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Abstract

Time-dependent density-functional theory (TDDFT) is a density-functional method for calcu-
lating excited states. TDDFT is formally exact, though in practice one has to approximate the
exchange-correlation functional, which contains all the many-body effects. The adiabatic func-
tionals are the most commonly used. Although they are very successful for spectroscopy, the
adiabatic functionals are too inaccurate for a general application to photochemistry. In this the-
sis, we show that the main problem is due to the approximations in the correlation functional.
The main result of the thesis is a correlation kernel for linear-response TDDFT, derived using
many-body perturbation theory techniques, which generally includes double excitations, thus
introducing the leading correlation effects in the excited states. The comparison of this kernel
with the adiabatic functionals allowed us to identify which correlation effects are missing in this
approximation. We tested the possibility of improving the description of correlation by adding
the missing terms from many-body theory to the adiabatic functionals. This mixed kernel is more
efficient than the full many-body kernel, and can potentially be applied to systems of medium
to large size.






Résumé

La théorie de la fonctionnelle de la densité dépendante du temps (TDDFT) est une méthode
basée sur la densité pour calculer les états excités. Bien que la TDDF'T soit une théorie exacte,
on doit en pratique partir d’une approximation de la fonctionnelle d’échange-corrélation, qui reste
inconnue. L’approximation adiabatique est I’approximation de la fonctionnelle la plus courante.
Cette approximation donne de tres bons résultats pour les propriétés spectroscopiques, mais elle
est inexacte pour les simulations en photochimie. Dans cette these, on montre que 'origine du
probleme réside dans I'approximation de la fonctionnelle de corrélation. Le résultat principal de
la these consiste en un noyau de corrélation, qui peut étre utilisé dans la formulation de la réponse
linéaire, noyau dérivée a partir de la théorie des perturbations a plusieurs corps. Le noyau inclut
de fagon générale les excitations doubles qui donnent I’effet principal a la corrélation dans les états
excités. La comparaison de ce noyau avec la fonctionnelle adiabatique nous a permis d’identifier
les termes manquants a ce dernier. Nous avons testé la possibilité d’ajouter ces termes comme
une correction a I’approximation adiabatique. Le noyau pourrait potentiellement étre appliqué a
des systemes de grosse taille.
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Introduction 2

Photochemistry is the study of chemical reactivity happening in electronic excited states. In
most molecules, excited states fall in an energy range between the far infrared (700-1200 nm) and
the near ultraviolet (200-400 nm.) This energy is transferred to the system by chemical reaction,
intermolecular energy transfer or absorption of radiation. Then, the excited system relaxes
until it reaches the lowest stationary state, releasing the excess of energy by a combination of
several radiative and non radiative mechanisms. Photochemistry has been traditionally used as
an alternative synthetic route to thermal reactions. Cycloadditions are a well known example
of photochemistry. Photochemical synthesis is regaining much importance in the field of green
chemistry, which attempts to develop alternative synthetic routes which involve non-hazardous
environmentally friendly reactants [1].

In the last decade, the development of ultrashort laser pulses has provided a new dimension
to photochemistry. These lasers permit the development of quantum control, in which ultrashort
pulses are used to produce interferences in coherent quantum states in order to direct the dy-
namics of wave packets [2]. In this way, reactivity in the excited state can be controlled, thus
opening the way for new applications of photochemistry.

An important example that illustrates the potential of controlling photochemistry is the pho-
tosynthesis in green plants. Photosynthesis captures, transfers, and harvests sunlight energy
through a series of chain reactions across several proteins. The exact electron dynamics of the
efficient energy transfer reactions is yet unknown. Recent experiments on the Fenna-Matthews-
Olson complex of the green sulfur bacteria (a simpler protein with a role alike to photosystems
I-II in green plants) indicate that the efficient energy transfer could be due to a long-lived coher-
ent state between the absorbing antennas and the harvesting site [3]. This state is modulated
by the environment, permitting to select, upon each photon absorption, the antenna molecules
that will perform more efficiently the chain of energy transfer reactions [4].

Understanding electron dynamics in biological systems will have a great impact in improving
the efficiency of photovoltaic cells, although much research is still needed to understand the
mechanisms. A simpler strategy for improving the efficiency of solar cells would be to use
materials that generate multiple electron-hole pairs (excitons) out of a single sunlight photon
[5,6]. If these excitons could then be efficiently split and diffused to the junction, the number
of charge carriers would enormously increase and so would the efficiency [7]. The possibilities of
finding a cheap material with such characteristics are remote, but interesting materials are being
discovered in this field [8].

The full possibilities of photochemistry are just starting to be understood and exploited,
thanks in part to the use of ultrashort pulsed lasers in chemistry — the so-called femtochemistry —
pioneered by the Nobel laureate A. Zewail [9]. Prior to ultrashort laser pulses, excited-state mech-
anisms were unaccessible experimentally, since photoproducts that last for a few femtoseconds
could not be resolved with traditional spectroscopy. The theoretical predictions were matched
indirectly against experiments, comparing radiative lifetimes and product distributions at the

2. Pour l'introduction en frangais voir le chapitre intitulé Introduction et Conclusions (en frangais) & la
fin de la these



end of the photoreaction. Now, femtosecond lasers allow a direct observation of ultrashort excited
state events, as well as to record properties of short-lived intermediates. A major breakthrough is
the recent publication of the first direct experimental observation of a funnel in the cist to trans
isomerization of 11-trans retinal molecule, which is found in the active center of the rhodopsin
protein responsible of vision [10]. Funnels (avoided crossings and conical intersections) are a
common non radiative mechanism in photochemistry, which allows an ultrafast hopping of the
wave packet between excited states. Funnels were already predicted in the 1950s, but they were
never experimentally observed before 2010.

The new time-resolved experimental techniques bring new requirements for theoretical models.
Femtosecond spectroscopies are compared to simulations of real-time molecular dynamics in the
excited-states. The dynamics are computationally demanding, as they can include the degrees
of freedom of nuclei and the bath as well as the electron coordinates. There is an urgent need
for methods that can efficiently describe electron-nuclear dynamics. A good candidate for such a
method is time-dependent density-functional theory (TDDFT) [11,12]. However, present approx-
imations in TDDFT limit its applicability to photochemistry. TDDFT is a relatively new theory,
made formally exact by the Runge-Gross theorem in 1984 [13], that extends the applicability of
density-functional theory (DFT) [14, 15] to non-stationary Hamiltonians. In practice, one has
to approximate the unknown exchange-correlation functional. The adiabatic approximation of
the functional is commonly used, and consists in taking the adiabatic limit of the exact TDDFT
functional for all times. This approximation describes correlation inaccurately and, therefore,
is unsuitable for photochemistry. In particular, funnels are in general not well described due to
certain types of correlation effects missing in any adiabatic functional. The global objective of
this thesis is to improve TDDFT functionals for describing correlation accurately enough to be
generally applied to photochemistry.

Correlation is a purely quantum mechanical effect, which encompasses the cooperative move-
ment of interacting electrons, usually decreasing the classical electron repulsion energy. For
convenience, correlation will be described in the formalism of second-quantization [16]. In second-
quantization, correlation contributions are depicted in Feynman diagrams that show precisely
the physical electron interactions. This allows a clear classification of correlation effects. For
the purposes of this thesis, it will be enough to restrict the discussion of correlation to lowest
order, and hence to diagrams with interactions of double excitations at most. A generalization
to higher orders is straightforward. Throughout this thesis, both the terms “correlation” and
“double excitations” will be used to mean the effects beyond exchange.

The specific objectives for this thesis have been to (i) assess existing methods that include
a reduced number of double excitations, (ii) provide a new method that can include double
excitations in general, (iii) identify which correlation diagrams are missing in adiabatic TDDFT
functionals, and (iv) add the contributions from these diagrams to adiabatic TDDFT functionals
and test the potential of these many-body perturbation theory corrections to describe double
excitations of systems of medium to large size.

In my work towards solving the double excitation problem, I will mainly take the perspective of
quantum chemistry. TDDFT entered the quantum chemists’ toolbox thanks in part to Casida’s
formulation of linear-response TDDFT (LR-TDDFT) [17]. Casida formulated LR-TDDFT in
a matrix form similar to time-dependent Hartree-Fock (TDHF) [18]. In that way, LR-TDDFT
could be easily implemented on top of previous implementations of TDHF. Soon after Casida’s
work, LR-TDDFT was available in the main quantum chemistry packages for an enormous



community of potential users. LR-TDDFT became especially popular due to its efficiency in
calculating excited states and oscillator strengths, thus opening a route to applications which
were computationally forbidden to wave function methods. Optical properties of systems such as
fullerenes [19-21], proteins [22,23] and explicit solvent effects on optical properties [24] are now
routinely published in scientific journals. However, LR-TDDFT with conventional functionals
showed some deficiencies in the hands of the scientific community, such as the underestima-
tion of the continuum threshold, and Rydberg [25] and charge-transfer excitations [26]. These
deficiencies are partially remediated by using better exchange functionals [27,28].

The usefulness of LR-TDDFT is now widely accepted. Notwithstanding, theoretical chemists
distrust (not without reason) the ability of TDDFT to represent excited state potential energy
surfaces at key points of the reaction mechanism. In this field, TDDFT must compete with
multireference wave function methods at the limit of present day computers. In 2006, Martinez
and coworkers stated the two main problems of TDDFT for photochemical applications: conical
intersections and double excitations [29]. In 2007, Casida and coworkers clarified the ideas of
Martinez et al. from a more correct TDDFT perspective, by performing an extensive study on the
photochemical ring-opening of oxirane and the dynamics through the conical intersection [30,31].
From these works, we can restate the two problems of TDDFT as a need for better correlation
functionals, and the problem of non-interacting v-representability. In this thesis, I will focus on
the correlation problem, and the v-representability problem is only briefly mentioned.

The properties of the exchange functional in TDDFT have been extensively studied in the
literature [27,32-34]. The correlation functional has attracted less attention, probably due to
the complicated properties of the functional, which depends non-locally on past densities. These
dependencies make the correlation functional strongly non-local in both space and time vari-
ables [35-37]. Adiabatic functionals, which are completely local in time, are frequently a crude
approximation to the correlation functional. At the time in which this thesis was developed,
there existed two methods that partially improved correlation beyond the adiabatic functionals:
spin-flip TDDFT [38-42] developed by Krylov, Ziegler and Wang and dressed TDDFT [43, 44]
developed by Maitra, Burke and coworkers. In this thesis, I provide a more general solution to the
problem, by deriving a LR-TDDFT kernel with correlation using ab initio techniques [45]. T will
show that the correlation TDDFT functional in the adiabatic approximation completely misses
some second-order diagrams, which are responsible for coupling single and double excitations.
These diagrams can be added to existing functionals to improve the description of correlation. A
similar approach was used by Sangalli and coworkers in the context of the Bethe-Salpeter equa-
tion for extended systems using screened potentials [46-48]. They come to conclusions similar
to ours.

This thesis is organized in three parts: Part I provides the background material of concepts
and methodology. In chapter 1, I describe the theoretical description of photochemistry. In
chapter 2, I describe ab initio wave function theory, focusing on the description of correlation in
the excited states. In chapter 3, I describe density-functional electronic structure theory. Part 11
contains original research, either published and/or made available on the arXiv e-print server.
In chapter 4, I describe the assessment of spin-flip TDDFT in the photochemical ring opening of
oxirane. In chapter 5, I describe the derivation of a correlation functional derived from ab initio
techniques. This kernel includes all double excitations. In chapter 6, several approximations of
the ab initio kernel are provided and tested, that generalize the idea of dressed TDDFT and can
be applied to medium and large systems. Finally, Part III contains unpublished results, future



prospects and conclusions. Throughout this thesis, I will use atomic units (A = m, = e = 1)
unless otherwise stated.
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Basic Concepts






Chapter 1
Theoretical Photochemistry

1.1 Introduction

Theoretical photochemistry provides information about the relaxation mechanisms that bring
the system from the excited states back to the ground state. In this chapter, I give a phenomeno-
logical description of photochemistry, especially focusing on the role, description and physical
interpretation of correlation. This will set forth the effects that we would like to describe with
TDDEFT.

The first step in any photochemical mechanism describes the population of a specific excited
state. Excited states are populated by two main mechanisms: radiation absorption and energy
transfer. In radiation absorption, the molecule absorbs a photon of a characteristic wavelengths.
Energy transfer occur when a molecule in a high energy state transfers its energy to another
molecule in a low energy state. The energy can be transfered either radiatively (exchange of a
photon) or by electron exchange. In this chapter, I will restrict the discussion to electromagnetic
radiation absorption.

Photon absorption is the easiest mechanism to selectively populate an excited state. Low-
lying valence excited states are the most accessible, falling in the range of far infra-red to near
ultra-violet in typical molecules. This energy is provided by radiation sources of monochromatic
light, such as mercury vapor lamps. The absorption and excited state population is regulated
by the dipole moment selection rules. The excited molecule relaxes back to the ground state by
undergoing a series of structural changes that propitiate the release of energy.

Theoretical photochemistry explores the potential energy surfaces (PES) in search of the
structures that bring the system back to a lowest-energy stationary state. The PES describes
the electronic energy at a fixed nuclear position, and is a consequence of the Born-Oppenheimer
approximation. The decay can be radiative (luminescense) when the molecule emits a photon,
or non-radiatively when it goes through an interstate crossing (funnel.) The study of the PES
gives a static picture of the possible reaction mechanisms. Often, several competing mechanisms
can occur, which determine the selectivity of the reaction. This information can be obtained by
performing dynamic simulations. The dynamics are beyond the scope of this thesis and will not
be described. For the interested reader, see a review of dynamics and TDDFT in Ref. [49].

The chapter is organized as follows: Sec. 1.2 explains the Born-Oppenheimer separation,
Sec. 1.3 clarifies the role of correlation in different regions of the PES, Sec. 1.4 describes a typical
photochemical mechanism by taking the example of stilbene Z to E photoisomerization, Sec. 1.5
gives some details on the initiation of photochemical reactions by absorption of electromagnetic
radiation and Sec. 1.6 describes conical intersections.
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1.2 Born-Oppenheimer Separation and Potential Energy
Surfaces

In a typical chemical reaction, molecules undergo a series of formation and breaking of bonds.
This is intrinsically a dynamical process. The full dynamics of electrons and nuclei is described
by the time-dependent Schroédinger equation,

i%\IJI(x,t,R) = HU;(x,t,R), (1.1)

where x(R) is a vector of all electron(nuclei) coordinates, H is the full Hamiltonian of the
system and Uy(x,R,t) is the wave function of state I. In this section, we consider only time-
independent Hamiltonians. The direct solution of Eq. (1.1) is a formidable problem. Instead,
Born and Oppenheimer proposed a two-step solution by separating the electron and nuclear
motions [50]. The full Hamiltonian can be separated in the nuclear kinetic operator TN, the
nuclear repulsion VNN, and the electronic Hamiltonian (Born-Oppenheimer separation,)

H(r,R) = Tn(R) + H(r;R) + Van(R), (12)

where the electron operator depends only parametrically on the nuclear geometry. The solutions
of the electronic Hamiltonian describe the electronic motion at a fixed nuclear geometry,

He(r;R)¥5(x;R) = Ef(R)¥5(x;R) . (1.3)

The energy ES(R) + Vyn(R) is the so-called adiabatic energy, and its plot versus different
nuclear internal coordinates is the so-called potential energy surface (PES.) This energy is a
physically valid description whenever the nuclei move more slowly than the electrons. Equa-
tions (1.2) and (1.3) define the Born-Oppenheimer approximation.

The solutions of Eq. (1.3) are usually a valid approximation for describing ground-state re-
activity. Photochemistry, instead, frequently reaches regions in the PES of the excited states in
which the approximation breaks down. To illustrate that, a generic photochemical mechanism
is shown in Fig. 1.1, in which the critical points of a photoreaction are shown. Reactants start
initially in the minimum basin of the lowest PES. After energy is absorbed, the system reaches
the excited state and starts to propagate on the first singlet PES. A mechanism to decay back to
the ground state happens when the system reaches the conical intersection region. Around this
point, in which the ground and the excited PES are degenerate, the nuclei move as fast as the
electrons, and the Born-Oppenheimer separation is not valid. In this case, the coupling between
the electrons and nuclear dynamics (vibronic coupling) has to be taken into account. This cou-
pling can be included in a post-Born-Oppenheimer calculation via the Born-Huang approach [51],

[T (R) + R, 0] xa(Rot) — 3 ViR (R, 1) = i 00 (1.4
J

where V7 ;(R) are the vibronic coupling terms that couple different adiabatic states and x(R, )
is the nuclear wave function of adiabatic state I. For the purposes of this thesis, it is not necessary
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Figure 1.1 Schematic plot of three electronic state potential energy surfaces E¢(R) +
Van(R) corresponding to the ground-state singlet So and the first triplet T; and singlet
S; excited states. The ordinate component corresponds to some nuclear geometry and the
abscissa gives the total electronic energy. In the graph, TS stands for transition state,
ISC stands for intersystem crossing, PHOS stands for phosphorescence, FLUO stands for
fluorescence, ABS stands for absorption and CX stands for conical intersection.

Photochemistry Photophysics Photochemistry

Products Reactants Products

to go further into details regarding the actual form of the vibronic couplings. For the interested
reader, excellent literature exist on this topic [52-54].

The funnel region is more easily described in terms of the diabatic PES than in coupled
adiabatic PESs. The diabatic surfaces are defined as the unitary transformation of adiabatic
states in which the coupling terms are zero, V7 ;(R) = 0. Whenever possible, this representation
allows a clearer interpretation of funnels in terms of the wave functions of Eq. (1.3). Note that,
strictly speaking this is only rigorously possible in the case of two electronic states, though an
approximate diabatization may be possible for several electronic states at a time.

1.3 Correlation in Excited States

An accurate account of correlation is required for a reasonable physical description of electronic
states in general and excited states in particular. For many molecules, the existence of funnels
between electronic states is possible thanks to electron correlation. In this section, I clarify the
physical effects introduced by correlation.

Correlation is a concept frequently discussed in quantum chemistry, which encompasses many
effects due to electronic interaction. Unfortunately, the definition of correlation depends upon
the choice of a zero-order uncorrelated system of electrons. A common choice is due to Léwdin,
who defined correlation as the difference between the exact energy and the Hartree-Fock energy
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Ec = Eemact - EHF7 (15)

where Feyqct 18 the exact lowest eigenvalue of Eq. (1.3). This definition can be misleading, as it
is geometry dependent, due to the fact that it relies on the Born-Oppenheimer approximation.
In fact, correlation can include completely different physical effects in different regions of the
potential energy surface. Furthermore, Lowdin’s definition cannot be easily applied to excited
states, as they are usually described by more than one determinant.

Correlation can be roughly classified as static or dynamic, depending respectively whether near
degeneracies or an accurate description of the electron-electron wave function cusp is judged to
be more critical. Each electronic state requires a specific treatment of both correlation effects.
In fact, the choice of basis sets and correlation methods has to be carefully studied for each
system [55,56]. In order to guide the choice of method, states are commonly classified as valence
or Rydberg according to the diffuseness of the density, and ionic or covalent according to the
valence-bond interpretation of the wave function. States are valence if they are characterized
by compact densities, and they are Rydberg if densities span a large space. Rydberg states are
usually more difficult to describe as they require the use of large diffuse basis sets. Even if one
aims to describe valence states only, nearby Rydberg states must still be converged. This means
that diffuse bases are still needed to avoid unrealistic valence-Rydberg state mixing. Further,
a state is ionic if the valence-bond analysis of the wave function give localized electron pairs in
atoms, or covalent if electrons are shared between neighbor atomic sites. Ionic states usually
have larger contributions due to dynamic correlation, since the localization of electrons induces
larger polarizations of the density. Covalent states have a larger contribution of static correlation
in order to eliminate the ionic contributions of the wave function.

In general, it is difficult to determine a priori whether an electronic state will be ionic or
covalent, valence, or Rydberg. However, the basis set and the correlation method has to be
carefully chosen according to the nature of the state, since otherwise the wrong qualitative picture
is obtained. For example, there are still long-standing controversies concerning the energetic
position of valence m — 7* states in many conjugated organic molecules. These molecules have
two characteristic singlet states, one ionic (L,) and one covalent (Ly). The L, state normally
requires a treatment of dynamic correlation whereas static correlation is more important in L.
Difficulties arise when the two states are nearly degenerate, like in the butadiene molecule, for
which no consensus has been reached on the ordering of the 1'B,, (L) and the 2' A, (L) states. I
will describe this example in more detail in the up-coming chapters, as the 21Ag is a prototypical
state with a large double-excitation contribution.

To illustrate the role of correlation in ionic and covalent states, I will discuss the dissociation of
molecular hydrogen [57]. The Hy molecule is particularly suitable for the discussion of correlation,
since the role of exchange is only to correct the self-interaction error. In a minimal basis set of
one atomic orbital per hydrogen atom, the Hs molecule has two orbitals, the o-bonding orbital

1

o(r) = m [1sa(r) + 1sp(r)], (1.6)
and the o-antibonding orbital
)= sa(r) —1sp(r
7' () = s (1) = Lo (), (1.7
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where the functions 1s4(py are the atomic orbitals centered one on each hydrogen center and S
is the overlap between the two, S = (1s4|1sp). At the equilibrium geometry, the ground state is
well represented by the single Slater determinant |c®c?). The singlet and triplet excited states
are combinations of the determinant formed by substituting one of the ground-state o orbitals
by a ¢* orbital. Pure spin states require minus and plus combinations of the two determinants,
lo@o*?) £ 0P o*). In a second-quantization description, these states can be seen as a promotion
of one electron from one occupied orbital to a virtual, and therefore they are referred to as single
excitation states. Finally, one can form a third excited state by substituting two o orbitals by two
o™ orbitals. This is a double excitation |a*°‘a*ﬁ ) with respect to the ground state determinant.

The ionic or covalent character of the ground-state wave function depends on the distance
between the two hydrogen atoms. At the equilibrium geometry, the ground-state wave function
is well represented by the single determinant |c®0®). The corresponding valence-bond wave
function of this state is given by

lo%oP) = 115G 185) + [1s%185) + [1s54155) + [1s51s5) | . (1.8)

1
21+ 9)

The first two contributions are clearly ionic, representing the configurations HZHE and HXH;
(two electrons localized in one center,) whereas the two last contributions are covalent, represent-
ing the configurations HLHE and HjH; (one electron in each center.) Then, the ground-state
has equal contributions of ionic and covalent components. For this state, correlation is only dy-
namic, describing the slight polarization of the orbitals with respect to a pure covalent picture.
The excited states are represented by different linear combinations of the same ionic and covalent
contributions. For example, the double excitation is represented by

1
oo™y — ] 11s4155) + [1s%1s5) — [15G1s5) — [1s31s5)| (1.9)
At the dissociation limit, the ground-state wave function becomes purely covalent. This is the
classical assumption taken by Heitler and London to describe dissociation of homopolar diatomic
molecules [58], so that two equivalent atoms are obtained at infinite interatomic distance, de-
scribed by the single determinant |1s% 1563). In a molecular orbital picture, this is represented
by
1+ 1-5 1
1s4155) = = [o%0") + 2|0 o) - = 115415 + [1s5155) | - 1.10
1i1s) =~ o0 + =20 o) - [[1s1s) + [1s31s1) (1.10)
The molecular orbital picture gives a mixture of the ground-state and the double excitation
determinants. Here, the role of double excitations is to eliminate the ionic contributions of the
ground-state wave function. A single Slater determinant of molecular orbitals will overestimate
the ionic contributions, and therefore is unsuccessful in describing dissociation. This is a typical
example in which a treatment of static correlation is needed.
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Figure 1.2 Photoisomerization reaction of E-stilbene to Z-stilbene. The reaction takes
place after absorption of a photon of 500 nm or shorter wavelength.

E-stilbene Z-stilbene
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1.4 Example of a Photochemical Reaction: Stilbene
Photoisomerization

Previous sections have described in some detail potential energy surfaces, the Born-Oppen-
heimer approximation, and role of correlation energy. These are the disjoint parts needed for
understanding photochemical mechanisms. In this section, we shall focus on the theoretical
description of photochemical mechanisms as a whole.

In Fig. 1.1, we already saw a schematic representation of the general decay mechanisms that
can occur for excited states. Initially, the reactants start at the minimum of some ground-state
surface. After absorption of a photon, the system reaches the excited state surface. This tran-
sition is considered to be essentially a vertical excitation (Franck-Condon transition), in which
the nuclear geometry undergoes little change. The region of the excited-state surface around
the ground-state reactant minimum is called the Franck-Condon region, where the decay to the
ground state brings the system back to the initial geometry in the lowest energy state (pho-
tophysics.) Photochemistry happens away from the Franck-Condon region, when geometrical
relaxation brings the system in a new minimum corresponding to the products. The decay
might be radiative (luminescence) or through a conical intersection. We distinguish two types
of luminiscense: fluorescence, when the transition happens between two singlet surfaces, and
phosphorescence, when the transition happens between a singlet and a triplet surface.

It is interesting to see how electronic structure theory describes the mechanism in terms
of electronic configurations. For that purpose, we take a realistic example: the E to Z pho-
toisomerization [59]. This reaction involves a 180° twisting of the phenyl groups around the
central double bond (see Fig. 1.2.) Stilbene and stilbenoid derivatives are an important group of
molecules with many applications. Resveratrol is a hydroxilated stilbene derivate found in wine,
which is thought to have numerous health benefits (anti-oxidizing, anti-carcerogenic, anti-aging,
etc.) The 1,2-bis(2-pyridyl)ethylene, a bidentate ligand with similar structure and photochemi-
cal properties to stilben, is used in organometallic complexes in order to transfer the absorbed
energy to the central metal.

The singlet photochemical mechanism of stilbene isomerization is shown in Fig. 1.3, in which
the PESs of the first three singlet states are represented against the twisting angle of the central
double bond. The blue surface represents the ground-state Sy, the green surface S; is the first
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Figure 1.3 Schematic singlet mechanism of stilbene photoisomerization. The E-stilbene
absorbs a photon that brings the molecule to the S; excited state of single-excitation nature.
The decay to the ground-state can happen by two competing mechanisms, either a conical
intersection or fluorescence. In the graph, the conical intersection is not completely seen, but
just the avoided crossing. This is due to the fact that we are plotting against one dimension
only.
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excited state and the red surface S, is the second excited state. The reaction starts at the left
minimum of the Sy surface with the two phenyl groups separated by 180° (E-stilbene). After
absorption of one photon, the molecule is excited to the S; surface. The excited molecule can
undergo several decay trajectories, shown with a dashed arrowed line. One of the mechanisms
brings the molecule in the minimum at the right side of S;, decaying to the Z-stilbene minimum of
So by fluorescence. Another possibility is to decay non-radiatively through a conical intersection.
The figure only shows a piece of the intersection, commonly called an avoided crossing, which
indicates that the intersection point falls in a nearby geometry. Traversing a conical intersection is
an intrinsically dynamical process, in so far as the direction in which the wave-packet propagates
through it depends on the previous propagation and on the form of the intersection region.
The decay can therefore take the molecule either way on Sy, either forming the photoproduct
Z-stilbene or going back to the initial E-stilbene reactant.

The whole mechanism can be easily explained by simple electronic structure arguments by
using a two-level model of 7 orbitals. The Sy, S1, and Sy surfaces of both E-stilbene and Z-stilbene
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at the respective equilibrium geometries are well represented by a single Slater determinant.
Similar to the case of Hs dissociation, the S; is a single excitation with respect to Sy, and Ss is a
double excitation. It is interesting to notice that there is a swap ping of electronic configurations
between the E and Z forms, i.e., the Sy configuration of E-stilbene is the same as the Sy of
Z-stilbene and the S, configuration of E-stilbene becomes the Sy of Z-stilbene. This swap of
configurations occurs at the avoided crossings, which happen whenever two surfaces with the
same symmetry cross. At each avoided crossing, two grey lines are depicted, representing the
diabatic surfaces. Following the diabatic lines helps to visualize the change of configuration
that is taking place. For example, |7Tf7r’f ) is the dominant configuration of the Sy surface of
equilibrium E-stilbene. When the central double bond is twisted, an avoided crossing occurs at
around 90°, indicating a mixture with the double excitation |7¢5) that is coming down. The
diabatic line follows the configuration in the case of no interaction. After 90°, the configuration
that corresponded previously to Sy is now S;. At around 50°, another crossing occurs between
|7@7?) and the single excitation |7¢75). As a result, the Sy of E-stilbene has become the Sy of
Z-stilbene. The avoided crossings explain the PESs shape of minima and maxima.

1.5 Photoabsorption

The most basic mechanism of accessing the excited state is the absorption of an electromag-
netic wave of an appropriate wavelength. The absorption of radiation occurs due to the coupling
between the oscillating electric field and the electron density, which induces a transition dipole
moment. The transition dipole moment is directly proportional to the oscillator strength, allow-
ing a direct calculation of the absorption spectrum. From Fermi’s golden rule, we can establish
this relation

2 NS
fri=gwril{ FawE) 2, (1.11)

where frr is the oscillator strength, F(I) is the final(initial) state index, wp; = EF — Ey is the
excitation energy and (Ur|i| P r) is the transition dipole moment. Equation (1.11) is derived as-
suming the dipole approximation, which is valid whenever the wave length of the electromagnetic
radiation is much larger than typical bond distances.

There are electronic states that, due to symmetry reasons, are not coupled by the dipole
moment. The states that have a nonzero transition dipole moment and are called bright. States
with zero transition dipole moment are called dark. From the spin symmetry, only the singlet
states are bright. From the spatial symmetry, a state can only be bright if the decomposition
of the direct products of the irreducible representation of the initial state and dipole operator
contains the irreducible representation of the final state.

