Polaritonic unitary coupled cluster for quantum computa-
tions”, J. Phys. Chem. Lett. 12, 9100-9107 (2021).

156 A Mandal, S. Montillo Vega, and P. Huo, “Polarized Fock states and the dynamical
Casimir effect in molecular cavity quantum electrodynamics”, J. Phys. Chem. Lett. 11,
9215-9223 (2020).

157C. Schifer, F. Buchholz, M. Penz, M. Ruggenthaler, and A. Rubio, “Making ab ini-
tio QED functional(s): nonperturbative and photon-free effective frameworks for strong
light—-matter coupling”, Proc. Natl. Acad. Sci. 118, 2110464118 (2021).

158, McTague and J. J. Foley, “Non-Hermitian cavity quantum electrodynamics—configuration
interaction singles approach for polaritonic structure with ab initio molecular Hamiltoni-
ans”, J. Chem. Phys. 156, 154103 (2022).

159y Ashida, A. Imamoglu, and E. Demler, “Cavity quantum electrodynamics at arbitrary
light-matter coupling strengths”, Phys. Rev. Lett. 126, 153603 (2021).

1607 Liu, A. Asthana, L. Cheng, and D. Mukherjee, “Unitary coupled-cluster based self-
consistent polarization propagator theory: A third-order formulation and pilot applica-
tions”, J. Chem. Phys. 148, 244110 (2018).

161 Hampe, S. Stopkowicz, N. Grof, M.-P. Kitsaras, L. Grazioli, S. Blaschke, L. Monzel, and
U. P. Yergiin, QCUMBRE, quantum chemical utility enabling magnetic-field dependent
investigations benefitting from rigorous electron-correlation treatment, qcumbre.org.

162K K. Lange, E. I. Tellgren, M. R. Hoffmann, and T. Helgaker, “A paramagnetic bonding
mechanism for diatomics in strong magnetic fields”, Science 337, 327-331 (2012).

163p. Bunker, “On the breakdown of the Born-Oppenheimer approximation for a diatomic
molecule”; J. Mol. Spectrosc. 42, 478-494 (1972).


http://dx.doi.org/10.1126/sciadv.aau6969
https://doi.org/10.1126/science.aau7742
https://doi.org/10.1002/anie.201905407
https://doi.org/10.1002/anie.201905407
https://doi.org/10.1002/cplu.202000411
http://dx.doi.org/10.1126/science.abd0336
https://doi.org/10.1073/pnas.1814178116
https://doi.org/10.1073/pnas.1814178116
http://dx.doi.org/10.1063/5.0078795
http://dx.doi.org/10.1063/5.0078795
http://dx.doi.org/10.1063/5.0038748
https://doi.org/10.1021/acs.jpclett.1c02659
https://doi.org/10.1021/acs.jpclett.0c02399
https://doi.org/10.1021/acs.jpclett.0c02399
http://dx.doi.org/10.1073/pnas.2110464118
http://dx.doi.org/10.1063/5.0091953
http://dx.doi.org/10.1103/PhysRevLett.126.153603
https://doi.org/10.1063/1.5030344
https://doi.org/10.1126/science.1219703
https://doi.org/10.1016/0022-2852(72)90224-x

188 REFERENCES

164p Bunker and R. Moss, “The breakdown of the Born-Oppenheimer approximation: the
effective vibration-rotation Hamiltonian for a diatomic molecule”, Mol. Phys. 33, 417424
(1977).

165G, Pisana, M. Lazzeri, C. Casiraghi, K. S. Novoselov, A. K. Geim, A. C. Ferrari, and
F. Mauri, “Breakdown of the adiabatic Born—-Oppenheimer approximation in graphene”,
Nat. Mater. 6, 198-201 (2007).

1661 Rahinov, R. Cooper, D. Matsiev, C. Bartels, D. J. Auerbach, and A. M. Wodtke, “Quan-
tifying the breakdown of the Born—Oppenheimer approximation in surface chemistry”,
Phys. Chem. Chem. Phys. 13, 12680 (2011).

167G. Stockes, “On the dynamical theory of diffraction”, Cambridge Philosophical Transac-
tions 9, 1-62 (1849).

168H. v. Helmholtz, “Uber Integrale der hydrodynamischen Gleichungen, welche den Wirbel-
bewegungen entsprechen.”; J. fiir Reine Angew. Math. 55, 25-55 (1858).

169W . Pauli, “Zur Quantenmechanik des magnetischen Elektrons”, Z. Phys. 43, 601-623
(1927).

170D, R. Hartree, “The wave mechanics of an atom with a non-Coulomb central field. Part
I. Theory and methods”, Math. Proc. Camb. Philos. Soc. 24, 89-110 (1928).

11D, R. Hartree and W. Hartree, “Self-consistent field, with exchange, for beryllium”, Proc.
Math. Phys. Eng. Sci. 150, 9-33 (1935).

172y Fock, “Naherungsmethode zur Losung des quantenmechanischen Mehrkorperprob-
lems”, Z. Phys. 61, 126-148 (1930).

173J. C. Slater, “The Self Consistent Field and the structure of atoms”, Phys. Rev. 32, 339
348 (1928).

17, C. J. Roothaan, “New developments in molecular orbital theory”, Rev. Mod. Phys. 23,
69-89 (1951).

175C. C. J. Roothaan, “Self-consistent field theory for open shells of electronic systems”, Rev.
Mod. Phys. 32, 179-185 (1960).

1763 A. Pople and R. K. Nesbet, “Self-consistent orbitals for radicals”, J. Chem. Phys. 22,
571-572 (1954).

I7TA. Cohen and N. Handy, “Dynamic correlation”, Mol. Phys. 99, 607-615 (2001).

1"8W. T. Borden and E. R. Davidson, “The importance of including dynamic electron cor-
relation in ab initio calculations”, Acc. Chem. Res. 29, 67-75 (1996).

1793, W. Hollett and P. M. W. Gill, “The two faces of static correlation”, J. Chem. Phys.
134 (2011).

180T 'W. Bulik, T. M. Henderson, and G. E. Scuseria, “Can single-reference coupled cluster
theory describe static correlation?”, J. Chem. Theory Comput. 11, 3171-3179 (2015).

181D, L. Crittenden, “A hierarchy of static correlation models”, J. Phys. Chem. A 117, 3852
3860 (2013).

1827 Helgaker and P. Jgrgensen, “An electronic Hamiltonian for origin independent calcu-
lations of magnetic properties”, J. Chem. Phys. 95, 2595-2601 (1991).