The dipole moment operator is a one electron operator of the form

fi = —ir. (1.12)

This operator is only able to couple singly-excited states, and double excitations are in general
dark. Still, double excitation states can be populated during the course of a photoreaction. For
example, stilbene absorbs one photon and the molecule is brought to the S; surface, which is
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Figure 1.4 Appearance of dark states in the absorption spectrum due to the coupling with
a bright peak. On the left side, when no interaction is present, the dark peak does not
appear in the spectrum and the bright peak has full strength. On the right side, the bright
and dark states interact through configuration mixing, and the “dark state” appears by
borrowing intensity from the bright.
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represented by a single-excitation. During the dynamics of the wavepacket in the S; surface, the
double-excitation state is populated when the funnel region around 90° is reached. In special
cases, double-excited states can be coupled by the dipole moment. This happens when a dark
peak interacts through correlation with a bright peak, borrowing some of the intensity of the
latter. This is schematically represented in Fig. 1.4. In the case of no interaction between a singly-
excited state (wg) and a doubly-excited state (wp), only one peak appears in the spectrum at
the excitation energy wg. When interaction between the two states occurs, the effect on the
spectrum is two fold: on the one hand, a red-shift of the single excitation is seen due to the
stabilization of the non-interacting single excitation. On the other hand, the spectrum is split
in two peaks. The wy peak is less intense than the original wg peak, but a new peak appears at
wh. The sum-rule of intensities show that f§ + f;, = fp.

1.6 Conical Intersections

Funnels are a ubiquitous mechanism in photochemical reactivity, offering a fast non-radiative
route back to the ground-state. The appearance of a funnel indicates an interchange of two
electronic configuration of the same symmetry. In the funnel region, the vibronic couplings
become important and the Born-Oppenheimer approximation has to be complemented by non-
adiabatic terms that couple various adiabatic surfaces. In this section, I briefly describe some
further details on the shape and description of conical intersection regions.
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There are some conditions for a conical intersection to occur. I take the example of a coni-
cal intersection between two electronic states.(It is straightforward to generalize these ideas to
three or more electronic states.) Two electronic states form a conical intersection if they be-
come degenerate on one nuclear geometry point at least. Two conditions must be satisfied for
that degeneracy to happen. The first condition is obviously that the two electronic states are
degenerate,

Ei(Rcr) = E5(Rei), (1.13)

where R is the nuclear geometry of the conical intersection, at which this condition is satisfied.
The second condition is that the interaction between the two states is zero,

Hi3(Rer) =0, (1.14)

where Hi2(Rey) is the coupling between the two states with the Hamiltonian at the intersection
geometry. These conditions can be satisfied in various ways according to symmetry arguments.
We distinguish three main groups: (i) symmetry-required conical intersections, also called Jahn-
Teller intersections, happen between states in which symmetry forces the satisfaction of both
conditions. This type of intersection has dimension N;,;, where N;,; is the number of internal
coordinates. An example is the doubly-degenerate E; states in Hz in Ds; symmetry. (ii)
symmetry allowed conical intersections happen between states of different symmetry. Then,
the second condition is trivially satisfied. Such conical intersections have dimension N;,; — 1
and appear as a seam, i.e. a hyperline of degeneracy. (iii) “accidental” same-symmetry conical
intersections. These intersections touch in one point and have a dimension of N;,; — 2. They are
described by two coordinates, commonly referred as the g-h coordinates or the branching plane,
that lift the degeneracy linearly.



Chapter 2
Wave-Function Based Electronic Structure

2.1 Introduction

Wave-function electronic-structure theory is presently the only successful theory to describe
accurately enough general photochemical problems. Frequently, density functionals try to mimic
the properties of wave function theory in order to improve their description. In this chapter, I
will briefly describe the most important wave function methods that can calculate excited states.
This will lay the ground for understanding the missing correlation effects of TDDFT functionals.
Henceforth, T will assume the Born-Oppenheimer approximation unless otherwise stated (see
Chap. 1, Sec. 1.2.)

The principal goal of wave-function-based theory is to obtain the energies and wave functions
of the system, that are used to solve the Schréodinger equation. There are two common approaches
used to solve the excited states. The first approach considers that excited states are stationary
states, in which case we solve a static Schrodinger equation,

HeUS(x;R) = ESUS(x;R). (2.1)

This equation has an infinite number of (discrete) solutions, which can be ordered as Ey < Fy <

.., where Ej is the ground-state energy and E;(> Ey) are the excited states. The second
approach extracts excited state information from the dynamics of some ground-state density
in a time-dependent electric field. The dynamics are described by solving the time-dependent
Schrodinger equation (TDSE),

ZO\I/?(X, t;R)

o = He(t)¥5(x,t;R), (2.2)

where H¢ (t) is equal to the static electronic Hamiltonian plus a time-dependent applied field. The
static and dynamic descriptions are in fact equivalent when the Hamiltonian is time-independent.
In the case of stationary states the wave functions differ by a phase-factor

Ui(x, t;R) = e P0G (x; R), (2.3)

which is irrelevant for the calculation of most physical properties, as it cancels out when we
calculate the density matrix (i.e, physical properties of stationary states are stationary in time.)

The variational principle is commonly used to extract solutions of the static Schrodinger equa-
tion, by starting with an initial ansatz for the wave function ¥$(x; R) which is then systematically
improved. The ansatzis formed as a combination of Hilbert space basis set functions that depend
on all the electronic coordinates. The basis functions are normally constructed in the form of
determinants of single-particle functions, the so-called Slater determinants. The choice of single-
particle functions is not unique. The discussion in this thesis is restricted to molecular orbitals

19
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delocalized over the whole molecule. The molecular orbitals are optimized for each system, by
expanding them in a basis of single-particle atom-centered orbitals (atomic orbitals.) This is a
common choice in quantum chemistry.

The simplest lowest energy variational solution of the static Schrodinger equation is given by
the Hartree-Fock approach. Hartree-Fock (HF) uses a single Slater determinant as ansatz for
the wave function. The molecular orbitals are optimized so that the HF wave function gives the
lowest possible total energy. A single Slater determinant is usually enough to describe the ground-
state of closed-shell molecules at their equilibrium geometry. Open-shells and excited states
require a more sophisticated ansatz with more than one determinant. The extra determinants are
systematically constructed using a configuration interaction (CI) expansion, in which excitation
operators are applied to a reference determinant. For convenience, the reference is taken as the
HF determinant.

Variational solutions give a good first approximation to the wave function, but the correlation
energy is inaccurate. In fact, correlation is an effect requiring a large set of basis functions with
small contributions to the energy. The variational principle is not efficient enough to include
these effects, and correlation is commonly improved in a second step. The easiest correlated post-
variational method is perturbation theory, under the assumption that the correlation contributes
a small effect to the total energy. In cases in which perturbation theory does not converge, the
CI expansion can be used, although it has low convergence and the computational cost is large.

Excited states are difficult to obtain altogether, since a treatment of correlation a posteriori is
usually unsuccessful if the orbitals of the variational principle are not specifically optimized for
the excited states. A variational optimization of orbitals for the excited states is difficult to apply,
since the variational principle converges to the lowest energy state by construction. At most,
constraints in the variational optimization can be imposed to converge to the lowest energy state
of each irreducible representation in symmetric molecules. Higher-energy excited states can be
obtained by performing a double variational optimization of the CI expansion coefficients and the
orbitals of the determinants, to which the usual post-variational methods (perturbation theory
or CI) are applied in a second step to improve correlation. These methods are computationally
very expensive, but presently these methods are the state-of-the-art in photochemistry.

The solution of the TDSE does not require the application of the variational principle to
the excited states, thus offering an efficient alternative route to obtain excited state solutions.
The TDSE is a first-order differential equation in time, and so the whole electron dynamics
requires only the exact solution at an initial time. Frequently, the initial condition is taken as
an approximate ground-state variational solution of the static Schrédinger equation, which is
then propagated over time. There are several ways to propagate this initial state. A simple
strategy is to propagate the wave function in real-time by applying classical numerical methods
to solve first-order differential equations. In this way, the wave function is known at all times
and so any time-dependent property can be calculated. Another method is the linear response
solution. This method relies on a perturbative solution of the Fourier-transformed TDSE, from
which excitation energies to the stationary excited states are directly obtained.

This chapter is organized as follow. The first part explains in some detail the methods to
solve the static Schrodinger equation. In Sec. 2.2, I describe the variational principle of quantum
mechanics, in Sec. 2.2, I briefly explain the HF approach, and in Sec. 2.4, I describe the configu-
ration interaction method. The linear response solution of the TDSE is explained in Sec. 2.5. All
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these methods are well established in the quantum chemistry community, and good introductions
are available in standard textbooks, for example Refs. [57], [60] and [16].

2.2 Variational Principle

The eigenvectors of a bound Hermitian operator form a complete basis set in the Hilbert space
[60]. This property of Hermitian operators is used to demonstrate that any trial wave function
gives an upper bound to the exact lowest energy eigenvalue. This is in essence the variational
principle of quantum mechanics, giving an important criterion to improve approximate wave
function.

The demonstration of the variational principle is straightforward. The energy can be written
as a functional of the wave function,

(Wo| H|Wo)

Eo[¥o] = (Wo[Tg)

(2.4)

Any trial wave function |¥g) (satisfying the same boundary conditions as the true wave function)
will have an expansion in the exact wave functions

[Wo) =Y (U0 |¥p), (2.5)
=0

which can be inserted in Eq. (2.4) to obtain

o) oo
Eo[Wo] = > (W, Wo)[*(T|H|Tr) = (¥ T0) By, (2.6)
=0 I=0

in which we considered that the trial wave function is normalized. Considering that the energies
are ordered in increasing order, i.e., Fy < F; < Fy < ---, and due to the fact that the basis is
complete,

Z (W[ Wo))* =1, (2.7)
=0

we can straightforwardly conclude that any trial wave function will give an upper bound to the
exact ground-state energy ~
Eo[Wo] > Eo[Wo]. (2.8)

In the next section, we apply the variational principle to the simplest wave function, a single
Slater determinant.
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2.3 Hartree-Fock

The HF approximation considers that the exact wave function is well described by a single
Slater determinant

0) =~ |@) =

= WZ(—l)Prl'Pi{d}l(Xﬂ...QSN(XN)}’ (2.9)

where P; is the i-th permutation of the electron coordinates. The functions ¢4 (x;) are molecular
spin-orbitals that contain one electron. These orbitals are solution of a one-electron Schrodinger
equation

Foi(x) = €i0i(x), (2.10)

where f is a Fock operator, and ¢; is the orbital energy. The HF orbitals are the solution of a
one particle equation of that type, with the constraint that they minimize the total energy. The
total energy energy of a general single Slater determinant is

E[®|(R) = T5[®] + Veut[®](R) + Ex[®] + E;[®] + Van(R), (2.11)

where T is the electronic kinetic energy contribution

occ

= **Z/dg v2¢z( )a (212)

Vext[P](R) contains the electron-nuclear attraction

ea:t Z Zl/dgr(b ‘R

I(icocc)

@i(r), (2.13)

I — |

Ep[®] is the Hartree energy
(1) (r1) o5 (r r
Z/dg, /dg, ¢; (r1)¢i(r1)d;(r2)¢;(ra) /d3 /d3 p(r1)p(r2) (2.14)
ry — 1o vy —ra|

and E,[®] is the exchange energy

_ 1 3 5 0i(x1)9)(x1)97 (x2)p;(x2) 1 [ 5 3 (X1, %2)7(x2,%1)
= Z/dm/d |r; — 1o B /dxl/d vy — 1o '

(2.15)
The nuclear-nuclear attraction is a constant number that does not depend on the Slater deter-
minant

Van(R) = E > |2172" : (2.16)
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The optimal orbitals (the HF orbitals) that minimize the energy are obtained by constructing

ZAU — (ilo5)) (2.17)

and minimizing with respect to variations of the orbitals. The result is an equation of the form
of Eq. (2.10), where the Fock operator f# is given by

FIF (e R) = b(r) + " (1) R) (2.18)
where ST (@ )
i)ouo) = S5 = =5 VP (2.19)

and v [¢;](x) is the mean field potential that an electron feels due to its interaction with other
electrons,

ool R)onr) = (st + S S o

= (vewt(rsR) + 0y (1) + SH]) (), (2.20)
where the external potential is defined as

Vert(rR) = = _Zr (2.21)

the Hartree potential is defined as

vp(r) = / iy L) (2.22)

|r—r1|

and the exchange self-energy operator is defined as

SHF (] Zqﬁ /d3 ilx)éilx1) (2.23)

|r — 1]

The exchange self-energy is a functional of the density matrix ~, and hence the HF potential
is itself a functional of the HF orbitals. This requires an iterative solution of Eq. (2.10) until
the potential is converged. The potential that outcomes from this procedure is the so-called
self-consistent field.

As such, HF is essentially a ground-state theory, although its eigenvalues can be used to
calculate some excited-state properties. The occupied orbitals see a field of N, — 1 electrons
and the unoccupied orbitals see a the field of N, electrons. These orbitals satisfy the so-called
Koopman’s theorem [61], which states that the occupied and virtual orbital eigenvalues can
be interpreted as ionization potentials and electron affinities respectively, to first order in the
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electron repulsion [61]. The HF orbital energies are not well suited for calculation of neutral
excitations, where both occupied and virtual orbitals should see the same field.

2.4 Configuration Interaction

The variational principle gives an upper bound to the lowest energy state of the static
Schrédinger equation. Excited states can be extracted by applying a constrained version of
the variational principle. The constraint requires that the wave function of state I is orthogonal
to all the wave functions of the same irreducible representation with a lower eigenvalue. For
example, the constraint variational principle for the first excited state is

El = min E[\Ijl}, (224)
U 1Wy

where we imposed the condition that (U;|¥q) = 0. This is however difficult to apply, since
it would require the knowledge of the exact wave functions, which are normally not available.
Fortunately, Hylleras, Undheim, and MacDonald formulated a theorem that proves that upper
bounds to the exact eigenvalues are obtained by projecting the Hamiltonian in any arbitrary set
of orthonormal trial wave functions that satisfy the same boundary conditions as the true wave
functions [62,63].

Configuration interaction exploits the Hylleras-Undheim-MacDonald theorem by expanding
the Hamiltonian in a basis set of orthogonal Slater determinants. The basis determinants are
systematically constructed by applying second-quantization excitation operators to a reference
determinant (like the HF determinant.) This is possible since the excitation operators form a
complete basis set in the Hilbert space [64]. The full CI approach corresponds to the diagonal-
ization of the Hamiltonian in the complete basis. In the limit of an infinite basis set, the full
CI approach would give all the exact solution of the Schrodinger equation. In practice, full CI
is prohibitive even in small basis sets due to the large number of configurations that are gener-
ated. Instead, truncated CI expansions are commonly used, hoping that the leading effects are
considered. The most important truncations are singles CI (CIS), which truncates the excitation
operators to single excitations, and the singles doubles CI (CISD), which truncates the excitation
operators to single and double excitations. In the next subsections, the complete and truncated
CI expansions are explained in some detail. For a more detailed discussion, the user is referred
to the literature (for example, Ref. [60].)

2.4.1 Full Configuration Interaction

The full CI applies the variational procedure to a wave function ansatz including all Slater
determinants that can be formed in a given basis set. These determinants, commonly known as
configuration state functions, are conveniently expressed as excitations from a reference deter-
minant |®). The full CI wave function ansatz is written as
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N
|wFeTy = <1+Z7—ITCI> D), (2.25)

I=1

where C; and 7';r are respectively a column vector of coeflicients and a row vector of neutral
excitation operators,

) = {ala;} (2.26)

) = {alaala;) (2.27)

(2.28)

Unless otherwise specified, the indexes a,b,.... indicate virtual spin-orbitals, 4,7, ... indicate
occupied spin-orbitals and p, g, ... are unspecified. The full CI wave function tends to the exact

solution in the limit of an infinite number of orbitals in the reference |®). In general, truncation
of the orbital space and also the level of excitation are necessary for making a computationally
viable method.

The coefficients of the full CI wave functions are determined variationally by solving an eigen-
value problem of the form

E[(I)] Hy; Hopo Hps ... Co 1 0g1 092 Ogg3 ... Co
Hyo Hi; Hip Hys ... C, 010 111 012 043 ... (O
Hyy Hy; Hoy Hos ... Cy,| =F 099 021 195 003 ... C, R (229)

H3o H3z; H3o Has ... Cs 030 031 032 133 ... Cs

where the blocks Hy; are defined as
H;; = (®|7 Hrl|®), (2.30)

and the metric is defined as
81y = (D7) |®), (2.31)

in which we defined d7; is a matrix of Kronecker deltas.

The Hamiltonian matrix of the full CI is pentadiagonal. Since the Hamiltonian has a two-
electron interaction at most, the blocks with excitation level |I — J| > 3 are always zero. Ad-
ditionally, in the case that the reference |®) is the HF wave function, the coupling block of the
reference and single excitations is also zero, Hgp; = 0. This property of the HF wave function
is usually called Brillouin’s theorem, and is a direct consequence of the fact that the HF wave
function is correct to first-order in perturbation theory.

2.4.2 Configuration Interaction Singles

Configuration Interaction Singles truncates the full CI wave function ansatz to only contain
the reference and the single excitations,



26 CHAPTER 2. WAVE-FUNCTION BASED ELECTRONIC STRUCTURE

(wCISy — (1 + chl) D). (2.32)

The variational solution of such an ansatz has a simple matrix form

E[‘I)] H01 Co 1 001 CO
=F . 2.33
[Hw Hi | [Cy 010 111 | [ Cy (2:33)
In the case of a HF reference, this is even simpler, since by virtue of the Brillouin’s theorem
Hy; = 0 and the two equations are completely decoupled. Therefore, the energy of the ground
state in CIS is directly given by the HF energy Ey = E[®F], and the singly-excited state

energies are obtained
H11C1 = E]_C]_ . (234)

Subtracting the ground-state energy from both sides, we can write an equation for the excitation
energies, w1 = Fy — Fy, directly,
Ajic; =wier, (2.35)

where we defined A1; = Hy; — Fyply1. Explicitly,
[A11];4 jb = (€a — €) 6ij0ap + (ialbj) — (ij]ba) (2.36)

where the orbital basis in the zero-order Slater determinant is considered canonical.

2.4.3 Singles and Doubles Configuration Interaction

Singles and doubles CI is the next rung in the CI hierarchy of methods after CIS. The advan-
tages over CIS is that one obtains a larger number of solutions from the Hamiltonian and that
the reference energy is also corrected. Unlike CIS, correlation effects are taken into account (from
perturbation theory, doubles are shown to introduce the leading contribution to correlation.) In
CISD, the full CI wave function ansatz is truncated to contain the reference and both single and
double excitations,

(WCISDY — (1+ch1+Tgcg) ®) . (2.37)
The variational solution of such an ansatz has the matrix form
E[®| Ho Hoz | | Co 1 001 002 | | Co
Hio H;1Hp| |C | =E|0011102| [Cq ], (2.38)
Hyy Hy Hao C, 029 021 122 C,

where the number of solutions is one (for the ground state) plus the number of single and double
excitations. When the reference is taken as the HF wave function, the reference and the single
excitations are decoupled, but the ground and singles still couple with the double excitations,
which introduces a correlation correction in the HF energy. The solution for the excitation
energies gives
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0 001 Ap2 Co 1 0o1 Og2 Co
010 A1 Ape Ci| =FE | 010111 012 Ci| . (2.39)
Az Agi A | | Co 020 021 122 | | Co

In addition to Eq. (2.36), we obtain,

[Ao2]; ip; = (4bllia) + (ial|b) — (ib||ja) — (jallib)
[Ar2] ok ain; = —0ik(bellaj) + 05k (bel|ai) — duc(ail[kj) + dac(bil|k])
[A22] it ckia = (€a + €6 — € — €) dacdirOndja
— 5ach(bd) — (5bdh(ac) + 5adh(b6) + 5bch(ad) — 5ac5bd(kj”li) — jléki(adec

—~

2.40)
2.41)
2.42)

—~~

)

with
h(pq) = o (Ljl|pq) + ;1 (killpq) — ox;(lillpg) — dau(kj||pq) - (2.43)

2.4.4 Multireference Self-Consistent Field

The main problem of CI is that the wave functions converge very slowly to the true solutions
[65]. This is due to the fact that the molecular orbitals in the reference configuration, optimized
for the ground-state, are usually not suitable for describing the excited states. Multi-reference
self-consistent field methods try to avoid that by performing a double variational optimization
of the orbitals and the configuration coefficients at the same time.

Multireference methods are computationally very demanding, but presently these are the
only methods that can describe photochemistry in general. There are several strategies that
have been developed to alleviate the computational burden. A common strategy is to select a
restricted number of orbitals (active space) for which the CI expansion is applied. A full CI in
an active space is known as complete active space self-consistent field, whereas other truncated
CI expansions are known as restricted active space self-consistent field. The choice of the active
space is critical, and depends on the problem under study.

The multireference excited state wave functions are much improved with less effort than the CI
counterparts. However, a post-correlation method is usually required to account for dynamical
correlation, an effect which is due to a large number of configurations and is not well represented
in a small active space.

2.5 Linear Response

The previous sections described methods that extracted excited states from the static
Schrédinger equation. Instead, the linear response method solves the time-dependent version
of the Schrodinger equation, albeit in the frequency (energy) representation. The Hamiltonian
contains an extra time-dependent external field which, in our case, will couple to the electronic
density. First, I will discuss general properties of linear response, and then I will apply it to the
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first-order (time-dependent Hartree-Fock) and second-order. The main references followed for
this section are Refs. [16,45,66].

2.5.1 General Linear Response Theory

There are several ways to formulate the linear response theory. A simple formulation of the
linear response starts out with a time-dependent Hamiltonian consisting of a static part and a
dynamic applied field,

H(t)=H® + / A7 GVappi (1, 1) p(r) . (2.44)

In our case, the applied field will represent an electromagnetic radiation. This time-dependent
field introduces a fluctuation in the density, and the exact ground-state wave function becomes
time-dependent, satisfying the TDSE

i% = H(t)|[To(t)). (2.45)

This equation can be formally solved,
[Wo(t)) = Ut to)|Wolto)) = T [ Fia ™ ) wo (), (2.46)

where 7 is a time-ordering operator and U (t,tp) is the time evolution operator. It is convenient
to partition the total time-dependent Hamiltonian in a time-independent part and the time-
dependent perturbation, i.e., switching to the so-called interaction picture [16]. This facilitates
the application of time-dependent perturbation theory. The solution of the zero-field part of the
Hamiltonian give the stationary wave functions,

[Wo(t)) = Up(t, to) [ Wo(to)) = e~ =00 Wy (1)) . (2.47)

The exact evolution operator U (t,tp), can then be partitioned in a zero-field part and a part due
to the applied field, R A .
U(t,to) = Uop(t, to)Uappi(t, o) - (2.48)

This separation is useful since the operator ﬁam,l (t,tp) contains the whole effect of the pertur-
bation. This operator has a particular Schréodinger equation

i aﬁam’l (t» tO)

o = / A1 SV appt (t, 1) p(r,t — 10)Uappi (£, t0) 5 (2.49)

where the time-dependent density operator is defined as
pr, b — to) = et (t=t0) j(p) =il (t=to) (2.50)

Equation (2.49) has the formal solution
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Uappi(t,t0) =T {efifdst, 5”“"““,)} plt" —to) . (2.51)

For simplicity, the spatial variables have been omitted. The linear response approximation of
this operator is given by

Ué;;l(t, to) =1-— i/d3t/ SVappt (t)p(t" — to) (2.52)

which introduces a first-order change in the wave function given by

0Wo(t)) = —iZ|‘I’1(t)>/t/dt’ Svappt (1) (T (") [A[To (L)) , (2.53)

T£0 0

in which we defined the time-dependent wave function as
[Wo(t)) = Uo(t', t0)|Wo(to)) (2.54)

The first-order response of the wave function allows us to calculate the linear response of
any time-dependent property of the system due to the application of the applied field. For the
purposes of this thesis, the linear response of the density matrix is especially important,

dp(r, t) = (6o (t)[p(r)[Wo(t)) + (Lo (t)|p(r)[0Wo (1)) . (2.55)

Substituting the expression of the first-order wave function, we obtain

Sp(x.t) = —i / dr / @ 'S (W))W £ (#)) (91 (8)|(x) [ W0 (1))

T#£0
+ (Lo ()] [T (NP (t)|p(")[To(t)) | 0vapp(r',t') . (2.56)

This equation is important since it relates directly the response of the density to the variations
of the applied field.

For extracting excited state energies from the linear-response of the density, it is more con-
venient to work in the Fourier-transformed space. The Fourier transform of Eq. (2.56) is only
possible if the function tends to 0 in the limits oo, but Eq. (2.56) is not zero in neither lim-
its. Fortunately, both limits can be enforced. The —oo limit is enforced by considering an
adiabatically switched applied field,

5wappl (tv t/) = en(t_t/)dvappl(t/) ) (257)

where the limit 7 — 0 is taken after the Fourier transformation is done. The +oo limit is
regularized by introducing a Heaviside function ©(¢ — ') in the time-dependent integral. Then,
Eq. (2.56) becomes
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6p(r,t):/ dt//dST/ —iO(t — ') > (Wo|p(x) |V 1) (1] p(x) Vg )e~ Er—Eomim =)
—o0 T40

+ (‘I’O|ﬁ(r)‘1’1>(‘I’IIﬁ(P/)|‘1’0>6_i(Eg_E1_M)(t_t/)] SVapp(t', 1) (2.58)
where all the exponentials have been collected. This equation has a common short-hand notation
dp(r,t) = / dt’/d3rlx(r, vt —t")0vapp (', 1) (2.59)

The function x(r,r’,t —t') is normally called the susceptibility or density-density response func-
tion, and expresses the “easiness” of the density to be polarized by the applied field.
The Fourier transform of the density-density response function gives

(ol p(x) W) (Wr|p(r)[Wo)  (Wolp(r)[Wr)(Vr|p(x")|Wo) (2.60)
w—wr+in w+wr +1in 7 .

/ .
-y
where the excitation energies w; are defined as w; = Ey — Ey. Due to the convergence factor 7,
the frequency can be viewed as a complex variable and the response function as a function defined
in the complex plane, allowing the application of the powerful techniques of complex analysis.
The response function is an analytic function in the upper half part of the complex plane, and a
meromorphic function in the lower half plane with singularities (simple poles) at w = w;. This
is a mathematical consequence of causality, that is, the fact that the response of any property
appears only after the perturbation has been applied and not before. Most importantly, the
response function diverges at the excitation energies, which establishes a criterion for extracting
excitation energies from the response function. In the next sections, I will explain how this is
done in a practical way.

2.5.2 Equation of Motion of the Polarization Propagator

The response function of Eq. (2.60) has singularities at the exact excitation and de-excitation
energies of the system. However, its construction requires the knowledge of all wave functions
of the static Schrodinger equation, which are not usually available. Instead, many-body per-
turbation techniques give reasonable approximations to the response function. In this section, I
describe the general techniques, and in the next sections I give practical expressions of the first-
and second-order approximations. In this section, I will follow the algebraic method of Jgrgensen
and Oddershede (Ref. [45].)

The response function is equivalent to the diagonal of the retarded part of the polarization
propagator [16],

HR(I‘l,I'l,I‘Q, I‘Q;tl - tg) = —i@(tl - t2)<\I/0\/3(r1,tl)ﬁ(r27t2)|\110> . (261)
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For the sake of simplicity in the notation, we will use the full polarization propagator, since it
has a more symmetric form. The full polarization propagator is given by

H(ry,ry,ro,ro5ty —ta) = —i(Wo|T [p(r1,t1)p(r2, t2)] [ Vo) . (2.62)

The use of the full polarization propagator is legitimate, since it has the same singularities as the
retarded part, the only difference being the analytic structure. In particular, the denominator
of the second term becomes w + wy — @7, that is, the singularities are on the upper half plane
for w > 0 and on the lower half plane for w < 0. This difference will not affect the conclusions
of this section. Expanding the time-ordering operator and collecting the exponentials, one can
write

H(I‘l,rhl‘g,rz;tl — tz) = —i @(tl — t2)<\110| <€iH(t1_t2)ﬁ(r1)) ﬁ(r2)|\P0>

i Otz — 1) (o|p(ra) (¢HODj(ry) ) [Wo) . (263)

In this equation, I used the notation H for indicating that the Hamiltonian is in fact a Liouville
operator. A Liouville operator or superoperator A is defined by its action upon a Hilbert space
operator B as

AB = {A, B] = AB - BA. (2.64)
The identity superopertor 1 is an exception,

1B =B. (2.65)

The superoperator offers a compact notation for Green’s functions. The Fourier transform of
Eq. (2.63) gives

I(ry,ry, 10, ro5w) = — (Yg [(wi Jrﬁ)_l ﬁ(rl)} p(ra)|Po)
T (Wolp(r2) [(wi i) ﬁ(rn} 1) (2.66)

For brevity, we omitted the 7, although strictly speaking, it should be carried along and the
1 — 0 limit should be taken at the end. Defining a superoperator metric as

(A|H|B) = (9| [AT, [HBH Ty, (2.67)

we can write Eq. (2.66) as
M(ry, 11, T2, To;w) = (5 (r1)] (wi + Ifl)il 1p(ra)), (2.68)
This form is important since the superoperator resolvent (wi +H )~1 is made apparent, which

allows the application of the resolvent formalism of complex analysis. Now, the polarization
propagator is constructed by calculating appropriate matrix elements of the resolvent. This is
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clearly seen in second-quantization. The second-quantization form of the equation is given by

T(ry, Ty, 12, T950) = Y [I(W)], @5 (r1)dp(r1)d%(r2)ds(r2) (2.69)
pars
where .
[, ., = (@l (wi + H) lata,) . (2.70)

To calculate the matrix elements of the resolvent, a complete basis of operators is needed. The
complete set of operators in the superoperator formalism is equivalent to a complete basis set of
basis functions for Hilbert operators. Dalgaard showed that neutral excitation and de-excitation
operators form a complete basis set for expanding the resolvent [64],

Tf = {T] T8} = {alas. 4} aa: alaiala;, alaaalay; .}, (2.71)

a

which forms a resolution of the identity in the metric of the superoperator
1= |TH(ThThH = (T|. (2.72)
Introducing the resolution of the identity in Eq. (2.70), and after some rearrangements we obtain

[ g,rs = (@hatg| T(T I + H|TN ™! (T'|alas), (2.73)

where we considered a normalization of the operator space, (TT|TT) = 1. The pole structure is
entirely given by the matrix (TT|wl + H|TT), from which we can straightforwardly extract with
an eigenvalue problem

S (THAITHX; =w " (THT))X, . (2.74)
J k

In the next section, I show how the first-order approximation gives the TDHF equations.

2.5.3 Time-Dependent Hartree-Fock

In this section I will show how to derive the TDHF equations by approximating Eq. (2.74) to
first order. I will take the zero order Hamiltonian as

H(O)(X1> = HF (x1) = t(r)) + v (x1), (2.75)
and the first-order potential

1
H(l)(rl,rg) = Vfiye(ry,ro) = ——— — [UHF(Xl) — ’ert(rl)} . (2.76)
ry — 12
The HF wave function is correct to first-order and no further corrections are needed. Additionally,
the space of operators can be truncated to TJ{ which contains single excitation and de-excitation
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operators only. Higher-order excitations include second-order or higher terms. The size of the
excitation operator space cannot be determined a priori, but it can be shown that to a given
order, higher-order excitations do not contribute. The calculation of the TDHF has a simple

form
X 17 Oy X,
= 2.77
[Y1] [011 —111} {YJ ’ (2.77)

where the blocks Ag(iﬂ) are the matrix elements of the superoperator resolvent for the excitation-

A(0+1) B(O-‘rl)
B(101+1) A%é-‘rl)
11 11

excitation and de-excitation-de-excitation blocks and B(ﬁH) are the matrix elements of the su-
peroperator resolvent for the excitation-de-excitation and de-excitation-excitation blocks. The
superindex 0 4 1 indicates that the zero- and first-order contributions are included in the calcu-
lation of the block. Their calculation gives

(A, 0 = @lad Hlaja,) O = (W[l aq, [0, aja ]| 07F)OFD = (e, — ) + (ail jb) — (ablij)
(B0 = (@laalHalay) Ot = (WP |[ala;, [, alay)) [ w7 F)OFD = (ailbj) — (ajlbi).  (2.78)

at,bj —

Note that the expression for the A1y block is equivalent to the CIS matrix [see Eq. (2.36).]

2.5.4 Second-Order Polarization Propagator

The second-order calculation is more involved. The HF wave function has a the second-order
Mogller-Plesset correction

(pHF2)) - 1 Z M , (2.79)

2 € € — € — €;
ijab at € v J

which has to be considered in the approximation of the resolvent. The second-order approxima-
tion of the resolvent requires an operator space containing TJ{ and T; The eigenvalue problem
is then formed by

A§2+1+2) A§12) B501+1+2) 012

(1) (0) Xy 111 012 017 Op2 X1
Ay A 021 022 X _ 051 195 057 099 X (2.80)
Bg(i+1+2) 012 A§q+1+2) A§12) Y, 011 012 —117 045 Y, |’ .
01 0 AL Al Y 021 022 021 —122| | Y2

where the blocks to the different orders are
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2.5.5 Polarization Propagator vs. Configuration Interaction

In this thesis, we will take advantage of the structural similarities of the polarization propa-
gator and TDDFT, to introduce some desired physical effects from the former to the latter. We
will also include some effects from CIS to TDDFT. This is possible since these theories, though
formulated differently, describe the same physical effects. In this section, we compare the CI and
the polarization propagator equations.

The similarities between the polarization propagator and the CI equations are made apparent
in the Tamm-Dancoff approximation (TDA) of the former, i.e., setting to zero the off-diagonal
block B that couples excitations and de-excitations. In this approximation, the first-order po-
larization propagator (or TDHF) and the CIS are equations are completely equivalent. The
first difference come in second-order. The TDA approximation of the second-order polarization
propagator resembles partially the CISD equations. There are three main differences. First, the
single-single block of the polarization propagator is corrected to second-order in perturbation
theory, whereas the single-single block in CIS is only correct to first order. Second, the double-
double block is correct to zero order in the polarization propagator and to first-order in CISD.
Third, the CISD has a coupling block between the reference and the excited states, whereas the
second-order polarization propagator includes these terms in the A;; and Bq; blocks.

Both full CI and infinite-order polarization propagator should give the same state energies,
and therefore, both theories should contain the same physical information. The truncated or-
ders, however, redistributes differently this information in each of the blocks (see for instance
Figs. 16 and 17 of Ref. [45].) In principle, the polarization propagator converges faster the exci-
tation energies than truncated CI, and has a more direct relation to TDDFT, but both theories
can help in guiding the construction of better kernels in linear-respone TDDFT.



Chapter 3
Density-Functional Based Electronic Structure

3.1 Introduction

Density-functional-based methods have revolutionized the way in which we calculate electronic
structure theory. The density contains enough information about the wave function, so that it can
be used as the main variable to formulate quantum mechanics, with the obvious advantage that
it is easier to deal with a global physical observable that depends only on 3 spatial coordinates
and spin. This chapter describes density-functional methods both for ground- and excited-state
simulations, putting special emphasis on the information that is lost in the transition from the
exact formal theory to the practical approximate models.

The greatest challenge in density-functional theory has been to successfully reformulate quan-
tum mechanics in terms of the density, the main complication being that a practical form of
the exact energy as a functional of the density is unknown. The first density-functional method
dates back to the discovery of the Schrédinger equation [67]. In 1927, Thomas and Fermi (TF)
independently developed a semiclassical model which attempted to extract the total energy from
the density [68,69]. Even though better density functionals were introduced later by Dirac and
Weizécker, the model was not very popular, especially when it was shown that it could not pre-
dict bonding [70]. A more successful reformulation in terms of the density is the DFT developed
by Hohenberg, Kohn and Sham. In 1964, Hohenberg and Kohn (HK) formulated two theorems
proving that the density could be used as the basic variable for electronic structure calcula-
tions [14]. In 1965, Kohn and Sham (KS) developed a density-functional method which expands
the density in a set of orthonormal orbitals which are variationally optimized [15]. The main
achievement of the KS method is an accurate calculation of the kinetic energy (which was the
main problem of the TF model.) The price to pay is that one has to approximate the exchange-
correlation (xc) functional, which contains all the unknown terms of the energy functional. The
simplest approximation is the local density approximation (LDA), which parameterizes the func-
tional in order to reproduce the exchange and correlation energies of the homogeneous electron
gas. Numerous approximated functionals have appeared afterwards, which improve upon the
LDA functional. Functional development has converted DFT in a method with a good balance
between precision and efficiency.

The formulation of quantum mechanics in terms of the densities showed some difficulties that
were not apparent in the wave function formulation. Specially important is the v-representability
problem, which puts in doubt the application of the second HK theorem, since the original
formulation requires that the densities correspond to physical external potentials, which is not
always the case. Fortunately, a reformulation of the original DFT functionals allows us to apply
the variational principle without having to worry about the v-representability [71]. In KS theory,
non-interacting v-representability has to be considered too, which assumes that any density can
be represented by a non-interacting potential. This assumption is known to fail in some cases,
for example, when degeneracies occur in the non-interacting system. In these cases, DFT can be

35
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extended to use an ensemble of densities. There is no general proof of ensemble non-interacting
v-representability but, to date, no counter example has been found.

The KS equations have some structural similarities to the HF equations, but there are sub-
stantial differences between the two. The HF equations are approximate and do not include cor-
relation, whereas the KS equations are formally exact, including correlation at the self-consistent
level. Additionally, in KS both the occupied and virtual orbitals see the same field, making them
especially suitable for describing neutral excitations. But the HK theorems are only proven for
the ground-state density and excited states are not accessible in general. Several methods exist
to calculate some excited state properties, such as the ASCF method [72], the multiplet sum
method [73] and constrained density-functional theory [74], which can calculate some excited
states from DFT.

A complete theory for excited states came with the development of TDDFT. Similar to DFT,
TDDFT attempts to reformulate the time-dependent Schrodinger equation in terms of the time-
dependent density. The formal foundations for TDDFT were established in 1984, with the
seminal paper of Runge and Gross (RG) [13]. The basic theorems of existence and the action
principle are analogous to the two HK theorems. The main result of the RG theorems are
the time-dependent Kohn-Sham (TDKS) equations, which are solved similarly to the TDSE of
Chap. 2. The initial condition is normally taken as the KS ground-state density. The linear-
response TDDFT method was developed by Casida [17] and the real-time TDDFT has been
recently implemented by Marques et al. [75].

The RG theorems are not as general as the HK equivalents. Two constraints are imposed
in the RG proof of existence, namely, that the external potentials have to be t-analytic and
that the density has to vanish at infinity. These conditions are not always satisfied, though still
the RG theorems encompasse most physical cases and are considered to lay the foundations of
modern TDDFT. A more severe problem of the initial RG theorems was the original definition
of the action, which lead to unphysical non-casual xc functionals [76]. This was later traced as
a wrong application of the Frenkel-Dirac action principle defined in terms of the density [77].
The proper application of the action changes the definition of the xc potential, though the same
TDKS equations are obtained.

The problem of time-dependent v-representability is less problematic in TDDFT than in DFT,
since the initial condition required for solving the TDKS equations takes care of it. Interestingly, a
proof for non-interacting v-representability exists in TDDFT. The proof relies on the ¢t-analyticity
of both densities and potentials [78]. The t-analyticity of densities is a restrictive condition, and
extensions of the proof that avoids this requirement are being explored [79,80].

Like DFT, TDDFT adds up all the unknown terms in an xc action. Approximations to the
action are more involved, since the xc effects at time ¢ depend on all the previous densities,
and on the initial state of the interacting and non-interacting systems. These dependencies
are commonly called memory effects. The exact role of memory is yet unknown, but exotic
properties are seen in the TDDFT equations, which were not apparent in the DFT formulation.
The xc functionals in TDDFT are highly non-local both in space and time, i.e., the TDDFT
functionals have a long remembrance of the past. Even so, in most calculations it is enough to
forget the effect of past densities altogether. This is the essence of the adiabatic approximation in
TDDEFT, which only takes into account the effects of the instantaneous density to approximate
the xc effects. This is normally a good approximation for excited states dominated by single
excitations, which are not too diffuse and do not involve long-range charge transfer.
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For states dominated by double excitations, charge transfer excitations, Rydberg states, states
along the dissociation coordinate, funnels, etc. the adiabatic approximation normally fails. For
these applications, more sophisticated memory functionals are required. Memory functionals are
still in their infancy, though much progress has been done in recent years. Especially important
are the studies of the exact exchange TDDFT functional. Less attention has been put in the
description of correlation, which is directly associated with relevant problems in photochemistry
such as the description of double excitations and conical intersections.

This chapter is organized as follow. In Sec. 3.1, I briefly describe DFT. The formal foundations
established by HK theorems and the problems of using the density as the main variable are
described in 3.2.1, the KS equations are described in 3.2.2 and the xc functionals in 3.2.3.
TDDEFT is discussed in Sec. 3.3. The formal foundations established by RG theorems and the
problems of using the density as the main variable are described in 3.3.1, the TDKS equations
are described in 3.3.2, and the xc TDDFT functionals in 3.3.3.

3.2 Density-Functional Theory

3.2.1 Formal Foundations

In 1964, Hohenberg and Kohn published an article entitled “Inhomogeneous electron gas” [14],
which put on firm grounds the semiclassical reformulation of Schrédinger’s equation in terms of
the density by Thomas [68] and Fermi [69]. The two main results of Hohenberg and Kohn are
two theorems. The first theorem is called the existence theorem and proofs that the density
determines unequivocally the Hamiltonian (see Sec. 3.2.1.1.) The second theorem establishes a
variational principle in terms of the densities (see Sec. 3.2.1.1.) These two theorems constitute
the advent of modern density-functional theory. A reformulation of wave function theory in
terms of the density alone needs to address some questions like the v-representability, which puts
some restrictions in the application of the variational principle. This is explained in Sec. 3.2.1.3.

3.2.1.1 Existence Theorem

The usage of the density as a main variable for electronic structure theory needs to be proven.
The first theorem of HK proves the

Ezxistence theorem: For a mnondegenerate system, there is a one-to-one
correspondence between the external potential and the ground-state den-
sity up to an arbitrary additive constant.

In other words, two external potentials differing by more than a constant cannot give rise to
the same density. The proof is relatively simply. Imagine that we have two external potentials
vl (r) and v2,,(r) associated with two different non-degenerate wave functions |¥1) and |¥5)

that give the same density. The variational principle states that
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Ellp) = (W [p)| B[4 ) < (Walol | L | Walp)) = (sl Bl ap 1> (sl s — Fa| 0[]
— B2l / i —2,0] plr).

(3.1)
where the exact energy density functional was written as
Elp] = (Wl A1) = P [o) + [ P oa(e)ole). (32
in which we defined the universal functional FH#¥[p] as
FTXp) = (W[p]|T + W[¥[p)) . (3.3)

The operators T and W are the kinetic and the electron-repulsion operators respectively. Equiv-
alent to E}, for EZ we get the condition

B3l < Bilp) — [ dPr (uhea(r) = o2 (6)) ). (3.4)
Adding up Egs. 3.1 and (3.4), we arrive to the absurd conclusion
E;+E: < Ej+EZ. (3.5)

This proofs that our initial assumption was wrong, hence that two different external potentials
must give rise to different electronic densities. The proof also shows that the correspondence
between the density and the wave function is one-to-one. Since the wave function is uniquely as-
sociated with a Hamiltonian (up to a phase factor), the density itself determines the Hamiltonian
uniquely (up to an arbitrary additive constant.)

3.2.1.2 Variational Principle

The existence proof is of no practical use if a variational principle cannot be defined in terms
of the density. The second HK theorem is the

Variational theorem: The exact non-degenerate ground state’s density
gives the minimum energy of the exact energy density-functional.

In fact, this is a corollary of the first Hohenberg and Kohn theorem. Recalling the variational
principle in terms of the wave functions,

Eo[¥] < Eo[¥], (3.6)

one can write it in terms of the density by using Eq. (3.2),

FHE 5] 1 / &1 vu()p(r) < FIK[j / &1 va(0)A(T) (3.7)
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in which we used the fact (existence theorem) that two different wave functions give two different
densities. It is now straightforward to conclude that,

Eyp] < Eolp] . (3.8)

The exact energy functional is unknown, and in practice the variational theorem is only applied
with approximations to it.

3.2.1.3 wv-Representability and IN-Representability

The existence and variational principles are enough to set up a density-functional-based elec-
tronic structure theory. But some restrictions have to be imposed on the densities, as the HK
theorems are only valid for reasonable densities that are associated with a physical external
potential. A reasonable density has the following properties:

/ #p(r) = N, (3.9)
p(r) >0 Vr (3.10)

/ |V (o)) < oo, (3.11)

which are easily satisfied in general (see Ref. [81] and references therein.) The second HK
requirement that the density corresponds to a physical external potential is less obvious. This
condition is usually referred as the v-representability in DFT.

The v-representability is yet an unresolved question. Some partial proofs exist for certain
classes of densities [82], but the exact conditions for a density to be v-representable are unknown.
In fact, it has been shown that some reasonable densities do not correspond to a physical poten-
tials [83,84]. A simple example is given by a Hamiltonian that has k degenerate ground-state
wave functions {Uy,¥q,..., Uy}: its density p(r) = Zle Cipi(r) = Zle Ci(;|p(r)| ;) does
not correspond to any external potential vey(r) [85].

Fortunately, a reformulation of the original HK theorems allows the usage of N-representability
densities in the variational principle, which is much easier to satisfy than the v-representablility.
A density is N-representable if it comes from an antisymmetric wave function, which is satisfied
by any reasonable density [86]. Levy [71] and Lieb [84] proposed to change the original univer-
sal functional [Eq. (3.3),] which only admits v-representable densities, to a constrained-search
universal functional of the form,

FLp) (U|T + WD) (3.12)

= inf
U—p

When p equals the real density, the Hohenberg-Kohn and the Levy functionals are equal. The
variational principle is now a two-step minimization,
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Ne
Elp] = inf {FLL[ﬁ] + / d37“/3(r)vext(r)} = inf { inf {<@|T + W+ vm<ri>|@>}} :
p—rp p=p | F—p p
(3.13)
In the minimization, we restrict the densities to be searched in the space of wave functions and
from those, we pick the one that gives the lowest energy. In this way, we do not need to invoke

the mapping between densities and potentials, and the only requirement is for the densities to
be N-representable.

3.2.2 Kohn-Sham Equations

The real practical route to DFT is given by the KS method. The main virtue of KS is that
the kinetic energy is calculated very accurately. In this section, I derive the KS equations.
The energy expression in terms of the density is given by

Elp] = F*[o] + /d3r P(r)vert (r) (3.14)
In the KS method, the density is expanded in an auxiliary set of orthonormal orbitals,
Ne
plr) = 16" (). (3.15)

This is the KS assumption, i.e., assuming that the density can be represented by a set of orbitals
solution of a non-interacting auxiliary Hamiltonian. In this way, the non-interacting kinetic
energy functional is given by

Ne
Ty(p) = —5 Jnt {3 (6F5I216K5)} (3.16)
The energy is then calculated as
Bl =T.0o)+ [ &1 p(6)ven(0) + Bl + Euclpl. (3.17)
where the xc functional contains all the unknown terms of the exact energy functional,

Eqelp] = F*[p] — Ti[p] — Enlp] . (3.18)

The energy expression can then be minimized by setting up

LSS = Blo) =S e [1 - (955(655)] (3.19)

ij



3.2. DENSITY-FUNCTIONAL THEORY 41

and enforcing that the variations of the functional with respect to variations in the orbitals are
zero. The minimization gives the KS equations

FRo615 () = ef 5o S (), (3.20)
where the KS Fock operator is given by
FK9 =1, (1) + Dear(r) + 0u [p] (r) + Dac[p](r) - (3.21)

The operators are defined as in the HF approach with the difference that the non-local exchange
operator is substituted by the local xc potential,

walilr) = 2 3.2

which includes all the exchange and correlation effects.

3.2.3 Exchange-Correlation Functionals

In KS theory, all the approximations are concentrated in the exchange-correlation functional,
Ezclp] = (Wlpl — Enlp]) + (T(p] — Ts[p]) , (3.23)

where the electron repulsion is defined as
Wp] = (¥|W|¥), (3.24)

and the kinetic energy operator as .
Tlp) = (W|7|9). (3.25)

For the rest of this section, I will consider that the difference between the interacting and non-
interacting kinetic energies is negligible. The exchange functional is defined as

Ex[p] = (@"[p]|W|9**[0]) — Enlp]., (3.26)
where ®55[p] is the KS wave function, and the correlation functional is defined as
Eclpl = Wlp] = (Eulp] + E[p]) - (3.27)

However, it seems more practical to approximate the two contributions directly, and rarely the
exchange and correlation contributions are calculated separately.

Classification of functionals: Jacob’s Ladder

Most of the work that helped to popularize DFT among chemists is the development of suc-
cessful approximations to the exact xc functional. Nowadays, the number of available functionals
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Figure 3.1 Jacob’s ladder of static density functionals. LDA stands for local density approx-
imation, GGA stands for generalized gradient approximation, and OEP stands for optimized
effective potential.
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(1
p(r) LDA

is enormous and ever growing. The methods of construction are varied. Some try to mimic as
many of the sum rules of the exact functional as possible, others take a more pragmatic ap-
proach by parameterizing functionals and fitting the functional to reproduce benchmark sets of
properties.

The number of available functionals makes it difficult to determine the level of approxima-
tion. Perdew and Schmidt proposed a classification of functionals according to the functional
dependencies, commonly called the Jacob’s ladder [87]. This ladder is depicted in Fig. 3.1. On
climbing the ladder, functionals depend on an increasing number of variables (larger computa-
tional cost) in the hope that more information can be build in. Although using a higher rung
is not a guarantee of better accuracy, it is generally believed that the more sophisticated the
functional is, the more accurate xc energy can be obtained. The choice of a functional rung is a
compromise between accuracy, and computational cost.

The lowest rung of the ladder is the LDA, which is the simplest possible functional. The next
rung is consists of the generalized gradient approximation (GGA), which additionally incorpo-
rates gradients of the density. The meta-GGAs incorporate the kinetic density 7(r). Up to this
point, the functionals are called pure DFT functionals, since they only include density informa-
tion. The fourth rung, hybrid functionals, include a portion of orbital-dependent functionals, and
the optimized effective potential (OEP) makes full use of orbital-dependent functionals. These
functionals are implicit density functionals, since the KS orbitals are density functionals too.
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Ezact functional

There are numerous exact conditions that the exact xc functional satisfies (see Ref. [37] and
references therein.) For example, from the variational principle we have,

Eupclp) <0 , Ep] <0 ,and E.[p] <O0. (3.28)

From the Galilean-invariance condition, i.e., that the xc energy remains constant for a rigid shift
of the density, we obtain the zero-force and the zero torque theorems,

/ d3r p(r)Vuge(r) =0, (3.29)
/d3r p(r)r X Vug(r) =0. (3.30)

For any one-electron system, we have the self-interaction condition

Eulpl = —Eulp] , Eclp] =0. (3.31)
The asymptotic behavior of the xc-potential is given by

Vee(r) — —% (r = o0), (3.32)

and the highest occupied KS eigenvalue equals the minus ionization potential

€EHOMO — —I. (333)

Rung 1: Local Density Approzimation

The LDA functional EXP4[p] is the simplest and oldest xc functional, approximating it for
the homogeneous electron gas. The exchange functional for the homogeneous gas is known

analytically, "
3/(3
=3 (2)" [@nio. (3:34)

It is commonly known as Dirac exchange, as P.A.M. Dirac derived it to improve on the TF model.
No analytical expression exists for the correlation functional, but accurate parameterizations
exist. The most accurate correlation energy is given by the 5-parameter functional of Vosko,
Wilk, Nusair, who fitted it with accurate quantum Monte Carlo calculations of the correlation
for the homogeneous gas [88,89).

The LDA functional was initially supposed to work well for systems with homogeneous den-
sities, but it works well far beyond this limit. There is still no convincing explanation of the
reason, but it is generally believed that this is because the LDA satisfies most of the sum rules of
the exact functional. The main problems with LDA is the large underestimation of the deriva-
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tive discontinuity, the self-interaction error and the wrong long-range behavior of exchange and
correlation potentials.

Rung 2: Generalized Gradient Approximation

The LDA functional depend exclusively on the density p(r), in which the density is supposed
to be uniform. The GGA functionals E€%4[p, Vp,...] try to incorporate local deformities in
the density by including gradients. Therefore, they are normally called semilocal functionals. A
general gradient expansion is valid in the case of slowly varying densities

ESSE o, |Vp(r)?, -] = /d?’?“ (a(r)p(r) +b(®)|[Vp(r)* +---). (3.35)

However, it was seen that at some distances, this expansion leads to unphysical overestimation
and fluctuations of the energy contributions. The GGA applies different strategies to avoid these
problems.

The GGA functionals give better total energies in general, which are normally underesti-
mated by LDA. However, important problems associated with LDA (derivative discontinuity,
self-interaction error and incorrect long-range) are still present.

A popular functional of this type is the PBE [90,91].

Rung 3: meta-Generalized Gradient Approzximation

The meta-GGA functionals E™%F4[p, Vp, ..., 7| are similar to the GGA but including extra
information from the kinetic density operator,

Ne
T(r) =Y (Vo). (3.36)

K2

Meta-GGA functionals are constructed in the same way as GGAs. However, they are computa-
tionally more demanding and difficult to implement, due to the terms that arise when deriving
the functionals with respect to the density,

o7(r)
dp(r)
The meta-GGAs give similar results as the GGAs in terms of the total energy. However, they

account better for the derivative discontinuity.
Popular functionals of these type are the Minessota functionals [92].

(3.37)

Rung 4: Hybrid functionals

Semi-local functionals improve the total energy of LDA, but not, for example, derivative
discontinuity and self-interaction errors. This might be partially remediated by introducing a
portion of HF exchange,
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EHY[p) = (1 —¢,) - EPFT 4 ¢, - EHF 4 EPIT (3.38)

where EPFT is a local or semi-local density functional. Interestingly, most parameterizations
agree that the best portion of HF exchange is around 20-25%. Note that these are practical
functionals but, strictly speaking, they are not legitimate as they break important sum rules of
the exact functional.

These functionals give good total energies, the derivative discontinuity problem is largely
remediated and the self-interaction error is improved. The long-range of exchange is still wrong,
but can be enforced a posteriori.

Popular functionals of this type include B3LYP (20% HF exchange) [93], the long-range cor-
rected CAM-B3LYP [94] and the PBEO (PBE with 25% HF exchange) [95].

Recently, double hybrid functionals have arisen, which include also a portion of second-order
Mgller-Plesset correlation energy [96],

EMP g = (1 —¢,)  EPFT 4 ¢, - EFF + (1 —¢.) - EPFT 4 ¢.- EMP2. (3.39)

Rung 5: Optimized Effective Potentials

The OEP functionals are the most sophisticated functionals presently. They map rigorous
orbital-dependent functionals of ab initio wave function theory into DFT [97]. The best known
example is the exact exchange, which maps the exact HF exchange into DFT [98,99]. The exact-
exchange DFT functional gives the correct asymptotic decay of exchange and exact self-energy
correction. The derivative discontinuity is largely overestimated, but this is remediated by using
OEP correlation functionals mapped, form example, from the RPA correlation formulas.

The main difficulty, which makes them computationally very demanding, is to obtain deriva-
tives with respect to the density. There exist several schemes that attempt to construct OEP
potentials, such as the integro-differential OEP equations or the Scham-Schliiter equations [100].

A similar functional to the OEP is the correlation functional from the adiabatic connection
fluctuation-dissipation theorem, which calculates the correlation energy by integrating the re-
sponse functions in the Coulson contour [101].

3.3 Time-Dependent Density-Functional Theory

3.3.1 Formal Foundations

TDDFT extends the applicability of density-functional theory to non-stationary problems.
TDDFT is a stand alone theory which relies on two theorems similar to the HK theorems of
DFT. These theorems enable us to formulate the TDSE in terms of the density. The first
theorem, the existence theorem, proves that the time-dependent density can determine the time-
dependent Hamiltonian and the wave function up to a time-dependent phase factor. That means
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that both the wave function and the density contains the same information, since the phase
factor cancels out when calculating the expectation value of any operator (that does not contain
any time derivatives.) The second theorem provides us with a variational principle, the so-called
least action principle, that enables us to calculate the time-dependent density. Although several
versions of these theorems existed in the literature prior to RG paper [102-105], the RG proof is
widely considered the seminal work that establishes the modern foundations of TDDFT [13]. In
this section, I will discuss the Runge-Gross theorems in some detail, as well as the time-dependent
v-representability problem.

3.3.1.1 Existence theorem

Imagine that we start from an unperturbed wave function |¥(¢)) to which we apply a per-
turbation. We can propagate the wave function to time |¥(¢)) by applying the time-dependent
Hamiltonian H (t). This provides a mapping F' between the time-dependent external potential
and the wave function, F' : vyt (t) — |¥(¢)). From the wave function at time ¢ we can calculate
the density, providing us with a second mapping, G : |¥(¢)) — p(t). What is there to proof
is that the mapping G is invertible, so that there is a one-to-one correspondence between the
time-dependent density and the external potential. In other words, we have to proof the

Ezistence theorem: There is a one-to-one correspondence between the
time-dependent external potential and the time-dependent density up to
an additive function of time.

The proof of Runge and Gross goes as follow. Suppose that two different external potentials
vl (r,t) and v2,,(r,t) give two densities p!(r,t) and p?(r,t). Requiring the external potentials
to be t-analytic around tg, so that we can write the Taylor expansion

= i akvezt (I‘, t)

Pl (t —to)", (3.40)
k=0

t=to

Vext (I‘, t) =

we can write the condition that the two external potentials are different as the existence of a
smallest k for which
8k [ngt (I‘, t) - ’Uéwt (I‘, t)}
otk

£0, (3.41)

t=to

The fact that the external potential has to be t-analytic is the only supposition of the Runge
and Gross proof. This condition limits its applicability. Considering the equation-of-motion for
the longitudinal (also called paramagnetic) time-dependent current

WD itwio) [i). 0] 1wy (3.2

Supposing that both external potentials v},,(r,t) and v?

et 2. (r,t) start from the same initial state
|¥(tp)), at time ¢y we have
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ak+1 [jQ(rv t) - jl(rv t)] 6k [vimt (I‘, t) - vzmt(ra t)]

SR =ip(r,t)V - o ) (3.43)
t=to t=to
where the current operator is defined as
i) = o 3 ([0t t)] b t) — B eV - 1)) (3.44)
22 ~ ) ) ) )

Since we suppose the condition Eq. (3.41), it is just demonstrated that the currents j!(r,t) #
j?(r,t) at a time immediately after ¢y. Now, introducing Eq. (3.43) in the continuity equation

2 [} (r.1) — p*(r.1)]
ot

=-V- [jl(ra t) - j2(I', t)] ; (345)
we obtain a direct relation of the external potential and the time-dependent density,

9542 [p(x,1) — p2(x,1)]
Otk+2

ak [Uémt (I‘, t) - vgmt (I‘, t)]

=V otk

t=to

p(I’, t) -V

]. (3.4

It remains to prove that this relation is one-to-one, that is, that the condition established by
Eq. (3.41) implies that the right-hand side of Eq. (3.46) is non-zero, implying that p?(r,t) —
pt(r,t) # 0 infinitesimally after to. The proof consists in applying Green’s theorem to the
right-hand side of Eq. (3.46)

/d3r u(r,t)V - [p(r,t) - Vu(r,t)] = %%d&'p(r,t) [VUQ(I‘)] , (3.47)

where u(r, t) is a short-hand notation for the kth derivative of the difference of external potentials.
If we consider that the density vanishes fast enough at infinity, the surface integral vanishes, and
so the right hand side of Eq. (3.47). But there is no way in which u(r,t) can be zero if we suppose
that the potentials are different, therefore arriving to a contradiction.