183, London, “Théorie quantique des courants interatomiques dans les combinaisons aro-
matiques”, J. Phys. Radium 8, 397-409 (1937).


https://doi.org/10.1080/00268977700100351
https://doi.org/10.1080/00268977700100351
https://doi.org/10.1038/nmat1846
https://doi.org/10.1039/c1cp20356h
https://doi.org/10.1007/bf01397326
https://doi.org/10.1007/bf01397326
https://doi.org/10.1017/s0305004100011919
https://doi.org/10.1103/physrev.32.339
https://doi.org/10.1103/physrev.32.339
https://doi.org/10.1103/revmodphys.23.69
https://doi.org/10.1103/revmodphys.23.69
https://doi.org/10.1103/revmodphys.32.179
https://doi.org/10.1103/revmodphys.32.179
https://doi.org/10.1063/1.1740120
https://doi.org/10.1063/1.1740120
https://doi.org/10.1080/00268970010023435
https://doi.org/10.1021/ar950134v
http://dx.doi.org/10.1063/1.3570574
http://dx.doi.org/10.1063/1.3570574
https://doi.org/10.1021/acs.jctc.5b00422
https://doi.org/10.1021/jp400669p
https://doi.org/10.1021/jp400669p
https://doi.org/10.1063/1.460912
https://doi.org/10.1051/jphysrad:01937008010039700

REFERENCES 189

181] Gauss, “Calculation of NMR chemical shifts at second-order many-body perturbation
theory using gauge-including atomic orbitals”, Chem. Phys. Lett. 191, 614-620 (1992).

185p. Pulay, J. Hinton, and K. Wolinski, “Efficient implementation of the GIAO method for
magnetic properties: theory and application”, in Nuclear magnetic shieldings and molec-
ular structure, edited by J. A. Tossell (Springer, 1993), pp. 243-262.

186G. C. Wick, “The evaluation of the collision matrix”, Phys. Rev. 80, 268-272 (1950).

I87B. O. Roos, P. R. Taylor, and P. E. Siegbahn, “A complete active space SCF method
(CASSCF) using a density matrix formulated super-CI approach”, Chem. Phys. 48, 157—
173 (1980).

1887, Olsen, B. O. Roos, P. Jorgensen, and H. J. Aa. Jensen, “Determinant based configura-
tion interaction algorithms for complete and restricted configuration interaction spaces”,
J. Chem. Phys. 89, 2185-2192 (1988).

1897, Olsen, P. Jorgensen, and J. Simons, “Passing the one-billion limit in full configuration-
interaction (FCI) calculations”, Chem. Phys. Lett. 169, 463-472 (1990).

190p, Knowles and N. Handy, “A new determinant-based full configuration interaction method”,
Chem. Phys. Lett. 111, 315-321 (1984).

IR, Coester and H. Kiimmel, “Short-range correlations in nuclear wave functions”, Nucl.
Phys. 17, 477-485 (1960).

1923 Cizek, “On the correlation problem in atomic and molecular systems. Calculation of
wavefunction components in Ursell-type expansion using quantum-field theoretical meth-
ods”, J. Chem. Phys. 45, 4256-4266 (1966).

193], Paldus, “Correlation problems in atomic and molecular systems. V. Spin-adapted cou-
pled cluster many-electron theory”, J. Chem. Phys. 67, 303-318 (1977).

1943 Paldus, J. Cizek, M. Saute, and A. Laforgue, “Correlation problems in atomic and
molecular systems. VI. Coupled-cluster approach to open-shell systems”, Phys. Rev. A
17, 805-815 (1978).

195D, Cremer, “From configuration interaction to coupled cluster theory: the quadratic con-
figuration interaction approach”, Wiley Interdiscip. Rev. Comput. Mol. Sci. 3, 482-503
(2013).

196R . J. Bartlett, “Coupled-cluster theory and its equation-of-motion extensions”, Wiley

Interdiscip. Rev. Comput. Mol. Sci. 2, 126-138 (2011).

197C. Hittig, “Structure optimizations for excited states with correlated second-order meth-
ods: CC2 and ADC(2)”, in Adv. quantum chem. (Elsevier, 2005), pp. 37-60.

98E F. Kjgnstad, R. H. Myhre, T. J. Martinez, and H. Koch, “Crossing conditions in coupled
cluster theory”, J. Chem. Phys. 147, 164105 (2017).

199D, R. Yarkony, “Diabolical conical intersections”, Rev. Mod. Phys. 68, 985-1013 (1996).

2005, Matsika and D. R. Yarkony, “On the effects of spin-orbit coupling on conical intersection
seams in molecules with an odd number of electrons. I. Locating the seam”, J. Chem. Phys.
115, 2038-2050 (2001).

201D, G. Truhlar and C. A. Mead, “Relative likelihood of encountering conical intersections
and avoided intersections on the potential energy surfaces of polyatomic molecules”, Phys.
Rev. A 68, 032501 (2003).

202X Zhu and D. R. Yarkony, “Non-adiabaticity: the importance of conical intersections”,
Mol. Phys. 114, 1983-2013 (2016).


https://doi.org/10.1016/0009-2614(92)85598-5
https://doi.org/10.1103/physrev.80.268
https://doi.org/10.1016/0301-0104(80)80045-0
https://doi.org/10.1016/0301-0104(80)80045-0
https://doi.org/10.1063/1.455063
https://doi.org/10.1016/0009-2614(90)85633-n
https://doi.org/10.1016/0009-2614(84)85513-x
https://doi.org/10.1016/0029-5582(60)90140-1
https://doi.org/10.1016/0029-5582(60)90140-1
https://doi.org/10.1063/1.1727484
https://doi.org/10.1063/1.434526
https://doi.org/10.1103/physreva.17.805
https://doi.org/10.1103/physreva.17.805
https://doi.org/10.1002/wcms.1131
https://doi.org/10.1002/wcms.1131
https://doi.org/10.1002/wcms.76
https://doi.org/10.1002/wcms.76
https://doi.org/10.1016/s0065-3276(05)50003-0
http://dx.doi.org/10.1063/1.4998724
https://doi.org/10.1103/revmodphys.68.985
https://doi.org/10.1063/1.1378324
https://doi.org/10.1063/1.1378324
http://dx.doi.org/10.1103/PhysRevA.68.032501
http://dx.doi.org/10.1103/PhysRevA.68.032501
https://doi.org/10.1080/00268976.2016.1170218

190 REFERENCES

2031,. Visscher, T. J. Lee, and K. G. Dyall, “Formulation and implementation of a relativistic
unrestricted coupled-cluster method including noniterative connected triples”, J. Chem.
Phys. 105, 8769-8776 (1996).

204 Shee, T. Saue, L. Visscher, and A. Severo Pereira Gomes, “Equation-of-motion coupled-
cluster theory based on the 4-component Dirac-Coulomb(-Gaunt) Hamiltonian. Energies
for single electron detachment, attachment, and electronically excited states”, J. Chem.
Phys. 149, 174113 (2018).