3.3.1.2 Action principle

The existence theorem does not provide a practical way for extracting the time-dependent
density. For that, we need to provide a variational principle, which in the case of time-dependent
phenomena is called the least action principle. The second Runge and Gross theorem is the

Action theorem: The time-dependent density can be found by applying
the least action principle to the Frenkel-Dirac action defined as follows:

AR~ |

— 00

o0

dt (Wl ol (1)l — Ao Wl (1) (3.49)
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The RG action is equivalent to the Frenkel-Dirac action, which is used to derive the TDSE.
The TDSE is obtained by applying the least action principle, that is, by requiring that the
variations of the action when we vary the wave function gives zero,

0= 64" ps o] = [t (40l o]0z ~ FOIT]p: Bal()
+ [ el wlOligg @6V val(e). (3.49)

If we now integrate the second term by parts, we obtain

0= 045 wg] = [t (GWlpl(Dli o ~ A1) ¥lp)(1)

to

+ [Tari(ing — 1)) w0} - LT (350

In the derivation of the TDSE, we apply the boundary conditions that 6¥(ty) = 6¥(ty) =0, so
that the last term of Eq. (3.50) cancels out and we obtain the TDSE,

oY)
ih= = = HO[¥(D)). (3.51)

The same boundary conditions were initially imposed by Runge and Gross, i.e., 6%[p](to) =
0¥ [p](ty) = 0. Vignale [77] pointed out that the final condition is not controllable, since we have
no control of the density at the final point. That means that §¥[p](ts) # 0. Vignale defined an
action with this extra term

AV [p; o] = A [p; o] — ih (W (t5)|0W(t 7)), (3.52)

which is essential for the correct physical definition of the time-dependent xc potential and kernel.
In order to derive the TDKS equations [106], we separate the Vignale action between the
external and the universal functional as

ty
AV [p;Wo] = BY [p; ¥g] — / dt / d*r Vgt (v, t)p(r,t) (3.53)
to

where we defined the universal time-dependent action

BV (vl = [ e (Wlpl i — B (L )|0%(7)) — T — o]yt (3.54)

We now introduce the same partitioning as the fictitious KS system

1 r,t)p(r',t
BY[p; Ug; @] = Bs[p; o] — 3 /d?)r/df’r’w — AY [p; Uo; @], (3.55)

v —r'| ‘

where the non-interacting universal functional is defined
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Bulp: o] = / " @l o) (1) — 1) @l W (1)t (3.56)

to

and the exchange-correlation Vignale action is defined

1 (' t)

AL s i 0] = BV (o] - Bulpwal [ @ [ @200 o oae). 5.7
In the above equations, |®[p](t)) is a single determinant. Equation (3.55) provides with a defi-
nition of time-dependent exchange-correlation action. This introduces an extra dependence on
the action, that of the initial state of the non-interacting system.

The density that gives the least action is obtained by the condition

SAY [p; Wo; Do
dp(r,t)

supposing that we search in the space of v-representable time-dependent densities. Using
Eq. (3.53) with the definitions of Eq. (3.55) and Eq. (3.56), we obtain the TDKS equation

99 (r, 1)
5

=0, (3.58)

— ( h? V2 o+ Vet (v, ) + g (v, 1) + D[ p; \Ifo;éo](r,t)> oES(r,t),  (3.59)

B 2me

where ¢X5(r,t) are the KS orbitals (i runs over the occupied orbitals) that gives the time-
dependent density

ple,t) =3 1675 D), (3.60)

the Hartree potential is defined as

valp'](r,t) = /d?’r’p(r/’t) , (3.61)

v — /|

which is a functional of the instantaneous density, and the exchange correlation potential is

defined as v ]
0A P; q)()' \I/()
Veelp; @o; Wol(r, t) = —2&——1——
mc[p7 05 0]( ) ) 5[)(1', t)
which depends on the density from ¢y to time ¢, and the initial states of the non-interacting and
the interacting systems. Another important quantity is the exchange-correlation kernel,

, (3.62)

Ovze|p; Po; ¥ t 52AY.
fmc(I',r/;t _ t/) — Uw[ﬂa 0 0](1‘, ) _ xc ) (363)
5p(x', 1) 5p(x.8)5p(x’ ')
The necessity of using the Vignale action instead of the Runge-Gross action is subtle. If we
calculate the second-derivative exchange-correlation action, we obtain the so-called exchange-
correlation kernel,

52 ARG §2 ARG
fee(r,¥'st —1') = = = e : (3.64)
op(r,t)op(r',t')  dp(r',t)op(r,t)
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where the second equality is obtained by virtue of the Schwarz equality of second derivatives.
This is, however, an unfortunate property of the Runge-Gross action, since this property breaks
causality [76]. The causality property states that the effect of a perturbation at time ¢ can only
be seen at ¢’ > t. This is not satisfied by Eq. (3.64), which would imply that density variations
at space-time r,t seen at space-time r’, ¢’ with ¢ > ¢ are equal to the reverse, which is obviously
in contradiction with the causality principle.

3.3.1.3 Time-dependent v-representability

The RG theorems bear a close analogy to the HK theorems. This begs the equivalent question
of whether the time-dependent density corresponds to some physical external potential, i.e., the
time-dependent version of the v-representability problem. In TDDFT, this difficulty is lessened
by the fact that the TDKS equation depends on the initial wave function, which takes care of
the v-representability problem. A less obvious question is whether the non-interacting density
is v-representable. There exist several proofs for the non-interacting v-representability. Mearns
and Kohn showed the conditions under which the linear-response density is v-representable [107].
They proved that the non-interacting v-representability of the linear-response density is guar-
anteed below the first resonance frequency (supposing that the initial density is also non-
interacting v-representable.) Beyond this limit, the linear response may not be non-interacting
v-representable if the response function has vanishing eigenvalues (which is normally the case.)
A more general proof was provided by van Leeuwen [78]. The proof imposes constraints on the
initial state. The obvious one is the KS condition that the KS wave function and the real wave
function gives the same density,

(@5 [p(r)[@75) = (W] p(r)|W). (3.65)
The second condition is a consequence of the continuity equation,
(@55 |Vj(r)|95F) = (¥|Vj(r)|P), (3.66)

which is less obvious, but not difficult to satisfy. The latter condition implies that the initial mo-
menta of the interacting and non-interacting systems are the same. Then, it can be proven that
there is a unique mapping between time-dependent densities and one-particle time-dependent
potentials. The proof of van Leeuwen relies on the t-analyticity of both the densities and poten-
tials. Unfortunately, t-analytic external potentials do not guarantee analytic densities. In fact,
it has been shown not to be applicable to many densities of physical interest [79]. Recently, the
v-representable of densities is equivalently reformulated as a proof of existence of a certain class
of non-linear Schrédinger equation [79,80]. The non-interacting v-representability question is
still open in TDDFT.
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3.3.2 Time-Dependent Kohn-Sham Equation

The RG existence theorem proves that there exists a one-to-one correspondence between time-
dependent densities and t-analytic time-dependent external potentials. However, it is the second
theorem which provides us with a practical way to calculate the time-dependent density. The
main result of the second theorem is the TDKS equation, Eq. (3.59), which requires an initial
condition and an approximation to the xc-functional.

In this section, I give some details regarding the two main ways to solve the TDKS equation:
linear-response and real-time propagation. Linear response offers a perturbative solution of the
TDKS equation in frequency space. Linear response is the preferred method when the system
is of small to medium size and the perturbative field we are using is small enough. When fields
are stronger, one is obliged to solve the full TDKS equation. The real-time solution has a better
scaling with the number of electrons since, unlike linear response, it does not require knowledge
of virtual orbitals, which are numerically difficult to obtain.

3.3.2.1 Linear Response

Linear-response equations were first introduced in quantum chemistry with the polarization
propagator approach [45], from which the TDHF equations and higher-order approximations
were derived. In TDDFT, linear-response equations were first derived by Casida [17], and a year
later Petersilka, Grossman and Gross gave an alternative derivation [108]. In this section, I will
provide a derivation based on ideas of these two references.

Formalism

The linear-response is a perturbative approach. This requires an initial Hamiltonian, the
TDKS Hamiltonian R
H({(S = ts + Vnac[po] + ﬁgzt ) (3.67)

where #, is the non-interacting kinetic-energy operator, ¥pqc[po] is the Hartree-exchange-
correlation potential evaluated at the ground-state density, and ©,, is the external potential,
which in our case will be restricted to fixed positive point charges. The application of a time-
dependent field,

t
Bugpt () = Dot (t) + 00,y = / dLEBp(t) + 02,y (3.68)
to

introduces a time-dependence in the KS Hamiltonian

I:IKS(t) = s + 0m[pd) (1) + Dzclp)(t) + Dewt + Deat(t)
= HES 4 5om,e[p](t) 4 0ear(t) = HES 4 504(1), (3.69)
where we defined 60(¢) = 9(¢t) — 0(¢p). The change in the time-dependent self-consistent field

potential 605 introduces changes in the time-dependent density. The linear changes of the density
are related to the potential through the density-density response function,
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5p(t) = /t a3t — )60, (¢) (3.70)

where xs(t — ') is the non-interacting response function, also called susceptibility. By the KS
assumption, the density response of Eq. (3.70) is equal to the density response of the interacting
system. In the interacting system, the interacting response function relates the density changes
to the applied field

5p(t) = /t dt’ X(t — t")6Deqe(t') . (3.71)

to

The fact that both Eqgs. (3.70) and (3.71) give the same density has an interesting consequence
that allows us to relate the response functions of the non-interacting and the interacting system.
Considering the definition of the variations on the KS potential

50,(8) = 80 r12elp)(t) + Obap(t) (3.72)
we can divide by the density response to obtain

5'03(0 — 517ch[/0} (t) 5@ext(t)

S50 opt) T op(t)
which using the definitions of the response functions [Eq. (2.59)] and the Hartree-exchange-
correlation kernel [Eq. (3.63)] leads to a Dyson-type equation for the response functions,

(3.73)

Xt —t) = frae(t =) + XMt = ). (3.74)

The importance of the response functions is in its Fourier transform. If we convolute withthe
time-dependent density response and we Fourier transform the Dyson-type equation we obtain

X5 (@)0p(w) = frze(@)dp(w) + XM (w)dp(w) - (3.75)

Using back Eq. (3.71) and rearranging terms, we finally arrive at the linear-response equation
[R71(@) = Frrae(®)] 65() = 8can(w). (3.76)

The importance of Eq. (3.76) is that we related changes in the exact density directly to the time-
dependent applied potential, just by knowing the response function of the interacting system
and the exchange-correlation kernel.

A key feature of linear-response is that the response of the density is independent of the form
of the applied field (as long as it is weak enough to apply perturbation theory.) This is easily seen,
but it requires a careful look at the response functions. The Fourier-transform of the interacting
response function [defined in Eq. (3.71)] has the following form

Z{<‘1’0|ﬁ|‘1’1><‘1’1ﬁ‘1’0> (Wolp|Wr)(Vr|p|Wo)

X(w) = lim
n—0

- - - . (3.77)
=0 w—wy+1 W+ wy + 1
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Figure 3.2 Schematic plot of the response function y(w) versus w. At the frequencies —wy
and wy, corresponding to a de-excitation and excitation energy, the response function goes
to *infinity. At w = 0, the static response function x(0) is obtained.

X(w)

In this equation, p is the density operator, |¥y) and |¥;) are respectively the ground-state and
excited state wave functions of the exact system, and w; = (E; — Ey) is the excitation frequency
containing the energy difference of the excited state I and the ground state. Similarly, the
non-interacting response function xs(w) is defined as

X 5 [<¢o|ﬁ|@1><@l|ﬁ|‘1’0> _ {®o|p|@r){®1]p|Po) | (3.78)

w) = lim
Xs() =04 W —wr +1in W+ wr +1in

A schematic picture of the structure of the response function is depicted in Fig. 3.2. It is a
monotonically decreasing odd function. At w = 0, the static response function is obtained, which
is an important feature for defining an adiabatic approximation in dressed TDDFT as we will
see in Chapter 5. For the present discussion, an important feature of the response function is
that it has discontinuities at the (de-)excitation frequencies +wy. The converse is also true: we
are at a resonance frequency whenever the response function is infinite. This structural property
of the response function will allow us to easily extract the excitation energies. In Eq. (3.71),
we established the relation between variations of the applied potential to the variations of the
density. If we are at a resonance frequency, the response function has an infinite value. This
would cause an unphysical density response unless the variations in the applied field are exactly
0, in which case the product is undefined and the density variations can be finite. In this way,
we have a simple condition to extract the excitation poles from Eq. (3.76),

X5 Hwr) = free(wr)| 6p(w) = 0. (3.79)
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The Eq. (3.79) is ready to be solved, but a practical implementation requires the transforma-
tion of the equations into matrix form,

S [ @)lpars = Pl frraclrs)] Bp()es = O]y (3.50)
with the definitions
1

vt — /| + fee(r,r';w)

il fisclrs) = [ v [ a¥rg5w00,0) [ } S)B).  (381)

We can easily calculate the matrix elements of x(w)

[Xs]pq,rs = Z Mapr(sqs 3 (382)

g Y (ep =€)

where f, is the occupation number of spin orbital p and ¢, is its eigenvalue. Substituting it in
Eq. (3.80) and rearranging terms, we arrive to the eigenvalue problem

w

fq_fp

S (7= bt + Galfaocllr9)) Bl = 52 Bpa- (359)

fq_fp

TSs

The indexes p, ¢ indicate general orbitals, but only two (coupled) equations give a finite solution,
when p is occupied and ¢ is unoccupied (excitation) and vice-versa (de-excitation),

%; (m&jéab + (ia|mec(w)|bj)> (09 + (ial frrze(@)]ib)Bo(w)es = ffa 16p(w)]ia
%: (;__ ; 0ig0ab + (jblme(mlai)) [Op@)sp + G0l rae(W)lia)l0p(w)e; = + = 100
(3.84)

which can be cast in the typical RPA matrix form as
Aw) Bw) | [X(w)] A0 X(w)
{B*(w) A | | Y| =¥ (3.85)
in which we defined the following matrices

[A@)];0 = ﬁsé + (ia| frroc(w)[bj) (3.86)

[B(w)]ia,jb = (ialfrzc(w)|jb)

the matrix elements of the density response are written as
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(X1 = [6p(w)]ia (3.87
Y], = [0p(w)]ai s 3.88)
and the metric as
1
[)‘]ia,jb = 7 i5z’j5ab- (3.89)

The names of these matrices are inherited from random phase approximation (RPA) theory.
However, even though the mathematical form of Eq. (3.85) is similar to the RPA equation,
they are quite different equations. Actually, Eq. (3.85) is non-linear due to the dependency of
the Hartree-exchange-correlation kernel on the excitation frequency. This non-linearity is very
important, since it gives extra solutions not present in the usual RPA as we will see in the next
sections. Also, the solution of the linear response equation provides an exact solution when the
exact exchange-correlation kernel is known.

The Tamm-Dancoff approximation, common in RPA theory, is also applicable in TDDFT. It
accounts for setting B = 0, in which case the excitations and de-excitations are decoupled and
the TDDFT equations are simply

Aw)X =wX. (3.90)

Although the sum rules are not exactly satisfied in this approximation, it normally give more
accurate excitation energies [109].

Numerical Implementation in DEMON2K

The linear-response equations in the form of Eq. (3.85) are a typical eigenvalue problem. The
spin orbitals, spin orbital energies and an approximation to the exchange-correlation kernel are
the sole ingredients necessary to construct Eq. (3.86), which is then diagonalized to obtain the ex-
citation energies and the response functions of the exact interacting system. However, Eq. (3.85)
is cast in a form of a non-Hermitian eigenvalue problem, and the most efficient eigenvalue solvers
are optimized for Hermitian eigenvalue problems. Luckily, Eq. (3.85) can be simply cast in a
Hermitian form. In this derivation, we will consider that the spin orbitals are real and therefore,
all complex conjugate symbols will be left out. If we add up and subtract the two equations of
Eq. (3.85), we obtain

[A(w) + BWw)] [X(w) + Y(w)] = wA(X(w) = Y(w))
)] [X(w) = Y (w)] = wA [X(w) + Y(w)] . (3.91)

>
&
|
2
€

We now have both equations in Hermitian form, but we have lost the eigenvalue equation form
of Eq. (3.85). To obtain an eigenvalue form, we introduce the second equation into the first

ATHAW) + B AT AW) = BW)] [X(w) = Y(w)] = w® [X(w) = Y(w)] . (3.92)

This equation does not have the desired symmetric form, but symmetrizing can be easily done
by multiplying [A(w) — B(w)]™2 in both sides, so that
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[A(w) +Bw)]'[X(w) = Y(w)] =’ [X(w) = Y(w)]", (3.93)

where we defined

1

AMAW) +BW)][Aw) —BWw)]z A, (3.94)

N|=

[A(w) +B(w)]' = [Aw) — B(w)]

and
X(w) ~ Y()] = [Aw) — B)]? [X(w) - Y(w)] . (3.95)

Most implementations of linear response solve Eq. (3.93). The price is that we cannot have access
to X(w) and Y (w) separately, but still the difference of these two vectors is enough to calculate
all relevant properties.

A final remark has to be made that helps to understand the reason why linear response
equations in density-functional theory are more efficient than the equivalent TDHF equations.
The HF exchange kernel does not have the symmetry property of the exact exchange-correlation
kernel of density-functional theory,

fwc(r7r/§w> = fzc(rlvmw) . (396)

This property makes the A(w) — B(w) matrix a simple diagonal matrix, whereas in TDHF, this
matrix has to be specifically constructed. In TDDFT, the matrix [A(w)+ B(w)]" have a the
simple form

[A(w) + B(W)l;0j» = (o — €)*(fi = fa)8ij0ab (3.97)
2 a — fi)lea — e)ia]frrae(@) b)) (s = i) — €5)

The implementation of these equations in DEMON2K was mainly done by Andrei Ipatov et
al. [110], based on a previous version of Jamorski and Casida called DEMON-DYNARHO [25,111].
The implementation is remarkable for exploiting the resolution of the identity to convert four-
center integrals into three-center integrals,

(Pa| frae(@)lrs) = Y (0algr)Sr} (9] frne(@)lgr) Sk (grlrs) (3.98)
IJKL

where g7 is an auxiliary function, and S;; = (gr|gs) is the overlap matrix of auxiliary functions
using the electron repulsion as a metric. Also, a Davidson diagonalizer is used. This is a Krylov
space method that extracts a reduced number of eigenvalues from a matrix without having to
save the whole matrix [110].

The version of linear-response in DEMON2K needed some clean up, which I did by exploiting
the techniques of code optimization from a very good introductory book on the subject by S.
Goedeker and A. Hoisie [112]. There have been no real tests of performance of the optimized
code, but the calculations take 10-20% less time on average. Additional features have been im-
plemented, which give the user the freedom to perform more effective calculations. Especially,
for big systems it might be interesting to apply the frozen core approximation without losing
much accuracy.



3.3. TIME-DEPENDENT DENSITY-FUNCTIONAL THEORY 57

Physical properties from linear response

From the solution of Eq. (3.85), one obtains the excitation energies (poles of the response
function) and the eigenvalues, which gives the response of the density,

me 55 (1)K (1) + Yig ()6 (1) K5 (x) . (3.99)

This is enough for calculating many properties of the system. The transition dipole moment is
given by
(@o|r|®r) wa A5 rlon ) + Yia(w)(0h 5 |e|gf) (3.100)

which allows us to calculate the oscillator strength by applying the Fermi golden rule

2
= [ @olr|®r)[Pwr . (3.101)

fr=3

From the oscillator strength, a number of energy weighted sum rules can be derived. Most
importantly are the Thomas-Reiche-Kuhn sum rule,

N-Yf (3102
I
and the static polarizability, which is given by

=> % . (3.103)
I I

Similarly, the frequency-dependent polarizatiblity is given by

aw)=>" MQL . (3.104)

I 1w

These sum rules are not exactly satisfied in the Tamm-Dancoff approximation.

3.3.2.2 Real-Time
Formalism

In the previous section, I derived the linear response equation, which is the most relevant
equation for the purposes of this thesis. We have seen that the linear response applies pertur-
bation theory to extract directly excitation energies and properties. However, when the field is
intense, for example a molecule in a laser field, linear response is not appropriate. In this cases,
one attempts to solve directly the TDKS equation by propagating the KS wave function in real
time. Starting from Eq. (3.59), and considering that at the initial time ¢, the wave function
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|®s(t)) is the KS wave function of the ground-state, we can formally solve it obtaining,
|D4(1)) = Us(t, t0)| D4 (to)) = T [ Jia 7 ”ﬂ 14 (1)) , (3.105)

where U, (t, o) is the KS time evolution operator from ¢y to ¢ and the Hamiltonian H,(t) is the
same as that of Eq. (3.69). The density matrix operator at time ¢ is then obtained simply by

pt) = [@s(){(Ps(t)] (3.106)

which can be used to calculate any property. For small fields and to a first order approximation,
this density is exactly the same as the one obtained from linear response. A subtle difference is
that in real-time, we only propagate the occupied orbitals, and no information about unoccupied
orbitals is needed. Also, the form of the applied field is relevant. For normal applications, a
general kick-potential is applied at time ty, which drives the system out of equilibrium. How-
ever, it is also possible to use other kinds of applied fields. Especially important is the optimal
control, which designs a field that drives the system in a desired direction [2].This can be used,
for example, to dissociate specific bonds in a molecule by applying a tuned laser field [113].

Numerical implementation in OCTOPUS

The numerical implementation of real-time TDDFT focuses on the efficient application of
the time propagator on the wave function. For convenience, the time is chopped in sufficiently
small steps so that the integral of Eq. (3.105) can be more easily approximated. For example, a
classical approximation is the exponential mid-point propagator,

B, (t + At)) m e HH(FAY2AL G (1)) (3.107)

where At is the time step. The fact that we need to compute the Hamiltonian at future times,
requires some sort of interpolation of the density in order to calculate it.

The bottleneck of real-time calculations is in the application of the exponential on the wave
functions. Several strategies have been implemented in OCTOPUS, which are lengthy explained
in Ref. [75]. A classical way to apply the exponentials is by using a Taylor expansion,

> (—iA
e HAL Z ’t (3.108)

3.3.3 Time-Dependent Exchange-Correlation Functional

The exchange-correlation functional of TDDFT has little in common with the DFT functional.
The exact TDDFT functional has exotic properties like the ultra-non-locality, the causality or
the memory effects, which arise from the nature of the TDSE. In practice, TDDFT inherits the
DFT functionals (adiabatic approximation.) This is however not always a good approximation
to the action, especially when the effects of past densities become important. Consistent param-
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eterization of memory functionals is not straightforward, due to the non-local dependencies in
space and time. Memory functionals are still in their infancy, and they are the main challenge
of future developments of TDDFT. In Ref. [114], it was proposed to establish a Jacob’s ladder
of TDDFT differently from DFT, in which the memory effects are central in building in more
information. The lowest rung is occupied by the local in time adiabatic functionals. The higher
rungs are then equivalent theories, in which quantum dynamics are easily expressed, such as
time-dependent current-density theory or time-dependent deformation theory.

3.3.3.1 Exact Properties

In this section, we explore the exact conditions of the time-dependent xc functional. For the
interest of this thesis, most of the properties will be formulated for the xc kernel. The conditions
for the xc potential are discussed in detail in the TDDFT monographs of Refs. [37,115].

A simple exact condition of TDDFT is the adiabatic limit,

L.
fwc(ry IJ?”) = 67“)] w— 0t , (3.109)

dp(r)p(r’)

and the zero-force and zero-torque conditions for the xc kernel,
/d?’rp(r)vrfmc(r,r’;w) = -V (3.110)
/d3rp(r)r X Vi fee(r,t';w) = =1’ x Vy . (3.111)

The attentive reader will note the strange fact that an integral over space on the left-hand side
of the two conditions gives a frequency-independent quantity on the RHS. This is only possible
if the xc kernel has an infinite long-range, which is always present irrespectful of the interaction
strength [35,36]. The different non-local behaviour has been termed ultra-non-locality.

The self-interaction condition for one-electron systems has to be satisfied at all times

1

]

fo(r, sw) = fe(r,v’;w) =0. (3.112)

Due to the relation of the xc kernel and the retarded response functions [Eq. (3.74)], the
xc kernel satisfies extra mathematical conditions. One of them is the symmetry property used
in Eq. (3.96), which stems from the symmetry of the response functions. Also, the kernel is
an analytic function of w in the upper half plane of the complex plane, and approaches a real
function when w — oco. Therefore, it satisfies the Kramers-Kronig relations

S fac(r,r";0’)

RUfae(r,150) = el 00)] = p [ 22 S Tier) (3.113)

and

S faelr, r;0") = P/ %wl% e, 1'3w) = foe(r, 13 00)] . (3.114)
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where P is the Cauchy principal value. The exact xc kernel is real-valued in space and time
domain, which leads to the condition in the frequency domain

fae(r,x'sw) = fo (r,x's—w). (3.115)

3.3.3.2 Adiabatic Approximation

The most commonly used approximated TDDFT functional is the adiabatic approximation.
This functional is defined in terms of the xc potential as

’UAA (I‘, t) _ 5E16[pt}

500 , (3.116)

P=pPo

where p; is the density at time t, and the F,. is the DFT functional. Similarly, the adiabatic
approximation of the xc kernel is given by
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P=pPo

In fact, this approximation takes the adiabatic limit of the exact TDDFT functional and uses
it at all times. In other words, the density reacts instantaneously and without memory. The
adiabatic approximation trivially satisfies most of the sum rules of the exact functional, simply
because it does not has any time dependence. In practice, the adiabatic functionals turn out to
be a good approximation in many cases, especially for excited states of main single excitation
character, which are not too delocalized and do not involve too much charge transfer. The exact
implications of the adiabatic approximation are not known. In this section, we try to analyze
some of the problems of the adiabatic approximation.

Problems associated with the approximate ground-state functional

The adiabatic approximation uses approximate DFT functionals and therefore inherits all
the problems associated with them. Especially important are the problems associated with
approximate exchange. The lack of derivative discontinuity predicts too small a HOMO-LUMO
gap. The wrong asymptotic behavior of exchange places the continuum of states too low (as much
as 5 eV), and predicts unrealistic mixing between bound and unbound states. The problems of
the Rydberg states can be similarly associated with the wrong asymptotic behavior of exchange.

This problems can be easily alleviated by using a more sophisticated DFT functional. The
time-dependent exact exchange cures all these problems, although it is computationally expen-
sive and largely overestimates the gap. A good compromise between accuracy and reliability is
given by the asymptotically-corrected hybrid functionals.

Lack of double excitations



3.3. TIME-DEPENDENT DENSITY-FUNCTIONAL THEORY 61

Doubly and higher excited states are not present in adiabatic TDDFT. The easiest way to see
this is in the linear response equations [Eq. (3.85)]. The Fourier transformed adiabatic kernel is

frequency independent

8 Eqe|pt]
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which converts Casida equations to,

[1?* f*} {ﬂ =w [S_OA: @] , (3.119)

in which we used the f/4 in the block definitions of A and B [see Eq. (3.86).] Now, the linear
response equations are no longer non-linear, and the number of solutions is exactly the same as
the dimension of the matrices, that is, the number of single excitations.

To regain back the double excitations, memory functionals are required. Then, time-dependent
functionals are obtained, which are frequency dependent upon Fourier transformation. The exact
exchange functional has a trivial frequency dependence which is not enough for obtaining double
excitations. For this, better correlation functionals are needed, as demonstrated in subsequent

chapters.

Bond dissociation and Funnels

The adiabatic approximation fails to represent excited states along the bond dissociation
coordinate and conical intersections. The origin of these problems have an origin both in DFT and
TDDEFT. From the DFT side, the non-interacting v-representability problem is the main difficulty.
From the TDDEFT site, the adiabatic approximation does not include double excitations, which
are necessary for describing these effects, especially for funnels. Another problem of TDDFT,
which has never been addressed, is the interaction between the excited states and the reference.

3.3.3.3 Memory!

The exact TDDFT potential [Eq. (3.62)] is a functional of the whole history of past densities
and the initial conditions. These dependencies, known as memory, are completely neglected
in common TDDFT applications using the adiabatic approximation. The adiabatic potential
[Eq. (3.116)] approximates xc-effects by using only the density at the present time. Adiabatic
functionals work fairly well when the non-interacting system is a reasonable physical first ap-
proximation to the interacting system, but it can fail dramatically in cases like 2p2h 2 excited
states [44], conical intersections [29,30], charge transfer and Rydberg excitations [26,27], excited
states along the bond dissociation coordinate [116], one-dimensional extended systems [117,118],
band-gaps in solids [119] and spectra of semiconductors [119-121]. In such cases, the contribution
of past densities to the xc energy becomes essential, requiring memory functionals specifically

1. This section has been submitted as part of a review article (Ref. [114]). The references to equations
of other parts of the review are substituted by the equivalents on this document.
2. 2-particle/2-hole
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designed for TDDFT. In this section, we will review the most successful memory functionals
available at the present time. Due to the difficulties associated with the action, few attempts
have been made to approximate directly the xc-action [122]. Instead, most memory functionals
approximate the derivatives. Therefore, our discussion will focus on the construction of memory
xc-potentials and especially memory xc-kernels.

Memory and Nonlocality

Memory introduces strong requirements for TDDFT functionals [37], which forbids the intu-
itively simple functional approximations of ground-state DFT. For example, a simple parameter-
ization of a spatially-local memory LDA xc-kernel for the homogeneous electron gas (HEG) [123]
violates, by construction, the zero-force theorem [35,36], introducing unphysical damping effects
during the time propagation of the density and a corresponding lose of total energy. Several
schemes have appeared that enforce the sum rules a posteriori [124,125]. Most importantly,
these studies showed that memory functionals must be non-local in space. This property for-
bids the application of the popular gradient expansion to memory functionals [126], ultimately
a consequence of the ultra-nonlocality property of the exact xc-functional.

The ultra-nonlocality property of the exact functional indicates that the density is perhaps
not the best reduced variable to express time-dependent xc-effects. This redirected attention to
other time-dependent theories where memory effects are described by local functionals, such as
in TDCDFT 3 [122,126-129], and in Lagrangian TDDFT (L-TDDFT) [130-132].

Current Density-Functional Theory

TDCDFT is very much related to TDDFT, though its range of applications is broader. In
fact, the one-to-one correspondence between currents and external potentials is the first step
in the Runge-Gross existence proof for TDDFT [13]. However, the TDCDFT proof does not
resort to any surface integral, which makes its application to solids more straightforward than
TDDFT. The first memory functional for TDCDFT is due to Vignale and Kohn, which consists
of a parameterization of a memory LDA xc-kernel tensor for the HEG [126]. This kernel is local
in space and, unlike the corresponding in TDDFT, it satisfies the zero-force theorem. However,
the kernel introduces too strong damping effects that induce a decoherence mechanism, which
allows the density to decay back to a ground-state with higher entropy, different from the real
ground-state, in which the total energy is conserved [133]. The Vignale-Kohn kernel has been
used successfully to calculate the static polarizabilities of one-dimensional conjugated chains,
which were largely overestimated by common adiabatic LDA [117]. However, it fails for one-
dimensional hydrogen chains, which require more sophisticated kernels [118]. The Vignale-Kohn
kernel also shows the characteristic double-peak spectrum of bulk silicon [134], a feature that is
not present in the adiabatic LDA spectrum. Memory kernels of TDCDFT can then be mapped
into TDDFT kernels maintaining part of the features of the Vignale-Kohn kernel [135].

Lagrangian Density-Functional Theory

3. Time-dependent current-density-functional theory
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L-TDDFT has less applications to realistic systems, but it has provided deeper insight as to
the role of memory. L-TDDFT is a reformulation of TDDFT, in which the electronic density is
re-expressed in a reference frame (Lagrangian frame) that moves along with the fluid [130,131].
This allows memory to be expressed locally in terms of the position of fluid elements and the
deformation tensor. The deformation tensor accounts for the Coulomb coupling of a differential
volume of fluid at position r and time ¢ with was at a different position r’ at an earlier time
t' < t. Both TDCDFT and L-TDDFT are equivalent in the linear regime [132].

Optimized Effective Potential Approaches

All the aforementioned memory functionals lack a systematic route to improve upon the
present approximations. A more systematic way to construct memory functionals is to use the
time-dependent optimized effective potential (TDOEP), in which many-body perturbation theory
quantities (MBPT) are mapped into TDDFT [32,100,136-140]. An easy way to establish this
mapping is to make use of the Kohn-Sham assumption, i.e., requiring that the interacting time-
dependent density equals the non-interacting one [100]. This is the basis of the time-dependent
Scham-Schliiter equation that allows us to relate the self-energy to the xc-potential and the
kernel of the Bethe-Salpeter equation to the xc-kernel. In this way, consistent approximations
are possible, that guarantee the satisfaction of exact conditions [138,141]. Still, there are many
ways to derive the time-dependent Sham-Schliiter equation, but similar functionals are obtained
if the same MBPT approximation is used. For deriving xc-kernels, a simple way is to require
that the diagonal of the MBPT response functions leads to the same spectrum as the TDDFT
response function [Eq. (3.77)], which leads to

Jre(r,r’;w) (3.120)
/d?’rl/d?’rg/d?’m/d?’m/\ (r;ry,ro;w)K (rl,rg;r37r4;w)Ai(r3,r4;r’;w),

relating the exact TDDFT xc-kernel to the kernel K defined from MBPT quantities. The map-
ping is possible thanks to the localization function A, which is expressed in terms of the response
functions [Eq. (3.77)],

A(ri;ro,r3;w) = ¥ H(ry, ro;w)x(r2, T35 w) . (3.121)

The localizer Ay, appearing in Eq. (3.120), has an equivalent definition with the non-interacting
response functions instead of the interacting ones. The localizer introduces an extra frequency-
dependence in the kernel, which brings in the MBPT quantity the ultra-nonlocality property of
the exact TDDFT functional [139,140,142,143]. To date, little is known about the exact role of
the localization step, though it is known to have interesting properties. For example, Gonze and
Scheffler showed that the single-pole approximation when one applies the linear Sham-Schliter
equation in Eq. (3.121) gives [142]

Wiq = A€iq + (1| foc(A€iq)|ai) = A€o + (11| K (A€iq)|aa), (3.122)

where Ae¢;, = €, — €;. In fact, a cancellation of the localizer is observed, and the exact xc-kernel
is equal to a different matrix element of the kernel derived from MBPT quantities. A general
treatment of localization is plagued with numerical problems, due to the difficulties in inverting
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the singular density response functions that are involved [34,107]. In the linear-response regime,
an interesting work around can be used to fully account for the localization effects without the
need of explicitly inverting any response function. This is achieved by re-expressing LR-TDDFT
as the response of the non-interacting potential [144].

Using a first-order approximation of K, one obtains the time-dependent exact-exchange
(TDEXX) kernel [32,137,138,140]. This kernel provides correct description of charge trans-
fer [27] and correct position of the continuum states [145] due to the correct asymptotic decay of
exchange. Although the exchange kernel in MBPT is frequency independent, the full TDEXX is
a frequency-dependent functional [32,34] due to the localizer A. Therefore some (minor) memory
effects are taken into account [146]. In general, the frequency dependence of the localizer in the
TDEXX is not enough to include 2p2h- and higher-ph excited poles [147,148], and frequency-
dependent MBPT kernels are required [46,48, 140, 149].

2p2h- and Higher-ph FExcitations

The lack of 2p2h excitations is an endemic problem of the adiabatic approximation [145]. These
poles should be present, since TDDFT is formally exact. However, they are not present when
an adiabatic xc-kernel is used in the LR-TDDFT equations. Clearly, the number of solutions
of Eq. (3.119) is given by the dimension of the matrices, that is, the number of 1plh states.
Recovering of 2p2h states require frequency-dependent xc-kernels [43,44], which make the LR-
TDDEFT equations non-linear and extra solutions appear. Frequency dependence can be included
via the solution of a Scham-Schliiter equation. The MBPT kernel of the Bethe-Salpeter equation
has to be constructed carefully, since otherwise the resulting xc-kernel might introduce spurious
transitions [46,48]. The first successful w-dependent xc-kernel is the kernel of dressed TDDFT
(D-TDDFT), first proposed by Burke, Maitra and coworkers [43,44] to include one 2p2h at a
time, and later generalized to any number of 2p2h states by using full-featured MBPT techniques
[140,149]. The kernel of D-TDDFT can be viewed as a hybrid kernel between the adiabatic xc-
kernel and the frequency-dependent part of the MBPT kernel,

Frel,v5w) = fAA (e, 1)+ K (r, 00 15 w0), (3.123)

where K“(r,r;r’,r’;w) corresponds to the frequency-dependent part of the kernel derived from
a second-order polarization propagator approach (for the mathematical expression see [140]
and [145].) The mixture of two different theories, MBPT and TDDFT, can be defined in sev-
eral ways. In Ref. [145], comparison of the performance of D-TDDFT against benchmark ab
initio results for 28 organic chromophores, established the proper mixture of adiabatic xc-kernel
and frequency-dependent MBPT terms. Strictly speaking, a localization step would be required
in the MBPT part of Eq. (3.123), but the treatment of localization can easily lead to numer-
ical instabilities and is deliberately dropped out. The Gonze-Scheffler relation of Eq. (3.122)
encourages the use of Eq. (3.123) directly without localizing, and applications give further sup-
port [44,145,150,151]. In Ref. [44], calculations for the 2! A, state of butadiene and hexatriene,
which is largely overestimated when using adiabatic kernels, showed a very good agreement with
ab initio multi-reference calculations. Further calculations on similar systems confirmed the ex-
cellent agreement [150].
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Time-Dependent Reduced Density Matriz Functional Theory

Important recent work has been done by Giesbertz and coworkers extending RDMFT* to
the time-dependent case [116,152-157]. To our minds, the most important result of this work
is to show the failure of TD-RDMFT? to obtain the correct w — 0 limit of the adiabatic
approximation even for two-electron systems [156] . However including not only the orbitals and
occupation numbers in the time-dependent response equations but also their phases allows exact
solutions to be obtained for two-electron systems [155]. Note that this phase information is not
included in the 1-RDM ©, so that a new functional dependence is needed which goes beyond the
density-matrix alone. It may perhaps be assimilated with a memory effect.

4. Reduced density-matrix-functional theory
5. time-dependent RDMFT
6. one-electron reducted density matrix
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Chapter 4
Spin-Flip Time-Dependent Density-Functional Theory

4.1 Introduction

Spin-flip TDDFT (SF-TDDFT) is presently the only density-based method that can be gen-
erally applied to realistic photochemical problems. The main reason is that SF-TDDFT can
easily calculate funnels. Regular TDDFT has problems in the funnel region, because the DFT
assumption of non-interacting v-representability fails. SF-TDDFT can work-around this prob-
lem by starting from a triplet reference (which is normally non-interacting v-representable) and
accessing the ground-state through excitation. This allows the calculation of multi-reference
ground states within a single reference method, thus offering a simple solution to describe bond
dissociation and funnels. In addition, SF-TDDFT includes a restricted number of double excita-
tions, which are necessary for describing the global shape of PES. This chapter accomplish one
of the objectives of this thesis, that is, the assessment of existing methods that include a reduced
number of double excitations.

SF-TDDFT was applied to the study case of oxirane’s photoreaction. First, we studied the
photochemical pathway. Oxirane undergoes an asymmetric ring opening in the excited state
(i.e., cleavage of one of the C-O bonds,) reaching the ground-state via a conical intersection.
We assessed the ability of SF-TDDFT to represent the region around the intersection point.
Second, we studied the symmetric ring opening. This is a fictitious reaction coordinate, but it
offers an excellent example for assessing SF-TDDFT description of an avoided crossing between
a doubly-excited state and the ground-state.

The work presented in this chapter lead to a publication [158]. My specific contributions
were in various parts. My first contribution was to fix a bug in the initial implementation in
DEMON2K, which gave a wrong excitation energy for the reference triplet state. As for the
applications, I did major contributions in the calculations, assignment, and interpretation of the
results in the symmetric and asymmetric ring opening. I also contributed to the assignment
and interpretation of the conical intersection. Finally, I wrote a first draft of the article sections
regarding the symmetric and asymmetric ring opening.

From the time of our publication, many advances have been made in SF-TDDFT. One of
the major drawbacks of the Ziegler and Wang formulation of SF-TDDFT is that it can only
use local functionals, which usually underestimate excited states. Rinkevicius and coworkers
proposed a hybrid spin-flip kernel, by mixing Krylov’s spin-flip method with Ziegler and Wang
method [159,160]. The results of such a kernel to polyenes and biradicals show a much better
agreement with respect to ab initio benchmarks. However, the amount of HF exchange is about
50%, which seems in contradiction with the 20-25% used in most successful functionals in DFT
and TDDFT. This might indicate some internal inconsistency, as in the adiabatic limit, both
DFT and TDDFT functionals should converge to the same quantity. Minezawa and Gordon have
applied the hybrid SF-TDDFT method to study the photoreaction of stilbene. In conjunction
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with an optimization algorithm for the excited states, they were able to find the relevant minima
and conical intersection that explains the photochemical cis-trans isomerisation mechanism [161].

Another important drawback of SF-TDDFT is the fact that most excited states are spin
contaminated. There are two sources of contamination. The reference used in SF-TDDFT is
normally an open shell, and therefore it requires an unrestricted KS wave function, with the
consequence that most excited states are contaminated. The second (and main) source of spin
contamination is due to the fact that « — § and 5 — « are uncoupled in SF-TDDFT. In fact,
SF-TDDFT in the present form only yields four spin-pure states. A solution to this problem was
proposed by Vahtras and Rinkevicius, who developed a spin-adapted SF-TDDFT method using
generalized orbital energy excitations [162] and taking the restricted open-shell KS reference [163].
The resulting equations are quite involved, and no application has appeared to date. More
recently, Liu et al. proposed a similar approach to that of Vahtras and Rinkevicius [164,165]. The
main difference lies in the use of a tensor reference which contains all the open shell configurations
needed to produce pure spin states. In this way, they show that the number of generalized
excitations is significantly reduced, therefore greatly simplifying the structure of the equations.
This method has been applied to the cations of naphthalene and molecular nitrogen, showing a
major decrease in errors with respect to unrestricted SF-TDDFT.

This chapter is organized as follow. In Sec. 4.2, a preprint of the published article is included,
and in Sec. 4.3, more specific conclusions for the objective of this thesis are stated.

4.2 Photochemical Ring-Opening of Oxirane (Article) !

Assessment of Noncollinear Spin-Flip Tamm-Dancoff Approximation Time-Dependent
Density-Functional Theory for the Photochemical Ring-Opening of Oxirane

Miquel Huix-Rotllant, Bhaarathi Natarajan, Andrei Ipatov, C. Muhavini Wawire, Mark E. Casida’
Laboratoire de Chimie Théorique,
Département de Chimie Molécularie (DCM, UMR CNRS/UJF 5250),
Institut de Chimie Moléculaire de Grenoble (ICMG, FR2607),
Université Joseph Fourier (Grenoble I),
301 rue de la Chimie, BP 53,
F-88041 Grenoble Cedex 9, France

Thierry Deutsch
CEA, INAC, SP2M, L_Sim, 38054 Grenoble Cedex 9, France

1. This section is a preprint of Ref. [158]. Note: The original format has been adapted to the standards
of this thesis.
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Under the usual assumption of noninteracting v-representability, density-functional theory (DFT) together
with time-dependent DFT (TDDFT) provide a formally exact single-reference method suitable for the
theoretical description of the electronic excited-states of large molecules, and hence for the description of
excited-state potential energy surfaces important for photochemistry. The quality of this single-reference
description is limited in practice by the need to use approximate exchange-correlation functionals. In
particular it is far from clear how well approximations used in contemporary practical TDDFT calculations
can describe funnel regions such as avoided crossings and conical intersections. These regions typically
involve biradical-like structures associated with bond breaking and conventional wisdom would seem to
suggest the need to introduce explicit double excitation character to describe these structures. Although this
is lacking in ordinary spin-preserving (SP) TDDFT, it is present to some extent in spin-flip (SF) TDDFT.
We report our tests of Wang-Ziegler noncollinear SF-TDDFT within the Tamm-Dancoff approximation for
describing the avoided crossing in the Cy, CC ring-opening reaction of oxirane and for describing the conical
intersection relevant for the more physical asymmetric CO ring-opening reaction of oxirane. Comparisons
are made with complete active space self-consistent field and quantum Monte Carlo benchmark results from
two previous papers on the subject [J. Chem. Phys. 127, 164111 (2007); ibid 129, 124108 (2008)]. While
the avoided crossing in the Ca, pathway is found to be reasonably well described, the method was found to
be only partially successful for the conical intersection (CX) associated with the physically more important
asymmetric pathway. The origin of the difficulties preventing the noncollinear SF-TDDFT method from
giving a completely satisfactory description of the CX was traced back to near degeneracy of more than
two orbitals near this CX. This article is also the first report of our implementation of SF-TDDFT within
the DEMON2K program.

t Corresponding author: Mark.Casida@UJF-Grenoble.Fr

4.2.1 Introduction

Due to its rigorous formal foundations and computational efficiency, time-dependent density-
functional theory (TDDFT) is currently a method of choice for treating electronic excited states.
It is thus one of several tools to be found in today’s photochemical modeling kit (see e.g.,
Refs. [166-169]). Nevertheless applications of TDDFT are limited by a number of problems due
to the inevitable use of approximate functionals in practical applications. Overcoming these limi-
tations is important for extending the domain of applicability of TDDFT. Here we investigate the
ability of spin-flip TDDFT (SF-TDDFT) to overcome problems encountered by ordinary TDDFT
near funnel regions, namely avoided crossings and conical intersections (CXs). This is especially
important in light of the recent development of Tully-type [170,171] mixed TDDFT /classical
trajectory surface-hopping dynamics [11,31,172-176]. In the present study, we have chosen the
photochemical ring opening of oxirane as a test case for evaluating the ability of noncollinear
SF-TDDFT in describing funnel regions because of the availability of high-quality comparison
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results [30,31]. Very recent work by Minezawa and Gordon focused on characterizing the CXs of
a different molecule (ethylene) using SF-TDDFT based upon a different functional (namely the
BHHLYP functional which is 50% Hartree-Fock plus 50% Becke exchange [177] plus Lee-Yang-
Parr correlation [178]).

Hohenberg, Kohn, and Sham showed that the static ground state properties of a real system
of interacting electrons could in principle be treated exactly by replacing it with a fictitous
system of noninteracting electrons [14,15]. In the absence of degeneracies, the wave function of
the noninteracting system is single determinantal in nature. The orbitals obey the well-known
Kohn-Sham equation,

(A& + v + 0%, ) v = epoty (4.1)
where fz"c is the usual core (i.e., kinetic energy plus external potential, v7,,), vy is the Hartree
(i.e., Coulomb) potential, and (assuming a pure spin-density functional) the exchange-correlation
(xc) potential,

o2, [pes p5(x) = ‘W , (4.2)

is the functional derivative of the xc-energy, F,.. (Hartree atomic units are used throughout this
paper: i = m, = e = 1.) While the Hohenberg-Kohn-Sham density-functional theory (DFT)
is formally exact in principle, it is limited in practice by the use of approximate xc-functionals.
The result is that DFT “inherits” some of the problems of Hartree-Fock (HF) theory, notably
molecular orbital symmetry breaking when describing the rupture of covalent bonds. Indeed
simple arguments show that no symmetry breaking should occur for a closed-shell molecule when
the xc-functional is exact [30]. In practice, the broken symmetry solution becomes lower in energy
than the unbroken symmetry solution beyond some critical bond distance (Coulson-Fischer point)
because of the use of approximate functionals. The above arguments rest on the supposition of
noninteracting v-representability (NVR), which means that the energy is minimized with the
Aufbau filling of the Kohn-Sham orbitals. Interestingly there is some indication that NVR fails
for biradicals [31],indicating the need for an ensemble formalism which, however, is beyond the
scope of the present paper.

TDDFT extends DFT to handle time-dependent properties. Linear response (LR) theory
may then be used to extract information about excited states. Modern TDDFT is based upon
the formalism of Runge and Gross who presented Hohenberg-Kohn-like theorems for the time-
dependent case and a time-dependent Kohn-Sham equation, [13]

(hg + g+ vgc) Yo = i% v (4.3)
in which the xc-potential is, in principle, a functional of the time-dependent density, p,(r,t), and
the wave functions of the interacting and noninteracting systems at some initial time. However
the first Hohenberg-Kohn theorem tells us that these wave functions are also functionals of the
initial density, meaning that the xc-potential depends only on the density for the case of a system
initially in its ground stationary state perturbed by a time-dependent applied potential [14].
Applying LR theory to this case leads, in Casida’s formulation [17], to the LR-TDDFT equation,
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A(w) B(w) X\ 10 X
[B*(w) Aw) [\ Y ) " %lo-1|\Y )" (4.4)
which has paired excitation and de-excitation solutions,

X Y
<Y§>HWI:EI—E0:—LU[(—><X1) (45)

Here

A('TVT (;a,bfsi,j(sa',f (Gaa' - eia) + ng‘r (w)

ia,5b = ia,jb
BT = Ko (w), (4.6)
and the coupling matrix,
Kb (W) = (ialdo,r fr + f7e" (w)[b]) (4.7)
where,
1
fH(I‘l,I‘g) = —, (48)
712
is the Hartree kernel and,
too SvZ.(ry,t
o, T . — iw(ti—t2) vmc(rlﬂ 1) At —t 4.9
zc (1'1,1‘2,0.)) /_OO € 5/)7(1'2,252) ( 1 2)? ( . )

is the xc-kernel. Integrals are written in Mulliken charge-cloud notation,

alflrs) = [ [ 050600 e0) o1, 22005 () 1) e (410)
The oscillator strength of the Ith transition,
2 2
fr= §w1|<0|r\l>\ , (4.11)

may be calculated from X;, Y, and w; [17]. Since LR-TDDFT is the primary application of
TDDFT and the only one treated in the present article, we will normally just refer to LR-TDDFT
as TDDFT. Like conventional DFT, the underlying formalism of TDDFT has been the subject
of much healthy criticism (e.g., Refs. [179-181]) and, also like the static ground state formalism,
formal TDDFT appears to be “of reasonably sound mind and body.”

Problems arise in practice because of the use of approximate functionals. These have been
extensively reviewed in the literature (e.g., Refs. [182] and [183]). Suffice it to say that the normal
domain of validity of TDDFT with existant approximate xc-functionals is low-lying 1-electron
excitations which are not too delocalized in space and do not involve too much charge transfer.
The most basic approximation which is almost universally used in practice, is the adiabatic
approximation (AA) which assumes that the xc-potential reacts instantaneously and without
memory to any temporal change of the charge density. Mathematically, the AA means that the
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xc-potential,
0Ezc[ph P%]
dpo(r)

may be evaluated in terms of the xc-functional of static ground state DFT. Here p’ (r) means
po(r,t) regarded as a function of the spatial coordinate r at fixed time ¢. It is easily seen that the
AA limits TDDFT to 1-electron excitations (albeit “dressed” to include some electron correlation
effects). In particular, the AA implies that the coupling matrix is frequency-independent and
hence that the number of excitation solutions obtained from the LR-TDDFT equation is exactly
equal to the number of 1-electron excitations. This is a problem for some applications, such
as excitations in polyenes and open-shell molecules, and an active area of research is aimed
at going beyond the AA by explicit inclusion of 2- and higher-electron excitations through the
frequency-dependence of the xc-kernel [43, 44, 46, 149, 150, 184]. The limitation to 1l-electron
excitations is a priori also a problem for photochemical reactions passing through biradicals
since the conventional description of biradical formation involves the mixing of the ground state
configuration with a doubly-excited state. Thus for the breaking of the ¢ bond in Hs,

vl (r,t) = (4.12)

Hy-Hp = Ha t+Hp | < Hy L +Hp 1], (4.13)

the final state corresponds to the wave function,

(|5A7§B| + |5B,§AD = (|075—‘ - |U*76*|) . (4'14)

1
2

N

Inclusion of the 2-electron excited state, |0*,5*|, is one of the problems which can be expected to

be addressed by SF-TDDFT. A subtler, but important point, is that mixing of the ground and
excited configurations is forbidden by the AA but is rigorously necessary to have a CX [29-31].
At first thought such an absence of CX might seem fatal for photodynamics applications. Though
the situation is not actually as dark as might at first seem [31], it would be nice to find a way to
recover a true CX. Levine et al. suggest that SE-TDDFT might also be good for this purpose [29].

Since TDDF'T is based upon the response of the ground state, it is also limited by the quality
of the DFT description of the ground state. Thus it is seen that symmetry breaking in the
ground state occurs if an only if an imaginary triplet excitation energy is found in TDDFT [30,
182,185,186]. This is referred to as a triplet instability and is also reflected in underestimations
of corresponding singlet excitation energies. However the problem of triplet instabilities may
be at least partially overcome by using the Tamm-Dancoff approximation (TDA) [187], which
consists of neglecting the B matrix to obtain just,

AX = wX . (4.15)

When the TDA is applied to LR time-dependent HF, then the fully variational configuration in-
teraction singles (CIS) is obtained, indicating that the excited-state problem has been decoupled
from the ground-state problem in a way that avoids the problem of variational collapse. The
situation in TDDF'T is similar and TDDFT TDA calculations give much improved excited-state
potential energy surfaces (PESs) compared to full TDDFT calculations [30,185,186]. The reader
interested in further information about TDDFT is referred to a recent book [188] and two special
journal issues [189,190] devoted to TDDFT.
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Figure 4.1 Gomer-Noyes mechanism for the ring-opening of oxirane (I). [191]
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Oxiranes are an important class of compounds in photochemistry. (See Ref. [192] and the brief
review in Appendix B of Ref. [30].) Aryl substitution of oxirane [(I) in Fig. 4.1] favors symmetric
ring opening via CC bond cleavage. Cordova et al. investigated the ability of TDDFT to describe
Cs, as well as conrotatory and disrotatory ring opening of oxirane, by comparing TDDFT results
against results from high-quality quantum Monte Carlo (QMC) calculations. The high symmetry
Cs, ring-opening pathway allowed a particularly detailed analysis. Investigation of conrotatory
and disrotatory ring opening was inspired by the Woodward-Hoffmann theory of electrocyclic
ring-opening reactions. The three principal UV absorption peaks were assigned to Rydberg exci-
tations from the oxygen nonbonding orbital, which are difficult to describe quantitatively because
of the well-known problem of underestimation of the ionization threshold [25], but which can nev-
ertheless be described qualitatively correctly even with the simple local density approximation
(LDA). The Cy, ring-opening pathway showed a cusp in the ground state potential energy sur-
face when the occupied 6a;(c) and unoccupied 4b2(c*) orbitals became quasidegenerate. Also
in this region, the energy of the lowest unoccupied molecular orbital (LUMO) fell below that of
the highest occupied molecular orbital (HOMO). We shall refer to this as an “effective failure
of NVR,” though we expect to the failure to be significantly less severe or even nonexistant had
we the exact xc-functional. A consequence of this effective failure are severe self-consistent field
(SCF) convergence problems when using a program which tries to enforce the Aufbau principle.
Triplet instabilities were found to be omnipresent for all the symmetric ring-opening pathways
investigated. It was pointed out that the TDA is a practical necessity for avoiding triplet insta-
bilities and singlet near instabilities. With the TDA, the excited-state potential energy surfaces
were found to be energetically reasonable even during bond breaking.

Alkyl substitution of oxirane and indeed oxirane itself does not undergo symmetric ring open-
ing. Rather photochemical ring-opening of oxirane is believed to proceed via the three step
Gomer-Noyes mechanism shown in Fig. [191]. In Ref. [31], Tapavicza et al. carried out Tully-



76 CHAPTER 4. SPIN-FLIP TIME-DEPENDENT DENSITY-FUNCTIONAL THEORY

Figure 4.2 Two-orbital model of TDDFT excitations with a triplet reference configuration.
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type TDDFT /classical trajectory surface-hopping photodynamics calculations using the TDA.
This study confirmed and detailed the Gomer-Noyes mechanism. It was shown that the *(n, 3p.)
Rydberg state is directly linked to a !(n,o*) valence CO antibonding state. Initial excitation
leads within 100 femtoseconds or so population of the ! (n, 3p,) state and thereby to spontaneous
ring-opening (step 1 in Fig. 4.1). Structure (II) is a CX with mixed zwitterionic and biradical
character permitting electronic de-excitation directly to a vibrationally hot (4000 K) electronic
ground state. At this point there is enough energy for several things to happen, one of which is
hydrogen abstraction (III) followed by CC bond breaking. High-quality QMC calculations were
carried out along a typical trajectory and used for comparison purposes. Once again an effective
failure of NVR was encountered, but difficulties with SCF convergence problems are minimized
in dynamics calculations by restarting the SCF for each new geometry from the converged result
of the previous geometry, so that orbital-followinng rather than Awufbau filling is enforced. This
work confirmed the absence of a true CX in the TDDFT calculation. Instead, an approximate
CX was found in the form of two interpenetrating rather than touching cones, in the same vacin-
ity of the corresponding complete active space SCF (CASSCF) CX. This proved adequate for a
qualitative investigation of the reaction mechanism, but it would be nice to have a DFT-based
method which would give a true CX. In this article we follow up on the suggestion by Levine et
al. that SF-TDDFT would be just such a method [29].

In principle, SF-TDDFT offers a clever solution to some of the above-mentionned problems.
The main idea of SF-TDDFT is shown in Fig. 4.2. We must first make the common pragmatic
assumption that DFT applies not only to the ground state but also to the lowest energy state
of a given spin-symmetry. This assumption is especially plausible if the a single-determinant
provides a reasonable first approximation to the state in question. Excited states normally
excluded from TDDFT are included in SF-TDDFT by beginning from the lowest triplet state
and flipping spins while exciting electrons from one orbital to another. In this manner we arrive
at exactly the ground configuration and the doubly-excited configuration needed to describe bond
breaking. Ideally then Hy will dissociate correctly without recourse to symmetry breaking [193]
(Fig. 4.3). Moreover the problem of an effective failure of NVR is very much reduced leading
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Figure 4.3 Dissociation of Hs obtained with the present implementation of SF-TDDFT.
The black 13X, curve is the triplet SCF reference state from which excitations are taken.
It is nearly degenerate with the Mg = 0 triplet state (not shown) generated by SF-TDDFT.
The red 1'%, ground state is a mixture of |0, 5| and |0*,5*| configurations, with the |o, 7|
dominating at the equilibrium geometry. The 1'%, and 133, states dissociate to the same
neutral “diradical” limit, namely [Ht + H| «» H] + Hf]. The blue 2'3, state is also a
mixture of |0, 5| and |0*,5*| configurations, but the “doubly-excited” |o*,*| configuration
dominates at the ground state equilibrium geometry. The green curve is the 1%, (o — o*)

singly-excited state. The 2'%, and 1'%, (0 — o*) states dissociate to the same ionic limit,
namely [H" + H™ <> H™ + H*].
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to much improved convergence. Historically designing an appropriate functional for SF-TDDFT
has proven to be not entirely straightforward. This problem is reviewed in some detail the next
section.

Computational details and a brief description of our own implementation of SF-TDDFT are
given in Sec. 4.2.3. In Sec. 4.2.4, we report results pertinant to oxirane photochemistry. Sec-

tion 4.2.5 summarizes our main conclusions about the effectiveness of SF-TDDFT for describing
photochemical funnels.
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4.2.2 Spin-Flip TDDFT

No new solution to the SE-TDDFT problem is proposed in the present paper, but this section
reviews existant solutions to the problem of developing appropriate functionals for SF-TDDFT.
We do this partly to keep this paper self-contained, but also to point out that some aspects
of present SF solutions might also be improved if the goal is complete compatabiity between
SF-TDDFT and conventional TDDFT.

The most basic requirement of the SF method is the generalization of the one-component
collinear approach in which each orbital is associated with either spin « or spin § aligned along
an arbitrary z-axis, to a two-component noncollinear approach in which each orbital is a linear
combination of spin « and spin 8 components. Lifting of the collinear requirement is needed to
allow spins to rotate in response to an external spin-dependent perturbation and hence to be
able to flip. Orbitals become two-component spinors,

wg@))

r)= , 4.16
"/’p( ) ( 1/}5 (r) ( )
which are obtained by solving the 2 x 2 matrix equation in spin,

B +vg + oo heP + 5} <w3<r>> (w;i‘(ﬂ)
R xc ~ xc = . 417
e i e | ) = (oo o

Note that the core hamiltonian may now have a spin-dependence due to a spin-dependent external
potential. The density is also a 2 x 2 matrix in spin,

r) = pa,a(r) pa,ﬂ(r)
plr) = [ﬂﬂ,a(r) Pﬂ,ﬂ(r)} ' (4.18)

Consequently the xc-kernel has four spin indices,

’. ’ o / 51}07{7, (I' t )
o0l T ) — iw(t—t) 00 ) gy 4.19
xc (1'1,1'270.)) /_Ooe 5/)7_77/(1‘2’152) ( 1 2)7 ( )
or, in the AA,
i 5?Ey.
2 T (T, 12) = z<lf) : (4.20)

5,00,0’ (rl)épr,‘r’ (1'2)
Naturally the TDDFT coupling matrix also has four spin indices.