205F . Wang, J. Gauss, and C. van Wiillen, “Closed-shell coupled-cluster theory with spin-
orbit coupling”, J. Chem. Phys. 129, 064113 (2008).

2063, Liu, Y. Shen, A. Asthana, and L. Cheng, “Two-component relativistic coupled-cluster
methods using mean-field spin-orbit integrals”, J. Chem. Phys. 148, 034106 (2018).

207\[.-P. Kitsaras, “Finite magnetic-field coupled-cluster methods: efficiency and utilities”,
PhD thesis (Johannes-Gutenberg Universitat Mainz, July 2023).

208K . B. Bravaya, D. Zuev, E. Epifanovsky, and A. I. Krylov, “Complex-scaled equation-of-
motion coupled-cluster method with single and double substitutions for autoionizing ex-
cited states: theory, implementation, and examples”, J. Chem. Phys. 138, 124106 (2013).

2097 _C. Jagau, D. Zuev, K. B. Bravaya, E. Epifanovsky, and A. I. Krylov, “Correction
to “A fresh look at resonances and complex absorbing potentials: density matrix-based
approach””, J. Phys. Chem. Lett. 6, 3866-3866 (2015).

2107 _C. Jagau, K. B. Bravaya, and A. I. Krylov, “Extending quantum chemistry of bound
states to electronic resonances”, Annu. Rev. Phys. Chem. 68, 525-553 (2017).

2117 Benda and T.-C. Jagau, “Locating exceptional points on multidimensional complex-
valued potential energy surfaces”, J. Phys. Chem. Lett. 9, 6978-6984 (2018).

2121, Grazioli, S. Stopkowicz, A. Krylov, and J. Gauss, “Coupled-cluster and unitary coupled-
cluster transition dipole moments through response theory”, in preparation (2024).

2131,. Grazioli, S. Stopkowicz, and J. Gauss, “Unitary coupled-cluster one-electron density
matrices for the calculation of dipole moments in strong magnetic fields”, in preparation
(2024).

2141 Sekino and R. J. Bartlett, “On the extensivity problem in coupled-cluster property
evaluation”, in Adv. quant. chem. (Elsevier, 1999), pp. 149-173.

215 F. Stanton, “Separability properties of reduced and effective density matrices in the
equation-of-motion coupled cluster method”, J. Chem. Phys. 101, 8928-8937 (1994).

216, Linderberg and Y. Ohrn, Propagators in quantum chemistry (John Wiley & Sons,
Hoboken, 2004).

2177, Olsen and P. Jgrgensen, “Linear response calculations for large scale multiconfiguration
self-consistent field wave functions”, J. Chem. Phys 82, 3235-3264 (1985).

2I8H. Hellmann, Einfihrung in die Quantenchemie (Franz Deuticke, Leipzig, 1937), pp. 1-
350.

2190, Hittig, O. Christiansen, and P. Jgrgensen, “Multiphoton transition moments and ab-
sorption cross sections in coupled cluster response theory employing variational transition
moment functionals”, J. Chem. Phys. 108, 8331-8354 (1998).

220H. J. Monkhorst, “Calculation of properties with the coupled-cluster method”, Int. J.
Quantum Chem. 12, 421-432 (1977).


https://doi.org/10.1063/1.472655
https://doi.org/10.1063/1.472655
http://dx.doi.org/10.1063/1.5053846
http://dx.doi.org/10.1063/1.5053846
http://dx.doi.org/10.1063/1.2968136
http://dx.doi.org/10.1063/1.5009177
http://dx.doi.org/10.1063/1.4795750
https://doi.org/10.1021/acs.jpclett.5b02017
https://doi.org/10.1146/annurev-physchem-052516-050622
https://doi.org/10.1021/acs.jpclett.8b03228
https://doi.org/10.1016/s0065-3276(08)60459-1
https://doi.org/10.1063/1.468021
https://doi.org/10.1063/1.476261
https://doi.org/10.1002/qua.560120850
https://doi.org/10.1002/qua.560120850

REFERENCES 191

221, Koch, H. J. Aa. Jensen, P. Jorgensen, and T. Helgaker, “Excitation energies from the
coupled cluster singles and doubles linear response function (CCSDLR). Applications to
Be, CHT, CO, and Hy0”, J. Chem. Phys. 93, 3345-3350 (1990).

2228 Ghosh, D. Mukherjee, and S. Bhattacharyya, “Application of linear response theory in
a coupled cluster framework for the calculation of ionization potentials”, Mol. Phys. 43,
173-179 (1981).

2237 D. Crawford, A. Kumar, A. P. Bazanté, and R. Di Remigio, “Reduced-scaling coupled
cluster response theory: challenges and opportunities”, Wiley Interdiscip. Rev. Comput.
Mol. Sci. 9, 1406 (2019).

2243 F. Stanton, “Many-body methods for excited state potential energy surfaces. I. General
theory of energy gradients for the equation-of-motion coupled-cluster method”, J. Chem.
Phys. 99, 8840-8847 (1993).

2257 Helgaker and P. Jgrgensen, “Configuration-interaction energy derivatives in a fully
variational formulation”, Theor. Chim. Acta 75, 111-127 (1989).

226 A Dalgarno and A. L. Stewart, “A perturbation calculation of properties of the helium
iso-electronic sequence”, Proc. R. Soc. A 247, 245-259 (1958).

22TN. C. Handy and H. F. Schaefer III, “On the evaluation of analytic energy derivatives for
correlated wave functions”, J. Chem. Phys. 81, 5031-5033 (1984).

2285 N. Afriat, “Theory of maxima and the method of Lagrange”, J. Appl. Math. 20, 343
357 (1971).

229G. Floquet, “Sur les équations différentielles linéaires & coefficients périodiques”, Annales
scientifiques de I’Ecole normale supérieure 12, 47-88 (1883).

20K . Sasagane, F. Aiga, and R. Itoh, “Higher-order response theory based on the quasienergy
derivatives: the derivation of the frequency-dependent polarizabilities and hyperpolariz-
abilities”, J. Chem. Phys. 99, 3738-3778 (1993).

Z1H. Sambe, “Steady states and quasienergies of a quantum-mechanical system in an oscil-
lating field”, Phys. Rev. A 7, 2203-2213 (1973).

232p_W. Langhoff, S. T. Epstein, and M. Karplus, “Aspects of time-dependent perturbation
theory”, Rev. Mod. Phys. 44, 602-644 (1972).

2ZB3W. Kutzelnigg, “Error analysis and improvements of coupled-cluster theory”, Theor.
Chim. Acta 80, 349-386 (1991).

2Z4W. Kutzelnigg, “Quantum chemistry in Fock space. I. The universal wave and energy
operators”, J. Chem. Phys. 77, 3081-3097 (1982).