Normal practice is to apply SF-TDDFT using orbitals and orbital energies obtained from an
ordinary one-component collinear calculation, rather than as a post two-component noncollinear
calculation. Thus the assumption is that the one-component noncollinear calculation is an ad-
equate approximation at the SCF level to a full two-component noncollinear SCF calculation.
In the end, the noncollinear model only serves in deriving the SF-TDDFT formalism, not in
actually carrying it out.

Applying the SF-TDDFT formalism to the usual collinear pure xc-functionals because,
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27T = 06,6107 1t fau s (4.21)
leads to nothing new. This however is not true in HF because the kernel of the exchange operator,
377, is given by,
/
r,r
N7 (ry,r2) = Zertr) (4.22)
12

where v, ./ (r,r’) is the one-electron reduced density matrix. Consequently,
X2 (r1,r2) 0(ry —r})o(re — rh)

L
fomohT (rhrg; I‘/17 I‘/2) = m = —60’0,(57,7_/ o , (4.23)

and the exchange-part of the HF coupling matrix is,

K™ = =05,0:87,7 (ps| fulra) - (4.24)
This means that hybrid functionals allow SF because they include a portion of HF exchange.
This in fact was the first form of SF-TDDFT. It was proposed by Anna Krylov and coworkers
who used their approach to study the ground and excited states of diradicals [38,39]. In order to
get good agreement with experiment, they found it necessary to use a significantly higher amount
of HF exchange (50%) than is typically used for ground state properties (~ 25%). Even higher
percentages of HF exchange (> 50%) have been reported to be necessary for calculating second
hyperpolarizabiities of diradical systems by this spin-flip method [194]. Although the use of a
different functional for ground and excited states is disturbing, the basic idea is admirable and this
method continues to be used [194-196]. In particular, this is the SF-TDDFT approach recently
used by Minezawa and Gordon who found the method to give a relatively good description of
CXs in ethylene [197].

The next and most recent major advance in SF-TDDFT came with an article by Wang and
Ziegler [193]. (See also Ref. [42].) It is intimately related to work by Wenjian Liu and coworkers
on relativistic four-component TDDFT [198]. Basing their approach on ideas from relativis-
tic two-component DFT [199, 200], Wang and Ziegler proposed that any pure spin-density xc-
functional, E,.[pa,pg], could be used to make a noncollinear xc-functional, ES[p], suitable for
SF calculations by making the substitution,

1

Pa = pr =5 (p+s)
1
ps = p-=5(p—s), (4.25)

involving two quantities which are invariant under a unitary transformation of the spin coordi-
nates. These are the total charge density,

P = Paa T PBB (4.26)
and the magnetization, s, whose square is given by,

52 = (pasa + ) +2 (02 5+ 03.0) - (4.27)
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Figure 4.4 Two-orbital model of TDDFT excitations with a closed-shell singlet reference
configuration.
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The collinear limit of s is just the spin-polarization,

5= Pa— P8, (4.28)

after an appropriate choice of phase. The factor of 1/2 has been introduced by us so that,

P+ = Pa
P — ps, (4.29)

in the same limit. After taking derivatives and the noncollinear limit, the xc-kernel becomes,

aa,aoz aaﬁﬁ aaaﬁ a,a,ﬁa fa(x (X’B 0 0
Jze fae fee
BB $5.6:8.8 (B pis B pif.0 fhe fi o 0
a,Biaa £8,8:68,8 fa.BiaB fa,BiBa | T 0 0 vg v, 0 . (4.30)
fae fre fae fae po—pp
ffcaa “ ffaaﬁﬁ ffaa o fm@caﬁa 0 0 0 7’1);‘6—115&
Pa—pPB

This approach to SF-TDDFT has been applied to the dissociation of Hy [193] and to calcu-
late the spectra of open-shell molecules [41,201,202]. Very recent work has used the Wang-
Ziegler approach to treat the reaction path for the cis-trans photochemical isomerization of
4-styrylpyridine [203]. The Wang-Ziegler approach has also been proposed as the basis of a more
general spin-coupled TDDFT [162].

At first glance, Eq. (4.30) is very pretty because it contains ordinary TDDFT for spin-
preserving (SP) transitions. However we can be more demanding. For example, we can require
that the three triplets which are generated from the singlet referenced two-orbital model shown
in Fig. 4.4 be strictly degenerate. In the TDA, ordinary TDDFT gives the Mg = 0 triplet
excitation energy,
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wr = € — € + (ia| fO4% — f2Plia) . (4.31)
Also in the TDA, SF-TDDFT gives the Mg = +1 triplet excitation energies,

o« _ o8
Wr = €q — € + (ia] 2= = |iq) | (4.32)
— pg

«

Since po = pg, the right-hand-side of Eq. (4.32) can only be interpretted as a derivative. That
is, we set po, = pg + ¢ and take the limit that the function § — 0. Then,

03.(x) — v, (1) __Hnlv;4p5-+67pﬁur>—-vap@-+a,p5Mr>

pU*%U A 5(r)
T i v')dr’ — [ f2:(r,x")é(x") dr’
= 3(r) : (4.33)

which is rigorously only equal to f&% — &8 for the LDA, in which case Eqgs. (4.31) and (4.32)
reduce to the same thing. That, of course, is quite good (probably even adequate for most
applications), but it would have been nice to have a theory which was completely general.

As emphasized in the introduction, the case that most interests us in practice is when we
begin with a triplet reference configuration as in the two-orbital model of Fig. 4.2 and look at
AMg = —1 transitions. This leads to a triplet-triplet SE-TDDFT TDA excitation energy which
is equal to zero when orbital relaxation is neglected. The demonstration involves making use of
the identity,

v — P v — o
F, — FB = (pg|—2“—2¢|aa) — (pqg|2—2C|ii) . 4.34
o = B = (ol 2 ) — (g i (434

However the usual SP-TDDFT excited singlet-triplet energy difference formula,
ws — wr = 2(ia|far + f&Pia), (4.35)
cannot be recovered in the SF-TDDFT formalism where instead is found,

a _ B

v v
wg — wr = 2(if]| =-—=%|aa) . (4.36)
Pa — PB

The ground to triplet excitation energy formulae obtained from the two formalisms are equally
different. Furthermore there is no analogue of Brillouin’s theorem in the sense that the cou-
pling between the ground configuration and the singly excited configurations is nonzero in this
formalism. While these suggest that there are grave problems in harmonizing the formulae of
the two different TDDFT formalisms, they do not suggest any fatal problems since different
looking formulae can lead to nearly similar numerical results. It will, however, turn out that the
SF-TDDFT triplet energy is lower than the corresponding SP-TDDFT triplet energy because
orbital relaxation in the triplet is more easily described when beginning from a triplet reference
than from a singlet reference. Thus the two formalisms are at least shifted with respect to one
another.

Despite these potentially irritating problems, we have chosen to use the Wang-Ziegler func-
tional in the present paper for our noncollinear SF-TDDFT calculations. This is because we
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believe pure density-functionals, rather than Hartree-Fock exchange, to be at the heart of DFT.
It thus seems more attractive to us to use the local density approximation (LDA) or a general-
ized gradient approximation (GGA) in conjunction with the Wang-Ziegler noncollinear spin-flip
approach than not to use potentially different amounts of Hartree-Fock exchange in hybrid func-
tionals for ground and excited states while completely ignoring the pure DFT part of the hybrid
functional as implied by the pioneering SF-TDDFT approach of Krylov and coworkers. At the
same time, we acknowledge the impressive recent results of Minezawa and Gordon for CXs in
ethylene [204] with the Krylov approach, albeit with what we consider to be a mostly ad hoc
functional.

4.2.3 Computational Details

The benchmark geometries and electronic structure calculations used in the present work are
taken from the literature. For the Cy, CC ring-opening pathway, we used the geometries and
quantum Monte Carlo (QMC) potential energy curves given in Appendix C of Ref. [30]. The
idea behind QMC is to use statistical techniques to go beyond typical high-quality ab initio
calculations, such as complete active space self-consistent field (CASSCF) and configuration
interaction (CI), through the use of more general types of wave functions. The QMC calculations
of Ref. [30] began with a conventional CASSCF calculation. This was then reoptimized by
variational Monte Carlo in the presence of a Jastrow factor to include dynamical correlation.
Finally diffusion Monte Carlo was used to further improve on the result of the variational Monte
Carlo calculation. Suffice it to say that the result is an electronic structure calculation of very
high quality (certainly better than the CASSCF starting point or multireference CI.) Geometry
optimizations are not presently possible with QMC, so the benchmark geometries are those
obtained by Cjy, structure optimization at fixed ring-opening angle using DFT with the BSLYP
functional [93]. For asymmetric CO ring-opening, we used the geometries and QMC potential
energy curves from Appendix C of Ref. [31]. The QMC calculations in this reference are similar
to those of Ref. [30], but are carried out along a typical pathway for CO ring-opening obtained by
mixed TDDFT/classical surface hopping photodynamics calculations. They pass close to a CX
which was caracterized at the CASSCF level in Ref. [31]. While exact CXs with the ground state
are impossible in conventional TDDFT, [29] it was shown in Ref. [31] that the CX is described
to a reasonably good approximation by TDDFT in the form of an interpenetrating double cone.

Calculations for the present work were performed with the Grenoble development version of
DEMON2K (density of Montreal 2000) [205]. Where needed additional calculations were carried
out with GAUSSIAN 03 [206] in order to fix orbital symmetry assignments since the particu-
lar version of DEMON2K used here did not yet have automatic symmetry assignments. The
DEMON2K program makes use of two Gaussian-type basis sets. In addition to the usual or-
bital basis set, there is a second auxiliary charge-density fitting basis set. Its use permits the
elimination of all four-center integrals. As with other DFT programs, DEMON2K uses a grid to
evaluate xc-integrals. A description of the implementation of standard (spin-preserving) TDDFT
in DEMON2K has been published elsewhere [207]. The present work is the first reported use of
our implementation of Wang-Ziegler SF-TDDFT in DEMON2K. Results were compared against



4.2. PHOTOCHEMICAL RING-OPENING OF OXIRANE (ARTICLE) 83

those obtained from the ADF (Amsterdam density-functional) [208] package and were found to
be acceptably close.

The DEMON2K calculations in the present work were carried out using the Vosko-Wilk-Nusair
parameterization of the LDA [89]. Density-fitting was carried out without imposing the charge
conservation constraint [207] usng the GEN-A3* density-fitting basis. The orbital basis was the
extensive 6-311++G**(2d,2p) basis set [209,210]. The SCF convergence was set at 10~7 and the
FIXED FINE option was always used for the grid. Our SF-TDDFT calculations used the TDA
and the reference state was always the lowest energy triplet.

4.2.4 Results

We are interested in the ability of TDDFT to describe funnel regions. These are regions
where potential energy surfaces (PESs) come close enough together that surface hopping becomes
possible. Typical funnels are avoided crossings (AXs) and conical intersections (CXs). Rather
than being distinct phenomena, AXs and CXs are actually very closely related.

Let us understand why. The PESs of a molecule with f (15 in the case of oxirane) nuclear
internal degrees of freedom, R, is an f-dimensional hypersurface in an (f + 1)-dimensional
hyperspace. The condition that the /th and Jth PESs cross,

Ei(R) = E,(R), (4.37)

reduces the dimensionality of the intersection to an (f —1)-dimensional hyperline. If this were all
that there were to it, then we could talk about “surfaces that cross without seeing each other.”
However quantum mechanics typically also requires zeroing out a CI-like coupling matrix element,

Ars(R) =0, (4.38)

denoted A here to indicate that it could be the linear response matrix in the TDA. (However we
could equally well have called it H for the CI matrix in a CASSCF calculation.) This second
condition reduces the dimensionality of the intersection to an (f — 2)-dimensional hyperpoint.
CXs are impossible for diatomics because f =1 and f — 2 = —1 is impossible. So only AXs are
seen for diatomics. However, in general, there will be two coordinates in hyperspace along which
the two intersecting PESs will separate. These two branching coordinates are normally defined
by the derivative nonadiabatic coupling vector (DC),

D) = XTZ22X (4.39)

and the unscaled gradient difference (UGD) vector,

om

X;—X
dq !

1,J) _ ~T
gg )_XI

Xy, (4.40)
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and there is quite a literature on finding and characterizing them (see e.g., Ref. [53]). Within
the 3-dimensional space defined by the two branching coordinates plus the energy coordinate, a
CX takes on the form of a double cone. Choosing a one-dimensional slice within the space of
branching coordinates means that we will typically pass near but not through the CX and so see
an AX.

In this section we report the results of our calculations to see to what extent SF-TDDFT
calculations give a better than ordinary SP-TDDFT description of funnel regions in oxirane
photochemistry in comparison with the results of previously reported-high benchmark calcula-
tions. [30] Results are divided into two parts. In the first part we look at Cs, ring opening which
involves breaking the CC single bond. This is a one-dimensional slice and so any funnel region
will appear as an AX. However it has two advantages: firstly that it represents our “normal”
picture of how bonds break and secondly that we can analyze it in great detail. In the second
part we look at the CX region for asymmetric CO ring opening along the typical photochemical
pathway. Here we are restricted to using CASSCF branching coordinates because we are not yet
able to find CXs within TDDFT. This means that our conclusions cannot be conclusive as those
of the recent study of Minezawa and Gordon [197], but are nevertheless indicative of some of the
strengths and weaknesses of Ziegler-Wang SF-TDDFT for this type of application.

4.2.4.1 C2, Ring Opening

Although not particularly physical, Cy, ring-opening has the great advantage that symmetry
facilitates the analysis. Thus this is a good place to start in our study of SF-TDDFT in funnel
regions.

The reference in our SF-TDDFT calculations is the lowest triplet. While the configuration of
oxirane at the intial equilibrium geometry [30],

-+ [6a1(0)]*[2b1 (n)]*[Ta1 (35)]° [4ba(0)]* - . (4.41)

suggests that the reference is the 12B;[2b1(n) — 7ay(3s)] state, this is at most true below a ring-
opening angle of about 75°. Beyond this angle the reference triplet is the 13 Bs[6a1(0) — 4bs(0™)]
state. This is true not only in the range 75-120° when the configuration is,

~- [2b1(n)]*[6a1 (0)]*[4b2 (o))" [Ta1 (38)]° - - -, (4.42)
but also beyond 120° when the o and ¢* orbitals change order,
<+ [2b1(n)]? [4b2(07)]*[6a1 (0)]°[Ta1 (35)]° - -+, (4.43)

Figure 4.5 shows the frontier molecular orbitals in our SF-TDDFT calculations (which however
make use of all, not just the of the frontier, molecular orbitals). Both the ground X 'A; and
doubly excited D'A; configurations are accessible by spin-flip from the R 3B, reference state.
Taking the symmetric and antisymmetric combinations of the 6a;i(c) and 4by(c*) SF config-
urations leads to B states, the triplet of which is expected to be degenerate with the R3B,
reference state. Two states of mixed spin symmetry (M By and M A;) are also formed. These
states are unphysical and yet are necessarily present in any SF-TDDFT calculation (including in
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Figure 4.5 Principal frontier molecular orbital spin-flip transitions involved in the Cj,
ring-opening of oxirane beginning from the R3Bs[6a1(c) — 4by(c*)] reference state.
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the Krylov approach to SF-TDDFT). They are readily identifiable in our calculations and have
been excluded from the following discussion.

Figure 4.6 shows the results of the SF-TDDFT calculations. The four states predicted in our
qualitative discussion are all present. The R 3B, SCF reference curve and the corresponding % B,
SF-TDDFT curve are not identical, but they are indistinguishable on the scale of the figure. The
figure also shows a very important feature, namely the classic avoided crossing corresponding
to the breaking of the CC ¢ bond. The traditional picture is that of Hs described in the
introduction where mixing of the o2 and (0*)? configurations is necessary for bond breaking. In
order to confirm this two-orbital model, we isolated the part of the SF-TDDFT corresponding
to the 4by(c*) — 6a1(0) and 6aq (o) — 4bo(c*) SF transitions. Diagonalizing this 2 x 2 matrix
give the two-orbital model adiabatic curves in Fig. 4.6, which are seen to be in semiquantitative
agreement with the results of the full SF-TDDFT calculation. The diagonal elements of the
2 x 2 matrix give the corresponding diabatic curves. These show how the o2 ground state
configuration at small angles continues on at large angles to become an excited state and how
the (0*)? excited state configuration at small angles continues on at large angles to become the
ground state at large angles. Thus it would seem that SF-TDDFT can correctly describe avoided
crossings associated with bond breaking.

Figure 4.7 compares the present SF-TDDFT calculations with both ordinary SP-TDDFT
calculations obtained with the LDA functional and the TDA (Ref. [30]) and with the QMC
benchmark calculations. Let us begin first with the comparison with SP-TDDFT calculations.
As explained in Ref. [30], the bond-breaking region around 120° is an example of effective failure
of NVR where the LUMO falls lower in energy than the HOMO. The result is that “normal”
DFT programs which insist on filling the Kohn-Sham orbitals according to the Aufbau principle
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Figure 4.6 Cy, potential energy curves: full calculation (solid lines), two-orbital model
(dashed lines).
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Figure 4.7 Comparison between different methods for the X'A4,, 13By, and D'A; Cs,
ring-opening potential energy curves: SF-TDDFT triplet SCF reference state (black dashed
line), SF-TDDFT (circles), SP-TDDFT (triangles), and DMC (squares). All curves have
been shifted to give the same ground state energy at a ring-opening angle of 75°.
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Figure 4.8 Illustration of orbital relaxation effects in SF versus SP TDDFT
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will inevitably fail to converge in this region. This is why there are neither SCF ground state
nor SP-TDDFT results near 120° in the figure. Very significantly no convergence difficulties are
encountered for the triplet reference state. This would seem to be very good news for those who
would like to carry out routine photodynamics calculations where SCF convergence failures can
be highly inconvenient if not fatal to the calculations.

In the region where the SCF ground state does converge the shape of the ground X 'A; and
excited 13 B, curves are very similar for SF-TDDFT and SP-TDDFT calculations. However the
SF-TDDFT curves are actually 0.41 eV in energy higher than the corresponding SP-TDDFT
curves. Differences between SCF and TDDFT triplet excitation energies have been previously
discussed by Casida et al. [185] who gave an analysis within a two-level model. The result is that
the SF-TDDFT triplet reference is expected to be higher in energy than the SP-TDDFT triplet
by the charge-transfer correction (really a density-transfer correction or relaxation effect),

1
WASCF _ | SP-TDDFT 5<Ap|fH + £ Ap) > 0. (4.44)

This is illustrated in Fig. 4.8. Simultaneously there is a problem describing the ground state
with orbitals optimized for a triplet. The result is that the SF-TDDFT method overestimates
the ground state energy. However energy differences do appear to be similar in SF-TDDFT and
in SP-TDDFT when the same configurations are concerned, so that a rigid shift of energy levels
is reasonable.

Having established the similarity and differences of the DF'T approaches, let us now compare
against the QMC benchmark calculations. Just as relaxation effects lead to the underestimation
of the SP-TDDFT 13Bs[6a;(0) — 4by(0*)] state with respect to the SF-TDDFT SCF reference
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state, so we can expect the SF-TDDFT D *A;{[6a;(c)]? — [4b2(c*)]?} to be underestimated with
respect to an SCF calculation with the doubly-excited configuration. This may help to explain
why the SF-TDDFT D 'A, is significantly below the corresponding QMC curve. Consequently
we may also expect important differences between the SF-TDDFT and QMC description of the
ground state curve in the region of the avoided crossing. Nevertheless, except for the point at
60°, the shape of the QMC and DFT ground state curves agree reasonably well below about
100°. Significant differences only really appear in Fig. 4.7 between the DFT and QMC ground
state curves at higher angles. We must conclude that SF-TDDFT is not able to capture all of
the correlation effects present in QMC at these angles. Note that the QMC D' A; also seems to
be mixing with one or more singly-excited states (see Table II of Ref. [30]), none of which are
accessible to the SF-TDDFT formalism used here. The result is a QMC D !'A; curve which is
rather flatter than its SF-TDDFT counterpart.

4.2.4.2 Photochemical Pathway and Conical Intersection

The real photoreaction proceeds via an asymmetric pathway. This ring opening has has
been studied by mixed TDDFT/classical trajectory surface hopping calculations in Ref. [31]
where benchmark calculations were given along a typical CO ring-opening trajectory. We want
to compare the results of our SF-TDDFT calculations both along this trajectory and for the
CASSCF CX branching space given in the same reference.

Before doing so, we first give a brief review of key results which emerged from the earlier study.
Only the initial geometry has Cy, symmetry, so we fall back on a more chemical nomenclature for
key molecular orbitals. The first excited singlet state, Sy, is initially assigned as 11B;[b;(n) —
a1(3s)] and there after as simply !(n, 3s). This state remains of Rydberg character throughout
the photoreaction. However the second excited singlet state, So, does not. Instead, .Ss is initially
21B1[bi(n) — a1(3p.)], remains of *(n, 3p.) Rydberg type for only a short time, soon falling in
energy to become the new Sy as it takes on valence-type CO antibonding character, !(n,of).
At that point !(n,3s) is the new Sy. In fact, what happens is qualitatively very much in-line
with the Woodward-Hoffmann orbital correlation scheme described in Ref. [30] (Fig. 1 of that
reference) for the Co, ring-opening reaction but without the symmetry. The trajectory finally
passes through (or near) a CX where surface hopping takes place.

Let us delay our discussion of the CX for a brief moment and focus on how SF-TDDFT
does in describing the potential energy curves for Sy, S1, and Sy along the typical CO ring-
opening trajectory used in Ref. [31]. than convergence of SP-TDDFT with the ground state
single determinant as reference. The results are shown in Fig. 4.9 along side those from QMC and
SP-TDDFT. Configuration interaction singles (CIS) calculations obtained using GAUSSIAN [206]
and the same basis set have also been included in the figure. It appears from this figure that
the S1/Sp CX is perhaps a bit better described by SP-TDDFT than by SF-TDDFT and, as
expected, that both are significantly better than the CIS description of the same CX. Most
dramatic however is the difference between the behavior of the SP-TDDFT S5 state, which is
in relatively good agreement with the QMC S5 state and in qualitatively reasonable agreement
with the CIS Sy state, and the SF-TDDFT S, state which takes an energetic dive as the ring
opens.
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Figure 4.9 Potential energy curves for asymmetric ring-opening in oxirane calculated with
various methods.
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It is tempting to conclude that the SF-TDDFT S, state contains double excitation character
which cause it to differ from the SP-TDDFT and CIS S, states which are of single excitation
character. Such an argument is a bit less evident in the case of QMC which can also describe
double excitations. However we have already seen in the case of the Cs, ring-opening pathway
that QMC places the double excitation higher in energy than does the present Wang-Ziegler
SF-TDDFT. Unfortunately examination of the orbital transitions involved for the Sy, Sy, and
Sy SE-TDDFT curves is complicated by our use of a spin-unrestricted (different-orbitals-for-
different-spin) triplet reference. Already at the initial ground state equilibrium geometry, the
triplet configuraiton spin « orbitals have changed order with respect to the ground state order,
so that the oxygen lone pair is no longer the highest occupied spin « molecular orbital as it is
in the ground state. More dramatically the lowest unoccupied spin beta molecular orbitals have
also changed order and have even intermixed to the point that the correspondance between spin
« and spin S molecular orbitals has been partially lost. This is different than the case of Cy,
ring opening where symmetry helped to keep the orbital interpretation clean. For this reason we
give no detailed assignment of the Sy, S1, and Sy SF-TDDFT curves.

Let us now take a closer look at what is happening around the CX. Let us review some of the
conclusions of Ref. [31]. Earlier Levine et al. had noted that a true CX could not exist between
So and S; because condition 4.38 is a consequence of the formalism and hence cannot serve as a
criterion for fixing the dimensionality of the intersection space. [29] Tapavicza et al. verified this
point but showed that an approximate CX did exist in adiabatic TDDFT for the asymmetric ring
opening of oxirane, provided appropriate care was taken in treating convergence problems. These
convergence problems result from an effective falure of NVR near the CX as shown schematically
in Fig. 4.10. The representation can only be schematic because the orbitals mix and their
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Figure 4.10 Schematic Walsh diagram showing how the orbital fillings during asymmetric
ring-opening in a normal TDDFT calculation. Regions B and C show effective violation of
NVR.
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energetic ordering varies with the mixing. However this representation, while simplified, is as
close as possible to what emerged during lengthy discussions between one of us (MEC) and
Enrico Tapavicza. [211] Arguments are given in Ref. [31] why NVR should be violated even for
the xc-functional energy is exact. On a practical level, convergence is not normally possible under
such circumstances when using most DFT codes because they impose integer occupation number
and Aufbau filling. However Tapavicza et al. were able to maintain the lower energy solution
with its “hole below the Fermi level” by taking the result of the SCF of the previous geometry
as the initial guess for the SCF of the current geometry, as is typical in dynamics calculations,
thereby achieving a sort of “orbital following.” The result is an approximate TDDFT CX in the
form of interpenetrating double cones as shown in Fig. 4.11. The similarity between the behavior
of the TDDFT and CASSCF PESs is perhaps even more clear in Fig. 4.12 where the Sy — S
excitation energy is shown for the CASSCF branching plane.

Given the results obtained in the case of the symmetric Cs, CC ring-opening reaction, we
expected that SF-TDDFT would give a rather good description of the asymmetric CO ring-
opening reaction by mixing configurations with doubly occupied cco and doubly occupied o¢
orbitals. Levine et al. also suggested that SF-TDDFT might be the solution to the CX problem
in TDDFT. [29] Figures 4.11 and 4.12 show that the situation is not so simple. These results do
seem to confirm what is expected theoretically, namely that SF-TDDFT is able to produce a CX
by coupling ground and excited states. However the SF-TDDFT S,/S; intersection is located
at a position between that found in CIS and that found with CASSCF (and approximately by
SP-TDDFT).
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Figure 4.11 Comparison of the Sy and S7 PESs calculated using different methods for the
CASSCF branching coordinate space. All but the SF-TDDFT part of the figure have been

adapted from Ref. [31]. See also that reference for a detailed description of the branching
coordinates.
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Figure 4.12 Comparison of the Sy — 57 excitation energy surfaces calculated using different
methods for the CASSCF branching coordinate space. See Ref. [31] for a detailed description
of the branching coordinates.
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Figure 4.13 Schematic Walsh diagram showing how the orbital fillings vary during asym-
metric ring-opening in a SF-TDDFT calculation.

A
E REGION A

*
Oco

CO OPENING ANGLE

It is worth taking a closer look. Figure 4.11 shows that, while not identical, the SF-TDDFT
ground state more closely resembles the CIS ground state than the CASSCF ground state. In
particular both the SF-TDDFT and the CIS PESs have a minimum at (DC,UGD)=(0,2) while
the CASSCF PES has its minimum at the origin. This indicates that it is highly unlikely that
(0co)?-(0¢0)? configuration mixing is actually occuring near (DC,UGD)=(0,0). (As might be
expected in the absence of double excitations, straight DFT also gives a result similar to SF-
TDDEFT for the ground state.) Our explanation lies in Fig. 4.13 which shows how the reference
triplet configuration evolves with ring-opening angle. This explanation must be taken as rather
rough for several reasons. Not only do the spin a and (§ orbitals have different energies in
our spin-unrestricted calculation, but significant orbital remixing occurs so that spin « and
orbitals can no longer be put in exact correspondance. Nevertheless conclusions based upon
Fig. 4.13 explain our results rather well, because there is no geometry where SF-TDDFT can
simultaneously lead to both the (0co)? and (0¢)? configurations.

We have tried to carry out SF-TDDFT by enforcing an initial oco/od triplet state, but
enforcing this condition turned out to be far from trivial for all the reasons described above. In
particular the orbitals lose their “chemical character” due to strong mixing of nearly degenerate
orbitals, particulary in the region of effective failure of NVR (Regions B and C of Figs. 4.10 and
4.13, thus making these calculations highly ambiguous. Suffice it to say only that the shape of
the ground state surface did seem to improve in the region of the CX but that we were not able
to recover a clear SF-TDDFT with our new choice of triplet reference.
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4.2.5 Conclusion

The present paper is a contribution to our understanding of how well TDDFT, and SF-
TDDEFT in particular, is able to describe critical funnels in photochemical reactions. We have
chosen the small molecule oxirane for our study because of the availablity of previously reported
high-quality ab initio results [30,31] for comparison and have investigated the avoided crossing
(AX) in the Cy, ring-opening pathway, the more physical CO ring-opening pathway, and the
associated conical intersection (CX).

As pointed out in the introduction, the recent development of mixed TDDFT/classical tra-
jectory SH photodynamics [11,31,172-176] is fueling investigations of the ability of TDDFT to
describe critical funnel regions [29-31,212-217]. Such regions often correspond to the formation
of diradicals through bond breaking. Traditional wisdom tells us that a correct description of
such regions requires mixing of the ground-state configuration with doubly-excited configura-
tions, which are not normally available to ordinary spin-preserving (SP) TDDFT. In particular,
Levine et al. argued convincingly that CXs cannot exist between the ground and excited states
in SP-TDDFT in the usual case where the TDDFT adiabatic approximation is employed. [29]
This is counter to the idea that exact TDDFT should be able to describe this coupling [30] and
that an approximate CX has been found in pratice [31]. Nevertheless it is highly desirable to
find a way to include double excitations so as to obtain a more rigorous description of funnel
regions. One active area of research which may lead to a better understanding of the prob-
lem, if not a solution, is the explicit inclusion of 2- and higher-electron excitations through the
frequency-dependence of the xc-kernel [43,44,46,149,150,184]. In the meantime, spin-flip (SF)
TDDFT [38,39,41,42,162,193-196,201-203] offers an attractive alternative. Indeed this was also
recognized by Levine et al [31]. The present work reports our implementation of Wang-Ziegler
noncollinear SF-TDDFT in the program DEMON2K and constitutes a test of the usefulness of
SE-TDDFT for photochemical funnels.