25W. Kutzelnigg and S. Koch, “Quantum chemistry in Fock space. II. Effective Hamiltonians
in Fock space”, J. Chem. Phys. 79, 4315-4335 (1983).

26P_ G. Todorov, “On the theory of the Bernoulli polynomials and numbers”, J. Math. Anal.
Appl. 104, 309-350 (1984).

Z7TA. Asthana, A. Kumar, V. Abraham, H. Grimsley, Y. Zhang, L. Cincio, S. Tretiak, P. A.
Dub, S. E. Economou, E. Barnes, et al., “Quantum self-consistent equation-of-motion
method for computing molecular excitation energies, ionization potentials, and electron
affinities on a quantum computer”, Chem. Sci. 14, 2405-2418 (2023).

238Y. Kim and A. I. Krylov, “Two algorithms for excited-state quantum solvers: theory and
application to EOM-UCCSD”, J. Phys. Chem. A 127, 6552-6566 (2023).


https://doi.org/10.1063/1.458815
https://doi.org/10.1080/00268978100101261
https://doi.org/10.1080/00268978100101261
http://dx.doi.org/10.1002/wcms.1406
http://dx.doi.org/10.1002/wcms.1406
https://doi.org/10.1063/1.465552
https://doi.org/10.1063/1.465552
https://doi.org/10.1007/bf00527713
https://doi.org/10.1098/rspa.1958.0182
https://doi.org/10.1063/1.447489
https://doi.org/10.1137/0120037
https://doi.org/10.1137/0120037
https://doi.org/10.24033/asens.220
https://doi.org/10.24033/asens.220
https://doi.org/10.1063/1.466123
https://doi.org/10.1103/physreva.7.2203
https://doi.org/10.1103/revmodphys.44.602
https://doi.org/10.1007/bf01117418
https://doi.org/10.1007/bf01117418
https://doi.org/10.1063/1.444231
https://doi.org/10.1063/1.446313
https://doi.org/10.1016/0022-247x(84)90001-5
https://doi.org/10.1016/0022-247x(84)90001-5
https://doi.org/https://doi.org/10.1039/D2SC05371C
http://dx.doi.org/10.1021/acs.jpca.3c02480

192 REFERENCES

Z39F. A. Evangelista, “Alternative single-reference coupled cluster approaches for multirefer-
ence problems: the simpler, the better”, J. Chem. Phys. 134, 224102 (2011).

240W . von Niessen, J. Schirmer, and L. Cederbaum, “Computational methods for the one-
particle Green’s function”, Comput. Phys. Rep 1, 57-125 (1984).

2417, S. Cederbaum, “On Green’s functions and their applications”, Int. J. Quantum Chem.
38, 393-404 (1990).

242C, Mgller and M. S. Plesset, “Note on an approximation treatment for many-electron
systems”, Phys. Rev. 46, 618622 (1934).

243J. Schirmer, “Beyond the random-phase approximation: a new approximation scheme for
the polarization propagator”, Phys. Rev. A 26, 2395-2416 (1982).

2443 Schirmer, “Closed-form intermediate representations of many-body propagators and
resolvent matrices”, Phys. Rev. A 43, 4647-4659 (1991).

245F . Mertins and J. Schirmer, “Algebraic propagator approaches and intermediate-state
representations. I. The biorthogonal and unitary coupled-cluster methods”, Phys. Rev. A
53, 2140-2152 (1996).

246F Mertins, J. Schirmer, and A. Tarantelli, “ Algebraic propagator approaches and intermediate-
state representations. II. The equation-of-motion methods for N, N+1, and N+2 elec-
trons”, Phys. Rev. A 53, 2153-2168 (1996).

247A . B. Trofimov and J. Schirmer, “Molecular ionization energies and ground- and ionic-
state properties using a non-Dyson electron propagator approach”, J. Chem. Phys. 123
(2005).

248M. Hodecker, S. M. Thielen, J. Liu, D. R. Rehn, and A. Dreuw, “Third-order Unitary
Coupled Cluster (UCC3) for excited electronic states: efficient implementation and bench-
marking”, J. Chem. Theory Comput. 16, 3654-3663 (2020).

249M. Hodecker, A. L. Dempwolff, J. Schirmer, and A. Dreuw, “Theoretical analysis and
comparison of unitary coupled-cluster and algebraic-diagrammatic construction methods
for ionization”, J. Chem. Phys. 156, 074104 (2022).

250 A Dreuw, A. Papapostolou, and A. L. Dempwolff, “ Algebraic Diagrammatic Construction
schemes employing the intermediate state formalism: theory, capabilities, and interpreta-
tion”, J. Phys. Chem. A 127, 6635-6646 (2023).

251J. F. Stanton, J. Gauss, L. Cheng, M. E. Harding, D. A. Matthews, and P. G. Szalay,
CFOUR, Coupled-Cluster techniques for Computational Chemistry, a quantum-chemical
program package, With contributions from A. Asthana, A.A. Auer, R.J. Bartlett, U.
Benedikt, C. Berger, D.E. Bernholdt, S. Blaschke, Y. J. Bomble, S. Burger, O. Chris-
tiansen, D. Datta, F. Engel, R. Faber, J. Greiner, M. Heckert, O. Heun, M. Hilgenberg,
C. Huber, T.-C. Jagau, D. Jonsson, J. Jusélius, T. Kirsch, M.-P. Kitsaras, K. Klein, G.M.
Kopper, W.J. Lauderdale, F. Lipparini, J. Liu, T. Metzroth, L.A. Miick, D.P. O’Neill,
T. Nottoli, J. Oswald, D.R. Price, E. Prochnow, C. Puzzarini, K. Ruud, F. Schiffmann,
W. Schwalbach, C. Simmons, S. Stopkowicz, A. Tajti, T. Uhlitova, J. Vazquez, F. Wang,
J.D. Watts, P. Yergiin, C. Zhang, X. Zheng, and the integral packages MOLECULE (J.
Almlof and P.R. Taylor), PROPS (P.R. Taylor), ABACUS (T. Helgaker, H.J.Aa. Jensen,
P. Jorgensen, and J. Olsen), and ECP routines by A. V. Mitin and C. van Wiillen. For
the current version, see http://www.cfour.de.

252D, A. Matthews, L. Cheng, M. E. Harding, F. Lipparini, S. Stopkowicz, T.-C. Jagau,
P. G. Szalay, J. Gauss, and J. F. Stanton, “Coupled-cluster techniques for computational
chemistry: the CFOUR program package”, J. Chem. Phys. 152, 214108 (2020).


http://dx.doi.org/10.1063/1.3598471
https://doi.org/10.1016/0167-7977(84)90002-9
https://doi.org/10.1002/qua.560382439
https://doi.org/10.1002/qua.560382439
https://doi.org/10.1103/physrev.46.618
https://doi.org/10.1103/physreva.26.2395
https://doi.org/10.1103/physreva.43.4647
https://doi.org/10.1103/physreva.53.2140
https://doi.org/10.1103/physreva.53.2140
https://doi.org/10.1103/physreva.53.2153
http://dx.doi.org/10.1063/1.2047550
http://dx.doi.org/10.1063/1.2047550
https://doi.org/10.1021/acs.jctc.0c00335
http://dx.doi.org/10.1063/5.0070967
https://doi.org/10.1021/acs.jpca.3c02761
https://doi.org/https://doi.org/10.1063/5.0004837

REFERENCES 193

2533 J. Barton and L. R. Nackman, Scientific and engineering C++ an introduction with
advanced techniques and examples (Addison-Wesley Longman Publishing Co., Inc., 1994).

254F, Tellgren, T. Helgaker, A. Soncini, K. K. Lange, A. M. Teale, U. Ekstrom, S. Stopkowicz,
J. H. Austad, and S. Sen, LONDON, a quantum-chemistry program for plane-wave/GTO
hybrid basis sets and finite magnetic field calculations, londonprogram.org.

25 BAGEL, Brilliantly Advanced General Electronic-structure Library.
http://www.nubakery.org under the GNU General Public License.

256D . B. Williams-Young, A. Petrone, S. Sun, T. F. Stetina, P. Lestrange, C. E. Hoyer, D. R.
Nascimento, L. Koulias, A. Wildman, J. Kasper, J. J. Goings, F. Ding, A. E. DePrince
IIT, E. F. Valeev, and X. Li, “The Chronus Quantum software package”, WIREs Comput.
Mol. Sci. 10 (2020).

BTQUEST, A rapid development platform for QUantum Electronic Structure Techniques,
2017;
quest.codes.

258G G. Balasubramani, G. P. Chen, S. Coriani, M. Diedenhofen, M. S. Frank, Y. J. Franzke,
F. Furche, R. Grotjahn, M. E. Harding, C. Hattig, A. Hellweg, B. Helmich-Paris, C. Holzer,
U. Huniar, M. Kaupp, A. Marefat Khah, S. Karbalaei Khani, T. Miiller, F. Mack, B. D.
Nguyen, S. M. Parker, E. Perlt, D. Rappoport, K. Reiter, S. Roy, M. Riickert, G. Schmitz,
M. Sierka, E. Tapavicza, D. P. Tew, C. van Wiillen, V. K. Voora, F. Weigend, A. Wodynski,
and J. M. Yu, “TURBOMOLE: Modular program suite for ab initio quantum-chemical
and condensed-matter simulations”, J. Chem. Phys. 152, 184107 (2020).

2591, Shavitt and R. J. Bartlett, Many-body methods in chemistry and physics: mbpt and
coupled-cluster theory (Cambridge University Press, Cambridge, 2009).

260p_ Pulay, “Convergence acceleration of iterative sequences. The case of SCF iteration”,
Chem. Phys. Lett. 73, 393-398 (1980).

261E. R. Davidson, “Use of double cosets in constructing integrals over symmetry orbitals”,
J. Chem. Phys. 62, 400403 (1975).

262K . Hirao and H. Nakatsuji, “A generalization of the Davidson’s method to large nonsym-
metric eigenvalue problems”; J. Comput. Phys. 45, 246-254 (1982).

263M. Crouzeix, B. Philippe, and M. Sadkane, “The Davidson method”, J. Sci. Stat. Comput.
15, 62-76 (1994).
264R. B. Morgan and D. S. Scott, “Generalizations of Davidson’s method for computing

eigenvalues of sparse symmetric matrices”, J. Sci. Stat. Comput. 7, 817-825 (1986).

265M. Hodecker, A. L. Dempwolff, D. R. Rehn, and A. Dreuw, “Algebraic-diagrammatic con-
struction scheme for the polarization propagator including ground-state coupled-cluster
amplitudes. I. Excitation energies”, J. Chem. Phys. 150, 174104 (2019).

2668, P. Pritchard, D. Altarawy, B. Didier, T. D. Gibsom, and T. L. Windus, “A new basis
set exchange: an open, up-to-date resource for the molecular sciences community”, J.
Chem. Inf. Model. 59, 4814-4820 (2019).

267D, Feller, “The role of databases in support of computational chemistry calculations”, J.
Comput. Chem. 17, 1571-1586 (1996).

268K . L. Schuchardt, B. T. Didier, T. Elsethagen, L. Sun, V. Gurumoorthi, J. Chase, J.
Li, and T. L. Windus, “Basis set exchange: a community database for computational
sciences”, J. Chem. Inf. Model. 47, 1045-1052 (2007).


https://onlinelibrary.wiley.com/doi/10.1002/wcms.1436
https://onlinelibrary.wiley.com/doi/10.1002/wcms.1436
https://doi.org/10.1063/5.0004635
https://doi.org/10.1016/0009-2614(80)80396-4
https://doi.org/10.1063/1.430484
https://doi.org/10.1016/0021-9991(82)90119-x
https://doi.org/10.1137/0915004
https://doi.org/10.1137/0915004
https://doi.org/10.1137/0907054
http://dx.doi.org/10.1063/1.5081663
https://doi.org/10.1021/acs.jcim.9b00725
https://doi.org/10.1021/acs.jcim.9b00725
https://doi.org/10.1002/(SICI)1096-987X(199610)17:13<1571::AID-JCC9>3.0.CO;2-P
https://doi.org/10.1002/(SICI)1096-987X(199610)17:13<1571::AID-JCC9>3.0.CO;2-P
https://doi.org/10.1021/ci600510j

194 REFERENCES

2697 H. Dunning, “Gaussian basis sets for use in correlated molecular calculations. I. The
atoms boron through neon and hydrogen”, J. Chem. Phys. 90, 1007-1023 (1989).

20R. A. Kendall, T. H. Dunning, and R. J. Harrison, “Electron affinities of the first-row
atoms revisited. Systematic basis sets and wave functions”, J. Chem. Phys. 96, 6796—
6806 (1992).

2718, P. Prascher, D. E. Woon, K. A. Peterson, T. H. Dunning, and A. K. Wilson, “Gaussian
basis sets for use in correlated molecular calculations. VII. Valence, core-valence, and
scalar relativistic basis sets for Li, Be, Na, and Mg”, Theor. Chem. Acc. 128, 69-82
(2011).

2728 Lehtola, M. Dimitrova, and D. Sundholm, “Fully numerical electronic structure calcula-
tions on diatomic molecules in weak to strong magnetic fields”, Mol. Phys. 118, 1597989
(2019).

213T. Helgaker, T. A. Ruden, P. Jorgensen, J. Olsen, and W. Klopper, “A priori calculation
of molecular properties to chemical accuracy”, J. Phys. Org. Chem. 17, 913-933 (2004).