We know of only two previous works on this subject. One is unpublished work by Law-
son Daku, Linares, and Boillot who used Wang-Ziegler SF-TDDFT to investigate the cis/trans
photoisomerization of 4-styrylpyridine [203]. The other is recent work by Minezawa and Gordon
who characterized CXs in ethylene using the Krylov variant of SF-TDDFT [197]. While both
of those applications appeared to be successful, they are both restricted to cis/trans isomer-
ization around a double bond. Here we treat something very different, namely photochemical
ring-opening and are only able to report mixed success.

We first applied SF-TDDFT to study the AX along the Cs, ring-opening pathway. A few
problems show up which are not present in the obligatory test of dissociation of Hy (Fig. 4.3).
One problem is the presence of unphysical states of mixed spin symmetry (Fig. 4.5). Fortunately
these were readily identifiable and so could be appropriately ignored. A second problem arises
in comparing the results of SP-TDDFT beginning from the ground-state singlet determinant
reference and SF-TDDFT beginning from the lowest triplet determinant reference. The different
choice of reference immediately implies the possible presence of an orbital relaxation energy
correction and indeed the SF-TDDFT potential energy curves are shifted by about 0.4 eV from
the corresponding SP-TDDFT curves. Nevertheless SF-TDDFT is to be quite successful in
describing the interesting AX.
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This is especially true when it is realized that the usual SP-TDDFT calculations run into
serious convergence problems in the vicinity of the AX [30]. This is exactly a region of effective
violation of noninteracting v-representability [31]. Minimizing the total energy with integer
occupation number leads to a violation of the Aufbau principle with the LUMO below the HOMO
or (to put it in more solid-state physics language) with a hole below the Fermi level. Most
quantum chemistry programs seek to enforce the Aufbau principle even in this case with the
result that convergence is not possible at this geometry. In contrast, no particular convergence
problems were encountered using SF-TDDFT and the triplet reference.

The question arises as to what can be done in order to remove the unphysical mixed spin-
symmetry states in the SF-TDDFT calculations. Vahtras and Rinkevicius have proposed what
appears to be a very elegant formal solution [162]. They propose a reformulation of TDDFT which
makes use from the very beginning of explicit spin-coupled excitation and de-excitation operators.
This requires using the same orbitals for different spin (i.e., a spin-restricted formalism) which
is often viewed as at odds with the variational principle in density-functional theory, but this
perhaps is a small price to pay. More importantly putting the Vahtras-Rinkvicius scheme into
practice still means finding explicit ways to include matrix elements involving 2-electron and
higher excitations. We have already mentionned research aimed at the explicit inclusion of 2- and
higher-electron excitations through the frequency-dependence of the xc-kernel [43,44,46,149,150,
184]. Another approach which should be mentionned is to handle these states by a transformed
reference via an intermediate configuration Kohn-Sham TDDFT procedure proposed by Seth
and Ziegler with its very appropriate acronym “TRICKS-TDDFT” [201]. The basic idea is to
combine SF-TDDFT with different reference states using ideas from the Ziegler-Rauk-Baerends
multiplet sum method to make first-order estimates of the pure spin-states corresponding to
the mixed states. [73] Thus, in the case of the (a; — b;) mixed state on the right hand
side of Fig. 4.5 obtained from SF-TDDFT, we could calculate the energy for the corresponding
3(a; — by) triplet state from conventional SP-TDDFT and then use the multiplet sum formula

TRICKS-TDDFT SF-TDDFT _ , SP-TDDFT
wg = 2wy — wh , (4.45)

to estimate the energy of the 1(a; — by) singlet state. Similar ideas have been used to advantage
in the recent study of the reaction path for the cis/trans photochemical isomerization of 4-
styrylpyridine [203]. The main drawback, and the reason that this approach was not considered
here, is that finding corresponding spin « and [ orbitals is not only not always easy but also
not always possible in the spin-unrestricted (i.e., different-orbitals-for-different-spins) approach.
It turns out that this is especially true in the funnel regions which interest us most.

Perhaps the most interesting and important result in this paper came when we pursued the
CO ring-opening path way and examined the physically-important CX. The situation is very
different than the case of cis/trans photoisomerization. In that case, the HOMO and LUMO
are typically the m and 7* orbitals associated with the double bond around which rotation is
occuring. It is also true that the HOMO and LUMO involved in the Cy, ring-opening reaction are
the o and o* orbitals associated with breaking the CC bond. The oxygen lone pair (n) is tightly
enough bound that it stays out of the way. However along the physical CO ring-opening reaction
route, elementary chemical arguments indicate that the oxygen lone pair intercedes as HOMO
between the relevant CO ¢ and ¢* orbitals. This means that taking the lowest triplet as reference
does not lead to an optimal description of the biradical present at the CO ring-opening CX. Still
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So/S1 coupling exists and SF-TDDFT meaning that a CX is theoretically possible. Indeed such
a feature is seen in our SF-TDDFT calculations roughly half-way between the location of the
CASSCF CX and the CIS seam.

Our attempt to rechoose the triplet reference in a more appropriate manner gave moderately
encouraging, but not yet fully satisfactory, results. The reason for this frustrating situation is
in our use of different orbitals for different spin and the high degree of orbital mixing observed
near the CX. Indeed no clear ¢ and o* orbitals are found near the CASSCF CX geometry.

We conclude that, depending upon the molecule and the CX, the lowest triplet state may or
may not be the optimal choice of refrence for SF-TDDFT. However the asymmetric ring-opening
reaction in oxirane should be taken as a warning that choosing a suitable triplet reference for
SF-TDDFT may require a nontrivial use of chemical intuition. This is likely to be especially
problematic for larger molecules and is unlikely to be practical for on-the-fly photodynamics cal-
culations. Thus, for the moment, SF-TDDFT remains an ad hoc solution for particular problems
rather than a universal panacea.
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4.3 Conclusions and Perspective

We have applied SF-TDDFT to study the photochemical ring opening of oxirane. We have
shown that the Cg, ring opening represents better the ground-state than adiabatic TDDFT,
although a small cusp is still present compared to benchmark diffusion quantum Monte Carlo
simulations. The double excitation state given by diffusion quantum Monte Carlo and SF-
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TDDEFT are of different nature. SF-TDDF'T cannot represent the same state as diffusion quantum
Monte Carlo due to the spin contamination problems. This is clearly seen in the asymmetric
ring opening, in which the SF-TDDFT ground state (Sg) and the first singly-excited state (Sp)
compare well with diffusion quantum Monte Carlo, but the double excitation is of different nature.
This problem has consequences for the conical intersection, in which the intersection point with
SF-TDDFT is displaced to a slightly different geometry with respect to regular TDDFT and
complete active space self-consistent field.

In conclusion, SF-TDDFT is a good candidate for being applied to photochemistry, as it
avoids the non-interacting v-representability. The main problem lies in the restricted number
of double excitation poles, which restricts its application to well-defined problems in which the
lowest doubly-excited state gives the main contribution. We have shown that in more complicated
cases, such as the oxirane ring opening, SF-TDDFT is insufficient, requiring a general approach
that include double excitations in general.
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Chapter 5
Ab initio Exact Exchange-Correlation Kernel

5.1 Introduction

This chapter contains a derivation of a TDDFT kernel capable of including all double exci-
tations. The kernel is calculated in two steps: the first step constructs the second-order kernel
derived from the many-body polarization propagator, and the second step maps (localizes) the
kernel into TDDFT using a similar approach to the Scham-Schliiter equation [218]. The kernel
has an explicit frequency dependence that goes beyond any adiabatic functional. The frequency
arises from both the polarization propagator and the localizer. Both quantities are thoroughly
analyzed and discussed. In this chapter, two main objective of this thesis are accomplished,
namely, we provide a method that can include double excitations in general and we identify
which correlation diagrams are missing in adiabatic TDDFT functionals.

These results are described in the next section, which contains a preprint of the article to be
submitted in the Journal of Chemical Physics. My specific contribution was mainly in the deriva-
tion of the polarization propagator kernel. This required the application of time-independent
perturbation theory to the polarization propagator, using a general Fock operator (later identi-
fied as the Kohn-Sham operator) in the order definition. The diagrammatic expansion facilitates
the identification of the terms missing in the adiabatic approximation. I also had a consider-
able contribution in the writing of the article, especially in the sections about the perturbation
approximation of the polarization propagator.

There are at least two reasons for choosing the polarization propagator in the construction
of the TDDFT kernel. First, there is an obvious connection between the response functions of
TDDEFT and the polarization propagator, which allows a direct comparison of the structure and
diagrammatic expansion of the kernels in both theories. This allowed us to identify the missing
correlation terms in the adiabatic functionals. Second, the truncated perturbative expansion of
the polarization propagator treats both direct and exchange diagrams in the same footing. This
is necessary to avoid the appearance of spurious excitations [46,48].

The first-order approximation to the polarization propagator gives an alternative derivation
for the time-dependent exact-exchange kernel [32]. The most important result of this section is
the derivation of a second-order polarization propagator, which gives an exact TDDFT kernel
with correlation. As a result, the TDDFT response functions contains extra poles consisting
of the double excitations which are missing in the adiabatic approximation. For the purposes
of this thesis, the derivation was truncated to the second-order, which is enough to show the
appearance and role of double-excitation poles. Higher orders are trivially derived and would
bring in higher-excitation poles.

99
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5.2 Formal foundations of dressed TDDFT (Article) !

Formal Foundations of Dressed Time-Dependent Density-Functional Theory for
Many-Electron Excitations

Miquel Huix-Rotllant and Mark E. Casida’

Laboratoire de Chimie Théorique,

Département de Chimie Molécularie (DCM, UMR CNRS/UJF 5250),
Institut de Chimie Moléculaire de Grenoble (ICMG, FR2607),
Université Joseph Fourier (Grenoble I),

301 rue de la Chimie, BP 53,

F-88041 Grenoble Cedex 9, France

In so far as time-dependent density-functional theory (TDDFT) provides an exact formalism for calculating
molecular absorption spectra, TDDFT should be able to describe not only 1-electron excited states but also
2-electron, 3-electron, etc. excited states which show up in molecular spectra by borrowing intensity from
1-electron excited states. This requires going beyond conventional adiabatic TDDFT where the exchange-
correlation kernel is frequency independent, f., to include an appropriate frequency dependence, fzc(w).
Maitra, Zhang, Cave, and Burke gave a heuristic derivation of a frequency-dependent correction to adiabatic
TDDEFT (an approach they called “dressed TDDFT”) designed to bring in one double excitation [J. Chem.
Phys. 120, 5932 (2004)] and Casida showed how dressed TDDFT might be generalized in the form of a
polarization propagator (PP) correction to adiabatic TDDFT [J. Chem. Phys. 122, 054111 (2005)]. This
paper presents a further exploration of the PP approach to dressed TDDFT using an approach which is
significantly more rigorous than previous dressed TDDFT work and previous work on a PP correction
to adiabatic TDDFT. A link is also made with work based directly upon the Bethe-Salpeter equation.
At first order we recover the exact exchange result of Goérling [Int. J. Quant. Chem. 69, 265 (1998).] A
second-order treatment brings in 2-electron excitations. An important result of Gonze and Scheffler [Phys.
Rev. Lett. 82, 4416 (1999)] emerges as a trivial consequence of this formalism. Concrete formulae for
the nonadiabatic correction are derived at the level of the second-order polarization propagator (SOPPA)
and algebraic diagrammatic construction (ADC) approaches. The example of butadiene is used to make a
connection with the pioneering dressed theory of Maitra et al.

f Corresponding author: Mark.CasidaQUJF-Grenoble.Fr

5.2.1 Introduction

The time-dependent extension of density-functional theory (DFT) is currently providing many
opportunities and challenges for modeling electronic time-dependent properties and excitation
spectra. [188-190] The conventional DFT of Hohenberg, Kohn, and Sham, though a formally ex-
act theory, is limited to static ground state properties. [14,15] Time-dependent DFT (TDDFT)
is a formally exact extension of DFT designed to treat time-dependent phenomena, [13] from
which excited states may be extracted using linear response theory. [17] Linear-response TDDFT
(LR-TDDFT) calculations have become a method of choice for calculating the spectra of medium
and large sized molecules. Limitations on TDDFT arise because the exact exchange-correlation
(xc) functional must be approximated in practice. Thus conventional LR-TDDFT works best for

1. This section is a preprint of Ref. [140]. Note: The original format has been adapted to the standards
of this thesis.
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low-energy 1-electron excited states which do not involve too much charge transfer and are not
too delocalized in space. [182,183] This paper is a contribution towards overcoming the restriction
to 1-electron excitations. In particular we propose a method for placing the “dressed TDDFT” of
Maitra, Zhang, Cave, and Burke [43] within the well-defined context of many-body perturbation
theory (MBPT). After some well-defined approximations, we will derive an expression for the
frequency-dependent xc-kernel, f,.(w), of LR-TDDFT at the level of the second-order polariza-
tion propagator (SOPPA) [45,219-221] and algebraic diagrammatic construction (ADC) [66,222]
approaches. The result is a powerful formalism which englobes several previous results from the
literature but which also allows us to go beyond these results to arrive at a rigorous and quite
general polarization propagator formulation of dressed TDDFT.

In the most applications of TDDFT, we first begin with a molecule in its ground state where
it is described by the usual Kohn-Sham equation, [15]

(}ALH + Umc(l)) 77[]7"(1) = 6r¢r(1)7 (51)

and introduce an external time-dependent perturbation, vgppi(1). The time-dependent Kohn-
Sham equation [13] is then,

(]A”LH + ’Umc(]-) + Uappl(1>) ¢r<1) = Zadgt(l) .

(5.2)

[We use Hartree atomic units, h = m, = e = 1, and space-spin coordinates throughout. Also
i = (r;,0;) represents the space and spin coordinates of particle ¢ while i = (i,¢;) (bold face) is
the corresponding space-time coordinate.] Practical applications of TDDFT almost always make
use of the adiabatic approximation (AA),

vit(1) = 5520([5” : (5.3)

and p;(x) is the density p(x,t) considered as a function only of x. This amounts to assuming
that the response of the xc-potential, v,., to any temporal change in the density, is instantaneous
and without memory. The usual form of LR-TDDFT [17] involves solving a pseudoeigenvalue

problem,
Ao )=+ 4] F) 50

where,

Ao jb(w) = 6; j0ap€a,i + (10| frze(w)]jb)
Bia,bj (UJ) - (Z(L|szC(UJ)‘bj) . (55)

Here, fuze(w) = fu + fee(w) where fg(1,2) = 1/r12 is the Hartree kernel and f,.(w) is the
Fourier transform of the xc-kernel,

_ Ouge(1)
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Also we have introduced the compact notation,
€rsee qv = (€ + €+ ) — (€ + €+ ). (5.7)

Equation (5.4) has paired excitation and de-excitation solutions. Its eigenvalues are (de-
)excitation energies (or frequencies since /i = 1),

wr :EI—E()7 (58)

and the vectors X and Y provide information about transition moments. In particular the
oscillator strength,

fi = Serl{ORDP, (59)

of the transition with excitation energy w; may be calculated from X; and Y. [17] When the
AA is made, the A and B matrices become independent of frequency, and it is easy to show that
the number of solutions is equal to the number of 1-electron excitations, albeit dressed to include
electron correlation effects. Allowing the A and B matrices to have a frequency dependence
allows the explicit inclusion of 2-electron excited states.
This is easiest to understand within the Tamm-Dancoff approximation (TDA). The usual AA
TDA equation,
AX =wX, (5.10)

resembles a configuration interaction (CI) equation, [223]
(H-Ej1)C=wC. (5.11)

However, while Eq. (5.10) is restricted to single excitations, Eq. (5.11) includes not only single but
also higher excitations. Nevertheless there is a simple transformation which recasts Eq. (5.11) into
the form of Eq. (5.10), but with a frequency-dependent A (w). Thus the matrix A = H — Ey1
may be partitioned into 1-electron excitations (“singles”, denoted here by the subscript “1”) and
other excitations (typically “doubles”, but possibly also higher excited terms, denoted here by

LL2+77) as’
AT A%ﬂ(cl) (Cl)
=w , 5.12
[Agf,l AGT, Gy Coy (5.12)
provided we can ignore any coupling between the ground state and our singles, doubles, and

higher excited states. According to standard Lowdin (Feshbach) partitioning theory (see, for
example, Ref. [224]),

-1
[Af,{ +ATL, (wlagoy — A L)) Agil] Ci = wC;. (5.13)
It is tempting to identify, [223]
-1
A(w)~ ATT+ATS, (wlayor —ASL L) AT (5.14)

This is effectively what Maitra, Zhang, Cave, and Burke did in their dressed TDDFT, except
that they went further and considered only the case of coupling between a single 1-electron
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excitation (S) and a single 2-electron excitation (D). [43] This is the model shown in Fig. 5.1.
Let us try to understand the basic physics. A bright singly-excited state with excitation energy
wg and oscillator strength fs = 1 interacts with a dark doubly-excited state with excitation
energy wp and oscillator strength fp = 0 via a coupling matrix element x. The CI problem is

simply,
ws T Cs\ _ Cs
o l(e)=e(e) (5.15)
ws T cosf\ cosd
{x wD] (sin9>_wa(sin9> ’ (5.16)

ws T —sinf\ —sin6
{x wD] ( cos ) _wb< cos ) ' (5.17)

It has two solutions, namely,

and

Backsolving we find that,

W = wg cos? 6 + wp sin’ 0
Wp = wgsin? 6 + wy, cos? 0, (5.18)

which establishes the unperturbed quantities in terms of the solutions of the perturbed problem.
We see the average excitation energy is conserved in the coupled problem,

We +wp = wg +wp . (5.19)

Something similar occurs with the oscillator strengths. It is easy to show that,

2 2
fa = Zwal(Olr|a)]* = gwa|<0|r|5>|260829

3
2 2
fo= gwb|<0|r\b)|2 = gwb|<0|r|5’>|2 sin? 6. (5.20)
Summing gives,
2 2 -2 2 _ 2 2
fat fo= 3 (wa cos® 0 + wy sin® 0) |(0[r|S)]* = §w5|<0|r|5>| = fs. (5.21)

Hence oscillator strength is also conserved. This leads to the common interpretation that the
coupling “shatters the singly-excited peak into two satellite peaks.”

Now let us try to obtain the dressed TDDFT form for the nonadiabatic correction to the
exchange-correlation kernel. Equation (5.13) reads,

W — WwWp

xQ
(w_g + ) Cs =wCys. (5.22)

and w, and wy are thus solutions of the equation,
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72

w=wg + . (5.23)
W —wp
Comparing with the diagonal TDA LR-TDDFT within the two-orbital model,
W= €q,; + (10| fHgc(w)|ia), (5.24)
shows that,
2
x
] xc ‘ = — €a . 5.25
(i fitac(@)lia) = (5 = i) + ——— (5.25)
Maitra et al. interpreted the first term as the adiabatic part,
?I?c =Ws —€qi, (526)
and second term as the nonadiabatic correction,
NA a?
= . 5.27
Ha:c(w) w—wp ( )
Since
T = (wg —wp)cosBsind, (5.28)
it is easy to show that,
2% = wswp — Wawp - (5.29)

which is the form of the numerator used by Maitra et al. Equation (5.27) then provides a model
for including a single double excitation into conventional TDDFT calculations. This basic idea
has now been used by several groups. [43,44,150,184]

Maitra et al. recognized that dressed TDDFT should ultimately be formulated in terms of
linear response theory rather than the wave function CI method, so they gave their justification in
terms of generalized susceptibilities. However their formula is the same as the one presented above
and apparently involves a double-excitation energy, wp, obtained from wave function theory.
Casida recognized that a correct formulation of a nonadiabatic correction term to adiabatic
LR-TDDFT should come from linear response theory and so used the polarization propagator
formalism to devise a polarization propagator correction. [149] This earlier theory had some
difficulties which are overcome in the present formulation.

The approach taken here has been termed “ab initio DFT” by Bartlett. [225,226] At the
exchange-only level the terms optimized effective potential (OEP) [97,227] or exact exchange
(EXX) [228,229] are also used, and OEP is sometimes also used to include the correlated
case. [230,231] The objective is to derive expressions for DFT quantities, such as the xc-potential,
Uge, and the xc-kernel, f,.(w), from many-body perturbation theory (MBPT). (In contrast to
the way the term is used in solid-state physics, Bartlett uses the term “ab initio” as it is normally
used in quantum chemistry to make a distinction between DFT and typically Hartree-Fock-based
first-principles theories.) This approach does not give functionals of the density, but can give
useful insight into, and computational checks of, the behavior of DFT quantities. We will as-
sume that the the xc-potential is known and concentrate on finding MBPT expressions for the
frequency-dependent xc-kernel.
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Figure 5.1 Two-level model used by Maitra et al. in their ad hoc derivation of dressed
TDDEFT. See explanation in text.

ws

Wa

Wa Wp w

Previous work along these lines has been carried out for the static kernel by directly taking the
derivative of the OEP energy expression with the constraint that the orbitals come from a local
potential. This was first done by Gérling in 1998 [32] for the full time-dependent exchange-only
problem. In 2002, Hirata et al. redid the derivation for the static case. [137] Later, in 2006, a
diagrammatic derivation of the static result was given by Bokhan and Bartlett, [226] and the
functional derivative of the kernel, g, , has been treated by Bokhan and Bartlett in the static
exchange-only case. [232]

Our approach is more closely related to a second way to derive the same equations which
may have the advantage of being more transparent and in any event of having a more direct
relation with recent developments in solid-state theory. [119,120,141,233-235] The essential idea
starts from the fact that f,.(w) satisfies a 2-point Bethe-Salpeter-like equation which must be
the result of localizing the corresponding “proper particle-hole self-energy” (also known as the
“proper particle-hole scattering kernel” and the “compact vertex part” [66]) that appears in the
4-point Bethe-Salpeter equation in ordinary many-body theory. Tokatly, Stubner, and Pankratov
have used this concept to develop a diagrammatic expansion of f,.(w). [236,237] This approach
has been extended to include 2-electron excitations in recent work by Romaniello et al. using
a screened interaction approach inherited from solid-state polarization propagators. [46] Their
approach is not entirely satisfactory as they show that it gives rise to extra unphysical solutions,
a problem which we believe may arise from an imbalanced treatment of antisymmetry due to an
asymmetric treatment of direct and exchange diagrams when using a screened interaction. This
belief is confirmed by recent work of Sangalli, Romaniello, Colo, Marini, and Onida. [238].

The basic idea of our approach, which does balance contributions from direct and exchange
diagrams, is described in the next section. We do not in fact localize the Bethe-Salpeter equation
(BSE) though we do the equivalent. The problem is that we wish to work in the frequency repre-
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sentation and that the true BSE (before approximations) is an equation in the time representation
whose Fourier transform into the frequency representation is fraught with problems. Instead
we follow the superoperator polarization propagator approach (SPPA) of Nielsen, Jgrgensen,
and Oddershede [45,219-221] and the algebraic diagrammatic construction (ADC) approach of
Schirmer [66,222] and begin with a formally exact form of the polarization propagator (Sec. 5.2.4.)
This gives a matrix equation whose elements are then deduced in an order-consistent manner by
expanding and matching against Feynman diagrams (Sec. 5.2.4.) (See also earlier work by Paldus
and Cizek. [239,240]) In effect we are resuming these Feynman diagrams in a particular form.
The result is a renormalized theory which has proven itself for quantum chemical applications
but which so far seems to defy diagrammatic representation. Unfortunately the second-order
SPPA and ADC approaches (termed SOPPA and ADC(2) respectively) do not lend themselves
to solid-state applications where it is likely that screening must be explicitly taken into account.

Our contribution is to generalize and to adapt these equations for use in ab initio DFT. Since
we do make some well-defined (though not strictly necessary) approximations to keep future
computations tractable, it is important to show that these equations are at least as good as
those previously presented in the literature. This we do by indicating how previous literature
results emerge in a natural fashion. However our equations are very general and go beyond
previous work.

Finally we make the connection with dressed TDDFT (Sec. 5.2.5). The result is what we
believe to be a coherent generalization of dressed TDDFT to include an in principle infinite
number of 1-electron, 2-electron, and higher-electron excited states and which we are tempted to
call “fully-dressed TDDFT” because it includes significantly more states than the original dressed
TDDFT. To make the relation between dressed TDDFT and the present theory more clear we
present the example of butadiene, previously treated by Maitra et al., thus facilitating compar-
ison with their pioneering work (Sec. 5.2.5). Section 5.2.6 contains our concluding discussion.
Appendices have been included where deemed necessary to keep the present work self contained
(Appendices 5.2.8 and 5.2.10) or where additional details seem useful (Appendix 5.2.9).

5.2.2 Space, Time, and the Exact Kernel

This section elaborates on the polarization propagator (PP) approach to calculating the xc-
kernel, initially suggested by one of us. [17] Not only do we wish to clarify certain approximations
implicit in this previous work, but we wish to bring into sharp relief the relation with the Bethe-
Salpeter equation (BSE) approach to calculating the xc-kernel popular in the solid-state physics
community. [46,119,120,141,233-235] Thus both approaches involve spatial localization of non-
local operators, some of which (vide infra) results in new frequency dependencies. However,
although the two many-body perturbation theory (MBPT) approaches to ab initio DFT are
formally equivalent, differences emerge because the BSE approach emphasizes the time represen-
tation while the PP approach emphasizes the frequency representation. This can and typically
does lead to different approximations. The discussion of dressed TDDFT in the previous sec-
tion suggests that it will be easier to derive pole structure-conserving approximations needed
for treating 2-electron and higher excitations in the frequency representation than in the time
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representation. This and prior experience with the PP approach in the quantum chemistry
community [45,66,219-222] have lead us to favor the PP approach.

The common denominator to all approaches is the fundamental equation of LR-TDDFT which
simply says that the response of the density of the interacting system to an applied perturbation
must be the same as the response of the density of the Kohn-Sham fictitious system of noninter-
acting electrons to an effective potential involving the response of the Kohn-Sham single-particle
potential, vs. This response is conveniently described in terms of susceptibilities. The suscepti-
bility

p(1)
1,2) = —————. 5.30
xw2)= (5.30)
describes the response of the real electrons to the applied perturbation dvgpp.,
dp(1) = /X(l, 2)0vappi(2) d2. (5.31)

The response of the density of the Kohn-Sham fictitious system of noninteracting electrons is
identical but the potential is now the Kohn-Sham single-particle potential,

5p(1) = /Xs(l, 2)50,(2) d2. (5.32)
In contrast to the interacting susceptibility of Eq. (5.30), the noninteracting susceptibility,

dp(1)
dvs(2)’

is known exactly from MBPT. Of course the effective potential is the sum of the applied potential
and the potential due to the response of the self-consistent field, v,

xs(1,2) = (5.33)

dvs(1) = dvgppi (1) + / frze(1,2)0p(2) d2, (5.34)

where fr.c(1,2) = dvpac(1)/0p(2) is the functional derivative of the Hartree plus exchange-
correlation self-consistent field. Manipulating these equations is facilitated by a matrix repre-
sentation in which the integration is interpreted as a sum over a continuous index. Thus,

dp = X0Vappi = Xs (0Vappl + frzcop) (5.35)
is easily manipulated to give a Bethe-Salpeter-like equation,

X = Xs + XsszcX7 (536)

or, written out more explicitly,

x(1,4) = xs(1,4) + /Xs(172)wac(273)X(374) d2d3 . (5.37)
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We will be making extensive use of MBPT. Perhaps the most common and arguably the most
basic quantity in MBPT is the 1-electron Green’s function defined by,

iG(1,2) = (0|7 {vu (1)$};(2)}0) (5.38)

It hardly needs to be defined except to introduce our notation. Here, the subscript H indicates
that the field operators are understood to be in the Heisenberg representation. Also 7 is the
usual time-ordering operator, which includes anticommutation in our case (i.e., for fermions),

T{ou ()9} (2)} = 0(t — ta)dm (1)} (2) = 0(t2 — 1)} (2)dn (1)

The usual MBPT approach to evaluating the susceptibility, x, uses the fact that it is the
retarded form,

ix(1,2) = 0(t1 — t2){0[pr (1), pu (2)]]0) , (5.39)
of the time-ordered correlation function,
ix(1,2) = (0|T{pn(1)pn(2)}0), (5.40)
where, . R R .
pr (1) = ¥l (1)du (1) = (O]}, (1)du(1)]0) (5.41)

is the density fluctuation operator. (See for example Ref. [16] pp. 172-175 and p. 151.)

In practice it is much more convenient to work with time-ordered, rather than retarded,
quantities. For this reason, we will generally work with time-ordered Green functions, even when
our notation may suggest the corresponding retarded quantity. The retarded version may be
obtained from the time-ordered version of x by simply changing the sign of the imaginary part
in the frequency representation. Since we typically work with finite basis sets and real functions,
there is no imaginary part in our calculations and so the problem does not arise except in
principle. However it is best to keep in mind the distinction between different types of Green’s
function time-ordering. (See for example the discussion of Lehmann representations on pp. 72-79
of Ref. [16] for the distinction between retarded, advanced, and time-ordered Green’s functions.)