214\ .-P. Kitsaras, L. Grazioli, and S. Stopkowicz, “The approximate coupled-cluster methods
CC2 and CC3 in a finite magnetic field”, J. Chem. Phys. 160, 094112 (2024).

2751,. Grazioli and S. Stopkowicz, “Unitary coupled-cluster theory for the treatment of
molecules in strong magnetic fields”, in preparation (2024).

216F . C. Bruhweiler and Y. Kondo, “The interstellar medium and the highly ionized species
observed in the spectrum of the nearby white dwarf G191-B2B”, Astrophys. J. 248, L.123—
L127 (1981).

2TTA . Kramida and Y. Ralchenko, NIST Atomic Spectra Database, NIST Standard Reference
Database 78, 1999.

218E. Dalgaard and H. J. Monkhorst, “Some aspects of the time-dependent coupled-cluster
approach to dynamic response functions”, Phys. Rev. A 28, 1217-1222 (1983).

29K, Ando, H. Saito, M. C. Debnath, V. Zayets, and A. K. Bhattacharjee, “Zeeman splittings
near the L-point of the Brillouin zone in zinc-blende semiconductors”, Phys. Rev. B 77,
125123 (2008).

280G. A. Osborne, J. C. Cheng, and P. J. Stephens, “A near-infrared circular dichroism and

magnetic circular dichroism instrument”, Rev. Sci. Instrum. 44, 10-15 (1973).

2817 _H. Lambert, Photometria sive de mensura et gradibus luminis, colorum et umbrae
(Sumptibus viduae Eberhardi Klett, typis Christophori Petri Detleffsen, 1760).

2827 Beer, “Bestimmung der Absorption des rothen Lichts in farbigen Fliissigkeiten”, Ann.
Phys. 162, 78-88 (1852).

283]. H. Poynting, “On the transfer of energy in the electromagnetic field”, Phil. Trans. R.
Soc. 175, 343-361 (1884).

2845 B. Piepho and P. N. Schatz, Group theory in spectroscopy: with applications to magnetic
circular dichroism (John Wiley & Sons, New York, 1983).

285G, Coriani, C. Hiittig, P. Jorgensen, and T. Helgaker, “Gauge-origin independent magneto-
optical activity within coupled cluster response theory”, J. Chem. Phys. 113, 3561-3572
(2000).

286B. Mennucci and R. Cammi, Continuum solvation models in chem. phys.: from theory to
applications (John Wiley & Sons, 2008).


https://doi.org/10.1063/1.456153
https://doi.org/10.1063/1.462569
https://doi.org/10.1063/1.462569
https://doi.org/10.1007/s00214-010-0764-0
https://doi.org/10.1007/s00214-010-0764-0
http://dx.doi.org/10.1080/00268976.2019.1597989
http://dx.doi.org/10.1080/00268976.2019.1597989
https://doi.org/10.1002/poc.841
http://dx.doi.org/10.1063/5.0189350
http://dx.doi.org/10.1103/PhysRevA.28.1217
http://dx.doi.org/10.1103/PhysRevB.77.125123
http://dx.doi.org/10.1103/PhysRevB.77.125123
https://doi.org/10.1063/1.1685944
https://doi.org/10.1002/andp.18521620505
https://doi.org/10.1002/andp.18521620505
https://doi.org/10.1098/rstl.1884.0016
https://doi.org/10.1098/rstl.1884.0016
https://doi.org/10.1063/1.1287833
https://doi.org/10.1063/1.1287833

REFERENCES 195

287B. Mennucci, E. Cances, and J. Tomasi, “Evaluation of solvent effects in isotropic and
anisotropic dielectrics and in ionic solutions with a unified integral equation method:
theoretical bases, computational implementation, and numerical applications”; J. Phys.
Chem. B 101, 10506-10517 (1997).

2888, Mennucci, “Polarizable continuum model”, Wiley Interdiscip. Rev.-Comput. Mol. Sci.
2, 386-404 (2012).

289]. Tomasi and M. Persico, “Molecular interactions in solution: an overview of methods
based on continuous distributions of the solvent”, Chem. Rev. 94, 2027-2094 (1994).

290 Tomasi, B. Mennucci, and R. Cammi, “Quantum mechanical continuum solvation mod-
els”, Chem. Rev. 105, 2999-3094 (2005).

21E, Cances, B. Mennucci, and J. Tomasi, “A new integral equation formalism for the
polarizable continuum model: theoretical background and applications to isotropic and
anisotropic dielectrics”, J. Chem. Phys. 107, 3032-3041 (1997).

292, Cances and B. Mennucci, “New applications of integral equations methods for solva-
tion continuum models: ionic solutions and liquid crystals”, J. Math. Chem. 23, 309-326
(1998).

2935, Miertus, E. Scrocco, and J. Tomasi, “Electrostatic interaction of a solute with a con-
tinuum. A direct utilizaion of ab initio molecular potentials for the prevision of solvent
effects”, Chem. Phys. 55, 117-129 (1981).

294C. J. Cramer, D. G. Truhlar, et al., “Implicit solvation models: equilibria, structure,
spectra, and dynamics”, Chem. Rev. 99, 2161-2200 (1999).

295C. E. Tzeliou, M. A. Mermigki, and D. Tzeli, “Review on the QM/MM methodologies
and their application to metalloproteins”, Molecules 27, 2660 (2022).

2967 Kirsch, J. M. H. Olsen, V. Bolnykh, S. Meloni, E. Ippoliti, U. Rothlisberger, M. Cas-
cella, and J. Gauss, “Wavefunction-based electrostatic-embedding QM /MM using CFOUR,
through MiMiC”, J. Chem. Theory Comput. 18, 13-24 (2021).

297H. Lin and D. G. Truhlar, “QM/MM: what have we learned, where are we, and where do
we go from here?” Theor. Chem. Acc. 117, 185-199 (2006).

298Y . Shao et al., “Advances in molecular quantum chemistry contained in the Q-Chem 4
program package”, Mol. Phys. 113, 184-215 (2014).

299J. Gauss, S. Blaschke, S. Burger, T. Nottoli, F. Lipparini, and S. Stopkowicz, “Cholesky
decomposition of two-electron integrals in quantum-chemical calculations with pertur-
bative or finite magnetic fields using gauge-including atomic orbitals”, Mol. Phys. 121,
€2101562 (2022).

300W. Wu, A. E. Sifain, C. A. Delpo, and G. D. Scholes, “Polariton enhanced free charge car-
rier generation in donor—acceptor cavity systems by a second-hybridization mechanism”,
J. Chem. Phys. 157, 161102 (2022).

301y 'Wu, J. Duan, W. Ma, Q. Ou, P. Li, P. Alonso-Gonzalez, J. D. Caldwell, and Q. Bao,
“Manipulating polaritons at the extreme scale in van der Waals materials”, Nat. Rev.
Phys. 4, 578-594 (2022).

302, Schifer, J. Flick, E. Ronca, P. Narang, and A. Rubio, “Shining light on the microscopic

resonant mechanism responsible for cavity-mediated chemical reactivity”, Nat. Commun.
13, 7817 (2022).


https://doi.org/10.1021/jp971959k
https://doi.org/10.1021/jp971959k
https://doi.org/10.1002/wcms.1086
https://doi.org/10.1002/wcms.1086
https://doi.org/10.1021/cr9904009
https://doi.org/10.1063/1.474659
https://doi.org/10.1023/a:1019133611148
https://doi.org/10.1023/a:1019133611148
https://doi.org/10.1016/0301-0104(81)85090-2
https://doi.org/10.3390/molecules27092660
https://doi.org/10.1021/acs.jctc.1c00878
http://dx.doi.org/10.1007/s00214-006-0143-z
https://doi.org/10.1080/00268976.2014.952696
http://dx.doi.org/10.1080/00268976.2022.2101562
http://dx.doi.org/10.1080/00268976.2022.2101562
http://dx.doi.org/10.1063/5.0122497
https://doi.org/10.1038/s42254-022-00472-0
https://doi.org/10.1038/s42254-022-00472-0
http://dx.doi.org/10.1038/s41467-022-35363-6
http://dx.doi.org/10.1038/s41467-022-35363-6

196 REFERENCES

303R. Chikkaraddy, B. de Nijs, F. Benz, S. J. Barrow, O. A. Scherman, E. Rosta, A. Deme-
triadou, P. Fox, O. Hess, and J. J. Baumberg, “Single-molecule strong coupling at room
temperature in plasmonic nanocavities”, Nature 535, 127-130 (2016).

3043, J. Baumberg, “Picocavities: a primer”, Nano Lett. 22, 5859-5865 (2022).

3057 Steinmetz, Y. Colombe, D. Hunger, T. W. Hénsch, A. Balocchi, R. J. Warburton, and
J. Reichel, “Stable fiber-based Fabry-Pérot cavity”, App. Phys. Lett. 89, 111110 (2006).

306H. Pfeifer, L. Ratschbacher, J. Gallego, C. Saavedra, A. FaSbender, A. von Haaren, W.
Alt, S. Hofferberth, M. Kohl, S. Linden, and D. Meschede, “Achievements and perspectives
of optical fiber Fabry—Perot cavities”, App. Phys. B 128, 29 (2022).

307A. Muller, E. B. Flagg, J. R. Lawall, and G. S. Solomon, “Ultrahigh-finesse, low-mode-
volume Fabry—Perot microcavity”, Opt. Lett. 35, 2293 (2010).

308, Schifer, M. Ruggenthaler, and A. Rubio, “Ab initio non-relativistic quantum electrody-
namics: bridging quantum chemistry and quantum optics from weak to strong coupling”,
Phys. Rev. A 98, 043801 (2018).

3090. Bitton and G. Haran, “Plasmonic cavities and individual quantum emitters in the
strong coupling limit”, Acc. Chem. Res. 55, 1659-1668 (2022).

310K Santhosh, O. Bitton, L. Chuntonov, and G. Haran, “Vacuum Rabi splitting in a plas-
monic cavity at the single quantum emitter limit”, Nat. Commun. 7, ncomms11823 (2016).

3L A | Frisk Kockum, A. Miranowicz, S. De Liberato, S. Savasta, and F. Nori, “Ultrastrong
coupling between light and matter”, Nat. Rev. Phys. 1, 19-40 (2019).

312M. A. D. Taylor, A. Mandal, W. Zhou, and P. Huo, “Resolution of gauge ambiguities in
molecular cavity quantum electrodynamics”, Phys. Rev. Lett. 125, 123602 (2020).

3130. Di Stefano, A. Settineri, V. Macri, L. Garziano, R. Stassi, S. Savasta, and F. Nori,
“Resolution of gauge ambiguities in ultrastrong-coupling cavity quantum electrodynam-
ics”, Nat. Phys. 15, 803-808 (2019).

314D L. Andrews, G. A. Jones, A. Salam, and R. G. Woolley, “Perspective: quantum Hamil-
tonians for optical interactions”, J. Chem. Phys. 148, 040901 (2018).

315M. Babiker, E. A. Power, and T. Thirunamachandran, “On a generalization of the Power —
Zienau — Woolley transformation in quantum electrodynamics and atomic field equations”,
Proc. R. Soc. A: Math. Phys. Eng. 338, 235-249 (1974).

316R. G. Woolley, “Power-Zienau-Woolley representations of nonrelativistic QED for atoms
and molecules”, Phys. Rev. Res. 2, 013206 (2020).

317V Rokaj, D. M. Welakuh, M. Ruggenthaler, and A. Rubio, “Light-matter interaction in
the long-wavelength limit: no ground-state without dipole self-energy”, J. Phys. B At.
Mol. Opt. Phys. 51, 034005 (2018).

318M. Bauer and A. Dreuw, “Perturbation theoretical approaches to strong light-matter cou-
pling in ground and excited electronic states for the description of molecular polaritons”,
J. Chem. Phys. 158, 124128 (2023).

319D, E. Woon and T. H. Dunning, “Gaussian basis sets for use in correlated molecular
calculations. IV. Calculation of static electrical response properties”, J. Chem. Phys. 100,
2975-2988 (1994).

3205, F. Kjgnstad and H. Koch, “An orbital invariant similarity constrained coupled cluster
model”; J. Chem. Theory Comput. 15, 5386-5397 (2019).


https://doi.org/10.1038/nature17974
https://doi.org/10.1021/acs.nanolett.2c01695
http://dx.doi.org/10.1063/1.2347892
http://dx.doi.org/10.1007/s00340-022-07752-8
https://doi.org/10.1364/ol.35.002293
http://dx.doi.org/10.1103/PhysRevA.98.043801
https://doi.org/10.1021/acs.accounts.2c00028
http://dx.doi.org/10.1038/ncomms11823
https://doi.org/10.1038/s42254-018-0006-2
http://dx.doi.org/10.1103/PhysRevLett.125.123602
https://doi.org/10.1038/s41567-019-0534-4
http://dx.doi.org/10.1063/1.5018399
https://doi.org/10.1098/rspa.1974.0084
http://dx.doi.org/10.1103/PhysRevResearch.2.013206
https://doi.org/10.1088/1361-6455/aa9c99
https://doi.org/10.1088/1361-6455/aa9c99
https://doi.org/10.1063/5.0142403
https://doi.org/10.1063/1.466439
https://doi.org/10.1063/1.466439
https://doi.org/https://doi.org/10.1021/acs.jctc.9b00702

REFERENCES 197

3211, F. Hameka, “On the nuclear magnetic shielding in the hydrogen molecule”, Mol. Phys.
1, 203-215 (1958).

322R. Ditchfield, “Molecular orbital theory of magnetic shielding and magnetic susceptibil-
ity”, J. Chem. Phys. 56, 5688-5691 (1972).

323K . Wolinski, J. F. Hinton, and P. Pulay, “Efficient implementation of the gauge-independent
atomic orbital method for NMR chemical shift calculations”, J. Am. Chem. Soc. 112,
8251-8260 (1990).

3247 Liu and L. Cheng, “Unitary coupled-cluster based self-consistent polarization propa-
gator theory: A quadratic unitary coupled-cluster singles and doubles scheme”, J. Chem.
Phys. 155, 174102 (2021).

325]. Liu, D. A. Matthews, and L. Cheng, “Quadratic unitary coupled-cluster singles and
doubles scheme: efficient implementation, benchmark study, and formulation of an ex-
tended version”, J. Chem. Theory Comput. 18, 2281-2291 (2022).

326N, P. Bauman and K. Kowalski, “Coupled cluster downfolding methods: the effect of
double commutator terms on the accuracy of ground-state energies”, J. Chem. Phys. 156
(2022).

327M. R. Hoffmann and J. Simons, “A unitary multiconfigurational coupled-cluster method:
theory and applications”; J. Chem. Phys. 88, 993-1002 (1988).

328F. Neuscamman, T. Yanai, and G. K.-L. Chan, “Quadratic canonical transformation
theory and higher order density matrices”, J. Chem. Phys. 130, 124102 (2009).

3297, Giovannini, M. Olszowka, and C. Cappelli, “Effective fully polarizable QM /MM ap-
proach to model vibrational circular dichroism spectra of systems in aqueous solution”,
J. Chem. Theory Comput. 12, 5483-5492 (2016).

330T. Giovannini, A. Puglisi, M. Ambrosetti, and C. Cappelli, “Polarizable QM/MM ap-
proach with fluctuating charges and fluctuating dipoles: the QM/FQFu model”, J. Chem.
Theory Comput. 15, 2233-2245 (2019).

3317 Giovannini, R. R. Riso, M. Ambrosetti, A. Puglisi, and C. Cappelli, “Electronic tran-
sitions for a fully polarizable QM /MM approach based on fluctuating charges and fluctu-

ating dipoles: linear and corrected linear response regimes”, J. Chem. Phys. 151, 174104
(2019).

3327 Giovannini, L. Grazioli, M. Ambrosetti, and C. Cappelli, “Calculation of IR spectra
with a fully polarizable QM /MM approach based on fluctuating charges and fluctuating
dipoles”; J. Chem. Theory Comput. 15, 5495-5507 (2019).

333M. D. Liebenthal, N. Vu, and A. E. DePrince I11, “Assessing the effects of orbital relaxation
and the coherent-state transformation in quantum electrodynamics density functional and
coupled-cluster theories”, J. Phys. Chem. A 127, 5264-5275 (2023).


https://doi.org/10.1080/00268975800100261
https://doi.org/10.1080/00268975800100261
https://doi.org/10.1063/1.1677088
https://doi.org/10.1021/ja00179a005
https://doi.org/10.1021/ja00179a005
https://doi.org/https://doi.org/10.1063/5.0062090
https://doi.org/https://doi.org/10.1063/5.0062090
https://doi.org/10.1021/acs.jctc.1c01210
http://dx.doi.org/10.1063/5.0076260
http://dx.doi.org/10.1063/5.0076260
https://doi.org/10.1063/1.454125
http://dx.doi.org/10.1063/1.3086932
https://doi.org/10.1021/acs.jctc.6b00768
http://dx.doi.org/10.1021/acs.jctc.8b01149
http://dx.doi.org/10.1021/acs.jctc.8b01149
http://dx.doi.org/10.1063/1.5121396
http://dx.doi.org/10.1063/1.5121396
https://doi.org/10.1021/acs.jctc.9b00574
https://doi.org/10.1021/acs.jpca.3c01842

	Introduction
	Theory
	Molecular Hamiltonian
	Electromagnetic fields
	Hamiltonian in a magnetic field
	Hartree-Fock Theory
	London orbitals

	Second quantisation
	Parameterisation of the correlated wave function
	Coupled-Cluster Theory
	Equation-Of-Motion Coupled-Cluster (EOM-CC) Theory
	Unphysical results in CC theory

	Molecular properties
	Single-state properties
	Transition dipole moments


	Unitary Coupled-Cluster Theory
	Unitary Coupled-Cluster ansatz
	Bernoulli expansion of the transformed Hamiltonian
	UCC for excited states
	The UCCn methods
	UCC2 and UCC3 amplitude equations
	UCC2 and UCC3 ground-state energy
	Algebraic diagrammatic construction scheme and Unitary Coupled-Cluster theory

	Molecular properties with UCC Theory
	Lagrange functional for EOM-UCC dipole moments
	FCI limit of EOM-UCC properties
	EOM-UCC transition dipole moments


	Implementation
	QCUMBRE
	Diagrammatic rules
	UCC ground- and excited-state energies
	ADC implementation
	Validation

	Response properties implementation
	Ground-state dipole moments UCC2
	Ground-state dipole moments UCC3
	Excited-states dipole moments with UCC2
	Excited-state dipole moments with UCC3
	Transition dipole moments with UCC2
	Transition dipole moments with UCC3
	Transitions from the ground state with UCC
	Expectation-value properties
	Validation of implementation of molecular properties


	Results
	Molecular energies
	Hydrogen molecule and HeH+ cation
	Lithium hydride
	Methylidyne ion
	Water molecule
	Boric acid

	Molecular properties
	Hydrogen molecule and HeH+ cation
	Water molecule
	Lithium hydride
	Sodium atom
	Si2+ ion
	Methylidyne ion


	Magnetic Circular Dichroism
	MCD theory
	The absorption coefficient 
	The ellipticity
	Perturbative approach
	Gauge-origin dependence

	MCD protocol
	MCD spectroscopy
	Perturbative vs finite-field approach
	Gauge-origin independent calculations
	UCC spectra
	MCD spectra in a strong magnetic fields
	MCD spectra of pyrazine and pyrimidine


	Quantum electrodynamics (QED): cavity chemistry
	Quantum Electrodynamic theory
	Quantisation of fields
	Hamiltonian in free space
	Hamiltonian for light-matter interaction
	QED-HF
	QED-CC
	QED-UCC

	QED-UCC2 implementation
	Paramagnetic bonding in a cavity

	Conclusions and Perspectives
	Application of UCC diagrammatic rules
	References