The BSE-like form of the basic equation (5.36) of LR-TDDFT suggests that the most direct
link with MBPT should be through the BSE itself. Although the MBPT literature refers to
several related equations as BSEs, the original BSE [241] is probably that of the particle-hole
(ph) propagator, [66] which we choose to write as,

iL(1,2;3,4) = (0]T{7(1,2)7(4,3)}|0), (5.42)

where, A A R .
3(1,2) = Ol (2)0r (1) — (0| T{d}(2)du(1)}0), (5.43)

is a sort of density matrix fluctuation operator (or would be if we constrained ¢; = to and t5 = ty4).
[It may be useful to try to place L in the context of other 2-electron propagators: The 2-
electron Green’s function is (see p. 116 of Ref. [16]),

G(1,2:3,4) = (=) (01T (b (1) (2)9 1 (4)0];(3)}]0) (5.44)
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The particle-hole response function, [66]
R(1,2;3,4) = G(1,2;3,4) — G(1,3)G(2,4).. (5.45)
Then L is related to R by the relation,
L(1,2;3,4) = iR(1,4;2,3) ] (5.46)
By construction,
x(1,2) = L(1,1%;2%,2), (5.47)

where it is infinitesimally later than i. In the jargon of MBPT, x(1,2) is a 2-point quantity,
while L(1,2;3,4) is a 4-point quantity. The space-time analogue of the Harriman contraction
operator (Appendix 5.2.8), Y g7, allows us to rewrite Eq. (5.47) as a concise matrix equation,

x="YsrLYL, . (5.48)

Much of the development of the BSE approach to calculating the xc-kernel done in the solid-
state physics community [46,119, 120, 141, 233-235, 238] makes use of Hedin’s equations. [242]
These cannot be used directly to determine the xc-kernel without at least some manipulation
which would take us too far afield. Suffice it so say that an appropriate BSE for

L(1,2;7,8) = Ly(1,2;7, 8)+/LS(1,2;3,4)EHM(3,4;5,6)L(5,6; 7,8) d3d4d5d6,  (5.49)

or
L=L,+L.Ey,.L, (5.50)

in matrix notation. Here

1Ls(1,2;3,4) = G4(1,4)G4(2,3), (5.51)

is the ph-propagator for the Kohn-Sham fictitious system of noninteracting electrons, and the
4-point quantity, Eg,., may be deduced from a Feynman diagram expansion as the proper part
of the ph-response function “self-energy”.

Combining Eqgs. (5.36), (5.48), and (5.50) gives the formally exact equation,

(‘I‘STLS‘I‘LT) Fre (TSTLTTST) = Y7L, LY, . (5.52)

Note that the Hartree part of Ep,. is just TLTfHTST and so cancels with the Hartree part
of TET FH2zc Y s7. Of course, even ab initio DFT involves approximations to truncate infinite
sums and otherwise keep calculations tractable. A common approximation is to replace the
computationally difficult many-body quantity L with the computationally much simpler single-
body quantity L to obtain,

(TSTLSTJIQ'T) fuLc (TSTLSTTST> = TSTLSEICLSTTST . (553)
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This is still very complex because E,.,, is a 4-time quantity (or 3-frequency quantity after Fourier
transformation [46]). Equation (5.53) is closely related to the “Nanoquanta approximation”
(NQA),

YsrL, Y] YsrLY! 8 R
( stLs ST) fuLc ( sTLs ST) =YsrL, |1 5G L, ST » (554)

so named by Lucia Reining because it was simultaneously derived by several different people
[119,120,141,233-235] involved with the Nanoquanta group. The NQA simplifies still further in
the usual GW approximation for the self-energy ¥,.. Although the NQA has proven successful
for extended systems, it is not at all clear that it is appropriate for finite systems where vertex
effects are likely to be important. However its most severe drawback, and the one which prevents
us from using it here, is that it is ill adapted for treating 2-electron and higher excitations.

We have chosen to seek more appropriate approximations within the PP approach. This
approach is based upon the 2-time quantity,

T1(1,2;3,4;t — ') = L(1t, 2t; 3¢', 4t') , (5.55)

which makes it impossible from the beginning to write down a BSE for the PP (though Bethe-
Salpeter-like equations do arise within the PP approach.) Written out explicitly,

iTI(1, 233,45t — t') = (O|T {0} (2t )dp (1) 0] (3t )b (4t') }0)
— (01T { L (2t )b (1) }O) (O T{w k(3¢ F )bz (4t') }]0) -
(5.56)

[The second term is often dropped in the definition of the PP. It is there to remove w = 0
excitations in the Lehmann representation. (See for example pp. 559-560 of Ref. [16].)] The
retarded version of the PP is the susceptibility describing the response of the 1-electron density
matrix,

v(1,2;t) = (0|47 (2t)4(1¢)[0) (5.57)

to a general (not necessarily local) applied perturbation,

dv(1,2;1)

I0(1,2; 3,4t —t') = — "2 5.58
( ) OWappi (3,4;1) ( )
which is a convolution. After Fourier transform,
0y(1,2;w) = /H(l,2;3,4;w)5wappl(374;w) d3d4, (5.59)
or,
0 (w) = II(w)dweppr (w) , (5.60)

in matrix form. The connection with with DFT is made by recognizing that the diagonal elements
of the density matrix are the density,
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pw) = Ty(w), (5.61)
and DFT is typically only concerned with local operators,

SWappi (1,1 5w) = 6(1 — 1")0vapp (1; w)
IWappt (W) = YT 50 (@) - (5.62)

Here we have introduced the original form of the very convenient collapse and expansion operators
of Harriman (Appendix 5.2.8). Applying this information to Eq. (5.59) gives that,

x(w) = Y (w)YT. (5.63)

The basic LR-TDDFT Eq. (5.36) is a convolution which when Fourier transformed gives,

x(1,4;w) =xs(1,4;w)+/xs(l,2;w)mec(2,3;W)X(3,4;W) d2d3,

or in matrix form,
X(w) = Xs(w) + Xs(w>.szc(w)X<w) . (5'64)
Applying Egs. (5.61) and (5.62) leads to the exact equation,

(YT (@)1 frrze(w) (YTI@)TT) = ¥ (M) ~ Ty (w)) T (5.65)

Further approximations are useful in order to minimize the number of times the computation-
ally difficult full PP appears and to facilitate interpretation. However the precise nature of these
approximations typically differ depending upon whether the interesting frequencies are far from
any higher-order excitations (off-resonant regime) or near a higher-order excitation (resonant
regime). In discussing these two cases, it is helpful to rewrite the exact case as,

Exact: frqzc(w) = As(w) (H_l(w) — H_l(w)) AT(w) , (5.66)

S

where the localizer,
Alw) = (X)) ™ Y(w). (5.67)

Note that this only makes sense if we take care to eliminate the null spaces of YTI,(w)YT and
of YTI(w)YT before taking the inverse (i.e., singular value decomposition.) See Sec. 5.2.3 and
Appendices 5.2.8 and 5.2.9 for a detailed discussion of the localizer.

Optimized effective potential theories typically make use of the Born approximation,

x(w) = xs(@) + X5 (@) Frrze (@) xs (W) , (5.68)

so that,
Frze(@) = (xs(@)) ™" (x(w) = Xs(@)) (xa(@)) 7. (5.69)

This is our first approximation,
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1st Approx.:
Frze(@) = Ay(w) (I (@) ~ T () A] 5 ()

= (YT, ()Y ™ (M(w) - T, (w)) (YT (w)YT)

(5.70)

where only one IT has been replaced with II; in the localizer,
Ay jp(w) = (YTL,(w)YT) " YTI(w). (5.71)

It is expected to work well in the off-resonant regime. As we shall see, this first approximation
gives Gorling’s exact exchange (EXX) kernel for TDDFT. [32] On the other hand, the poles of the
kernel in this approximation are a priori the poles of the exact and independent particle PPs—
that is, the true and single-particle excitation energies—unless well-balanced approximations
lead to fortuitous cancellations. The discussion of dressed TDDFT in the introduction shows
that this is unlikely to lead to accurate 2-electron and higher excitations.

To correct the poles we make an additional structure-conserving approximation, equivalent to
the PP Born approximation,

II(w) = I (w) + I (w) K prae(w)g (w)
Kppe =T (w) — T (w). (5.72)

This is our second approximation,

2nd Approx.: frze(w) = Ay(w) (TI; 1 (w) — T (w)) Al(w). (5.73)
Not only does the static localizer enter into the static OEP problem (Appendix 5.2.8), but
the dynamic localizer also enters naturally into the time-dependent OEP problem when the
initial state is the static ground state. [32] Equation (5.73) simply reads that fr.,.(w) is a
spatially localized form of the quantity, Kp.(w) = IT; 1 (w) — TI7!(w). This is nothing but the
PP analogue of the basic approximation (5.53) used in the BSE approach on the way to the
Nanoquanta approximation.

5.2.3 Localization

At the risk of repetition, let us recapitulate what we have done: We have made two Born
approximations,

I(w) = I (w) + My (w) K gae(w)Ig(w)
X(w) = xs(W) + Xs(W) Frze(w)xs(w) , (5.74)

and have thereby arrived at the equation,

FHze(W) = As(w)KHm(w)Ai(w) ) (5.75)
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The significance of this equation is that the ab initio many-body problem has now been separated
into a purely PP part represented by Kp,.(w) and a frequency-dependent localization part
represented by A(w) which allows us to recover a TDDFT quantity from ab initio theory. This
makes manifest earlier ideas suggesting that localizing in space is necessarily associated with
“delocalization in time” (i.e., additional frequency dependence. [230,243] Since IT(w) and x(w)
have the same poles and the same transition densities (but not the same transition density
matrices!), spatial localization is not necessary if our only goal is to obtain excitation energies
and transition densities beyond the TDDFT AA, since it then suffices to carry out an ordinary
DFT-based PP calculation. Rather the extra localization step is needed if we wish to remain
within TDDFT and hence study intrinsic TDDFT quantities such as the xc-kernel. In such a
case, exploration of the behavior of the dynamic localizer is essential. In this section, we give
the explicit form of the dynamic localizer from which we easily deduce an important relation
first noted by Gonze and Scheffler [142]. This Gonze-Scheffler relation was used in the original
justification of dressed TDDFT by Maitra, Zhang, Cave, and Burke. [43] Its importance to the
formal foundation of dressed TDDFT is re-examined in Sec. 5.2.5. Eventually it will be desirable
to go beyond dressed TDDFT to carry out finite-basis calculations with the dynamic localizer
(not done in this paper) and this and a static approximation are discussed in Appendix 5.2.9.

The static localizer is intimately related to the static OEP approach and has been discussed
in Appendix 5.2.8. The dynamic localizer,

A(w) = (YTL(w)YT) ™ YT(w), (5.76)

arises quite naturally in the context of the time-dependent OEP problem. According to Runge-
Gross (RG) theory, [13] the exact time-dependent xc-potential, v,.(t), is not only a functional
of the density, p(t), but also of an initial condition which can be taken as the wave function,
U(tg), at some prior time tg. On the other hand, linear response theory begins with the static
ground state case where the first Hohenberg-Kohn theorem tells us that the wave function is a
functional of the density ¥(to) = ¥[py,]. Gorling has pointed out that this greatly simplifies the
problem [32] because we can then show that,

/HS(1,1;2,2;w)vm(2;w) a2 = /HS(1,1;2,3;W)Zm(2,3) d2d3 . (5.77)

We can write this equation in matrix form using the Harriman’s collapse operator as
YIL (W)Y TV, (w) = YT,(w)3, . (5.78)

Clearly the dynamic exchange potential is the Hartree-Fock exchange operator localized by the
dynamic localization operator,
ve(w) = As(w)X, . (5.79)

For the case of the non-interacting susceptibility, we can easily derive an expression for the
dynamic localizer. Since

25 0 ZZ“’ O zzw IHCTACI

w—l—eaZ
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we can express the kernel of YTl (w) as

(Tﬂé) (1 2 3 qu/jz( 1/’a(_)1i ( 77Da ZZ 1/)(1 w ( )11[}1( ) . (581)

. w—i—eal

Also, the kernel of YTI,(w)YT is just,

(THST) (1;2;w) OZ:UZW ( a(2) f%w“ DLACHEIC >. (5.82)

W — €q erea,

Like the susceptibility, The two operators have poles at the independent particle excitation
energies w = *e,; = £(e, — €).
(Here and throughout, unless otherwise stated, we use the orbital index convention,
a,b,c,---,hi,j,k,l,m,no,p,q,---,Z, (583)

unoccupied occupied free

where free orbitals may be either occupied or unoccupied.)

In order to construct the dynamic localizer, the kernel (5.82) has to be inverted. This is not
generally possible to do this analytically, though it can be done in a finite-basis representation
(Appendix 5.2.9). However Gonze and Scheffler have noted that exact inversion is possible in
the special case of a frequency, w = €, ;, of a pole well separated from the other poles. [142] Near
this pole, the kernels, XTI (w) and YTI,(w)YT, are each dominated by single terms,

$i (Dy (195 (2)4(3)

TII,) ~
(TIIy) o,
(D ()yr(2 2
(L) (1521w OO ) 550
W — €pj
Thus Eq. (5.78) becomes,
¥ ()p(1) ¥;(1)p(1)
LT kv o))~ L (Wl ely) (585)
with the approximation becoming increasingly exact as w approaches ¢, ;. Hence,
(Wolva(en,g)t5) = (ol Ealirs) - (5.86)
More generally for an arbitrary dynamic kernel, K(1,2;w),
(o5 | Alep ) K (€v,5)) = (W51 K (ep5)|en) » (5.87)

and we can do the same for —¢; ;, obtaining

(V05 A(=ep ) K (=€b5)) = (5 K (=ep,5)[¢) (5.88)
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We refer to these last two equations as Gonze-Scheffler (GS) relations, since they were first
derived by these authors. [142] These relations show that the dynamic localizer, A;(w), is pole
free if the excitation energies, €, ;, are discrete and nondegenerate and suggests that the dynamic
localizer maybe a smoother function of w than might at first be suspected. Equation (5.86) also
shows the importance of the dynamic character of the localizer as this is what allows a local
operator at certain special frequencies to have exactly the same matrix elements as the original
nonlocal operator which was being localized.

We can now return to a particular aspect of Casida’s original PP approach [149] which was
failure to take proper account of the localizer. The importance of the localizer is made particularly
clear by the GS relations in the case of charge transfer excitations. The single-pole approximation
to the ¢ — a excitation energy is,

W = €ai+ (1a|A(€ai) Kue(€ai) N (€ai)ai) = €qi + (aa|l; (eqs) — T (eqi)|id) - (5.89)
Had the localizer been neglected, then we would have found incorrectly that,
W= €q;+ (1a|Tl;  (eqi) — T (eq 5)|ai) . (5.90)

While the latter reduces to just €,; for charge transfer excitations at a distance (because ;1 =
0), the former does not. [27] However, for most excitations the overlap is non-zero. In such cases
and around a pole well-separated pole the localizer can be completely neglected.

Away from the poles, the behavior of the localizer becomes much more complicated. It is
evident that the range space of the operators YII,(w)Y T and YTI,(w) and of the localizer A,(w)
is the product basis ¥;1, made by multiplying together all occupied, v;, and all unoccupied,
14, orbitals. It can be shown that this product basis is complete except for constant functions
(because [ 14(1)1;(1) d1 = 0) as long as the orbital basis set is complete (Appendix of Ref. [244]).
It is, in fact, overcomplete. Even for finite basis sets, the product basis set typically contains
linear dependencies. This makes it difficult to solve the localization equation

v(w) = AW)E(W), (5.91)

in full generality because we are really solving a least squares problem that seeks to maximize
the component of v(w) in the relevant range space. (Note that we have dropped the subscript
x and allowed ¥ to have a frequency dependence, so that Eq. (5.91) is intended to be general.)
This problem is discussed in more detail in Appendix 5.2.9.

5.2.4 Perturbative Approximations to the Polarization Propagator

In this section we review the MBPT techniques needed for the calculation of the key quan-
tities for constructing of xc-kernels within the first and second approximations. In the case of
the first approximation, this means deriving an expression for the quantity IT(w) — II(w). For
the second approximation, this means deriving an expression for the quantity IT; ! (w) — TI™!(w).
Although it is clear that the zero-order approximation should be the Kohn-Sham fictitious sys-
tem of non-interacting electrons, we have still had to make some choices. In particular, we have
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chosen to work with MBPT expansions in terms of the bare electron repulsion [or more exactly
the “fluctuation potential” (vide infra)], rather than the screened interaction used in solid-state
physics. [46,119] The main advantage of working with the bare interaction is a balanced treat-
ment of direct and exchange diagrams, which we feel is likely to be especially important for
treating two- and higher-electron excitations. While we will automatically include what the
solid state community refers to as vertex effects, the disadvantage of our approach is that it is
likely to break down in solids when screening becomes important. The specific approach taken
here is the now well established second-order polarization propagator approximation (SOPPA)
of Nielsen, Jgrgensen, and Oddershede [45,219-221]. The usual presentation of the SOPPA ap-
proach is based upon the superoperator equation-of-motion (EOM) approach previously used by
Casida. [149] However the SOPPA approach is very similar in many ways to the second-order
algebraic diagrammatic construction (ADC(2)) approach of Schirmer [66,222] and we will not
hesitate to refer to this approach as needed (particularly with regard to the inclusion of various
diagrammatic contributions.) What is new, aside from explicit comparisons with appropriate
TDDFT literature, is the change from a Hartree-Fock to a Kohn-Sham zero-order picture and
the concomitant inclusion of (many) additional terms. Nevertheless it will be seen that the final
working expressions are fairly compact.

5.2.4.1 Superoperator Polarization Propagator Approach

The PP is given in a molecular orbital basis as,

H(l’ 2,3, 45t — t/) = Z Hsr,qp(t - t/)wr(l)w:(2)¢;(3)wp(4) ’ (5'92)

pgrs

where

+ 0t — £)(0]Gh (¢ )pa ()7L, (£) 35 (£)]0) .
(5.93)

As explained in Ref. [16] pp. 559-560, this change of convention with respect to that of
Eq. (5.56) turns out to be more of a convenience than an inconvenience. Also note that, since the
PP depends only upon the time difference, ¢t — ¢/, we can simplify the above expression without
loss of generality by shifting the origin of the time-scale so that ¥ = 0. We wish to seek an
elegant matrix formulation for II.

The first step makes use of superoperators. A superoperator X is defined by its action on an
(Hilbert-space) operator A as

XA=[X A =XA-AX. (5.94)
When X is the Hamiltonian operator, H , one often speaks of the Liouvillian. An exception is
the identity superoperator, 1, whose action is simply given by,

IA=A. (5.95)
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The Heisenberg form of orbital creation and annihilation operators is easily expressed in terms
of the Liouvillian superoperator,

ﬁH(t) — eiﬁtﬁefif{t — eiﬁtp' (596)
Then N N
M p(t) = 00 (0] [ (715)] d510) + i0(~)(0la"p [ (+15) | 10).  (5.07)
Taking the Fourier transform (and making use of appropriate convergence factors) gives,
Lo gp(w) = (041w + H)7'[713), (5.98)
where we have introduced the superoperator metric,
(A[X|B) = (0][A, [X, BI]|0). (5.99)
It may be useful to note that,

—Ir gp(w) = s pg(w) , (5.100)

follows as an easy consequence of the above definitions. Moreover since we typically use real
orbitals and a finite basis set, the PP is a real symmetric matrix. This allows us to simply
identify II and the superoperator resolvant,

Myg,rs (W) = (54| (w] + H)'[#75) . (5.101)

Since matrix elements of a resolvant superoperator are harder to manipulate than resolvants
of a superoperator matrix, we will transform Eq. (5.98) into the later form by introducing a
complete set of excitation operators. The complete set

{Thy={T1i; T .y={ali, ita; a'ibt; , itajto; ...}, (5.102)
leads to the resolution of the identity (RI),
i=ThH(THThH=Y(T|. (5.103)

We have defined the operator space differently from the previous work of one of us [17] to be
more consistent with the literature on the field of PP calculations. The difference is actually the
commutation of two operators which introduces one sign change.

Insertion into Eq. (5.98) and use of the relation,

(T |(wl 4+ B)~ YTt = (TF|TH/(T|wi + A|TH 1 (TF|TT) (5.104)

then gives, 5
Mg gp(w) = BTG TH(TTwl + HITH) " (TT|#13). (5.105)

The resolvent is now defined as a matrix over an underlying configuration space somewhat
analogous to what is done in the configuration interaction (CI) method familiar to quantum
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Figure 5.2 Graphical representation of the localization of the 4-time propagator of the
Bethe-Salpeter equation into 2-time quantity of the polarization propagator. See text.
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chemists [Eq. (5.11)]. However the “Cl-expansion” in the EOM method is over an operator
space, rather than a wave function.

It is to be emphasized that the PP in Eq. (5.105) is exact and completely general. Its poles
are exact many-electron excitation energies and its residues are the corresponding oscillator
strengths. As such, it must be equivalent to the BSE which is often expressed diagrammatically
in terms of Feynman diagrams. (Diagrams are discussed in Appendix 5.2.10.)

Figure 5.2 shows schematically how the PP diagrams are related to the BSE diagrams. To pass
from the BSE diagrams to the PP diagrams, take the time-unordered expansion of the BSE and
fix two times so that L becomes II. This is indicated in Fig. 5.2 by the time-collapse operator Y
joining the two left most diagrams. Only two times are fixed in the second diagram, so it is not
yet fully time ordered. Taking all possible time orderings joining ¢ and t’, including times both
before and after these times, gives the third diagram in Fig. 5.2. The result is that some parts of
the diagrams hang down below the earlier time and others are stacked up above the latter time.
These “dangling boxes” correspond to the terms (p!¢|T") and (T'|#5) and represent the initial
and final state correlation effects present in (0] and |0). The multiple time ordering also leads to
multiple recrossings of the ¢ and ¢’ lines. This is why the matrix,

r(w) = (Thwl + #|TH?, (5.106)

involves many more than four indices and so corresponds directly to two-, three-, and higher-
electron excitations.

We have presented this procedure as if we simply manipulated Feynman diagrams. In real-
ity we expanded the matrices using Wick’s theorem with the help of a home-made FORTRAN
program. Thee result was a series of algebraic expressions which were subsequently analyzed
by drawing the corresponding Feynman diagrams. This leads to about 200 diagrams which we
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ultimately resum to give a more compact expression. It is the generation of this expression that
we now wish to discuss.

Let us analyze this expression for the PP according to the order of excitation operator. Fol-
lowing Casida, [149] we partition the space as,

HaE
Iy gp(w) = ((ﬁT(j\TJ{) (ﬁmT;)) I (w) ((%1||ffg)) , (5.107)
+

where T; 4 corresponds to the operator space of two-electron and higher excitations and

-1
_ r ((.d) Fl 2
rtw=|." 2t 5.108
() {F2+,1 Loy op(w) ’ ( )
has been blocked, 5
T;;(w) = (Tjwl + H|TT). (5.109)

Using the well-known expression for the inverse of a two-by-two block matrix allows us to trans-
form Eq. (5.107) into,

— My gp(w) = (31 TT) — (BT4I T T3} oy (@) Ty 1]
P (w)[(T][#18) —~ T124T5) o, (w)(Th, [718)]
+ (0'ITL L5} o ()(TS, 1715, (5.110)

where,
P(w) =T11(w) = T124T5 ) 5y (W)Top 1. (5.111)

Although Eq. (5.110) is somewhat complicated, it turns out that P(w) plays much the same role
in the smaller Tf space that T'(w) plays in the full T'f

To see how this comes about, it is necessary to introduce the concept of order. Our zero-order
Hamiltonian is that of the Kohn-Sham fictitious system of non-interacting electrons and the
perturbation defining the order is what is left over. Thus,

AO s
AW =V + M, (5.112)
where V is the fluctuation operator,
N 1
I Matas AF A
V=22 wallrs)p'3q =) (orllra)p'q, (5.113)
pars par
and,
Mo =3 (02" — bocla)p'a .- (5.114)
pq

Here flf F'is the HF exchange operator defined in terms of the occupied Kohn-Sham orbitals
and the integral,
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(allrs) = [ 5005 (1= Pray(1)0(2) a2, (5.115)
is explicitly antisymmetrized. Notice that order parameters have been put as superscripts in
parentheses.

We can now perform an order-by-order expansion of Eq. (5.110). Through second order only
the TZT part of T2T . contributes, so we need not consider higher than double excitation operators.
However we shall make some additional approximations. In particular, we will follow the usual
practice and drop the last term in Eq. (5.110) because it contributes only at second order (Fig.
10, supporting material [245]) and appears to be small when calculating excitation energies
and transitions moments using the Hartree-Fock approximation as zero-order. [66,246-249] For
response functions like dynamic polarizabilities, their inclusion is more critical, improving the
agreement with experiments. [219]

We will also have no need to consider the second term in

BT — (p' @I TY )T, 5y ()T 1 (5.116)

This is because it only enters into the first approximation of the previous section if we go beyond
first order and is killed by the second approximation of the previous section.
This means that for the purposes of this paper we can treat the PP in the present work as
given by,
Ly gp(w) = BIITP (W) (T [715). (5.117)

Comparing with Eq. (5.105) substantiates our earlier claim that P(w) plays the same role in the
TlT space that T'(w) plays over the full T' space.

5.2.4.2 First-Order Exchange-Correlation Kernel

We now turn to the first-order exchange-correlation kernel. Our main motivation here is to
verify that we obtain the same terms as in exact exchange (EXX) calculations when we evaluate
IT — I1,. [32,250] Since our approach is in some ways more general than previous approaches to
the EXX kernel, this subsection may also provide some new insight into the meaning of the EXX
equations.

Since we are limited to first order, only zero- and first-order wave function terms need be
considered. This implies that all the contributions due to the T; + space (the space of double-
and higher-excitations) are zero and substantiates our claim that Eq. (5.117) is exact to first-
order. An order-by-order expansion gives,

Ly @) = (' TH VPO w)(T]|#13)
+ (374 T PO (w)(T][775) )
+ (34T} P (w)(T][715)©
=15 gp (W) s

(5.118)
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where,
T, 4 (@) = BFAITD O (Tl + s T O (T [716)© (5.119)

The evaluation of each of first-order blocks is straightforward using the basic definitions and
Wick’s theorem.
Let us first consider the P parts. The zeroth-order contribution is,

P () = (= €i0)0ikdac (5.120)
(@) =0, (5.121)
and the first-order contribution gives
P = (aillke) + Macdi — Mipdac (5.122)
Py, = (cillak). (5.123)

The sum of P(©) + P gives the exact pole structure up to first-order in the SOPPA approach.
The zero-order contribution,
(¢ T = (T} |T}), (5.124)

and the first-order contributions are given by,

M

[T, = — ejj: Sk (5.125)
(AT, = T (5.126)
(BT e = Zk: Sbe (5.127)
(AT =~ 0. (5.128)

The PP II(w) is now easily constructed by simple matrix multiplication according to
Eq. (5.118). Applying the 1st approximation from Sec. 5.2.2 and expanding II(w) — II(w)
through first order allows us to recover Gorling’s TD-EXX kernel. [32] The most convenient way
to do this is to expand P~ using,

(TH|wl + HTH ! ~ (Tl |jwl + BO|TH !
+ (T}l + ZOT) (T} AV T]) (Tl Wl + A©|T]) .
(5.129)

The result is represented diagrammatically in Fig. 5.3. The corresponding expressions agree
perfectly with the expanded expressions of the TD-EXX kernel obtained by Hirata et al, [250]
which are equivalent to the more condensed form given by Gorling. [32] The diagrammatic
treatment makes clear the connection with the BSE approach. There are in fact just three
time-unordered diagrams shown in Fig. 5.4 whose various time orderings generate the diagrams
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Figure 5.3 Diagrammatic representation of IT(w) — Il (w). (a-i) involve coupling between
the particle-hole space, diagrams (g,h,m,n) involve coupling between particle-hole space and
particle-particle and (i,j,k,1) couples the particle-hole space with hole-hole. For the rules of
the diagrams, see appendix 5.2.10.




5.2. FORMAL FOUNDATIONS OF DRESSED TDDFT (ARTICLE) 123

Figure 5.4 Topologically different time-unordered diagrams for the First-order contribution
to the 4-space 2-time Bethe-Salpeter equation for the case of a general potential. In the case
that M = Vg the diagrams with M circles should be dropped.

in Fig. 5.3. However the “hanging boxes” above and below the central I" region now have the
physical interpretation of initial and final state wave function correlation (Fig. 5.2). Had we
applied the 2nd approximation of the previous section, then only diagrams (a-f) of Fig. 5.3
would have survived.

Use of the Gonze-Schefler relation (see further Sec. 5.2.3) then leads to,

W =€ K‘SJrftv( fzs)
cai + {al Myela) — (i| Mycli) + (aillia)
HF + (aillia), (5.130)

- ea,i

which is exactly the configuration interaction singles (CIS, i.e., TDHF Tamm-Dancoff approxi-
mation) expression evaluated using Kohn-Sham orbitals. This agrees with a previous exact result
obtained using Gorling-Levy perturbation theory. [142,251,252]

5.2.4.3 Second-Order Exchange-Correlation Kernel

Having verified some known results, let us go on to do the MBPT necessary to obtain the pole
structure of the xc-kernel through second order in the 2nd approximation. That is, we need to
evaluate II;!(w) — II"!(w) through second order in such a way that its pole structure is evident.
The SOPPA/ADC strategy for this is to make a diagrammatic IT,(w) — II(w) expansion of this
quantity and then resum the expansion in an order-consistent way to have the form

n k k—i

[T, (w) — T@)] Q50 =33 (pfg ThH P @~ (w) (Tt 5) k== |
k=0 :=0 j=0

<.

when the Born approximation is applied to the P(w), in the same fashion as in the previous
section. The number of diagrams contributing to this expansion is large and, for the sake of
simplicity, we will only give the resumed expressions for each block. For a cocmpilation of
relevant diagrams the reader is refered to the supplementary material. [245] Evidently, after the
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calculation of each block there will be an additional step matrix inversion in order to apply the
2nd approximation to the xc-kernel.

It should be emphasized that although the treatment below may seem simple, application of
Wick’s theorem is complicated and has been carried out using an in-house FORTRAN program
written specifically for the purpose. The result before resummation is roughly 200 diagrams
which have been included as supplementary material.

It can be shown that the operator space may be truncated without loss of generality in a
second-order treatment to only 1- and 2-electron excitation operators. [66] The wavefunction
may also be truncated at second-order. This truncation breaks the orthonormality of the T]
space:

10
erjir]) ~ (el + xliTh® # (5 °) ). (5.131)

This complication is dealt with by orthonormalizing our operator space. The new operator set
expressed in terms of the original set contains only second-order corrections,

e~y (i 5~ (i) dkfal) g~ Mkkaa> it

, ‘7 €klLbd€kl da €k bEh,a
1 d||j | |d Mg My; N
o3 (43 el g M) 5
J med €myj,cd€im,cd d €5,d€i,d

(5.132)

(Note that we have used the linked-cluster theorem to eliminate contributions from discon-
nected diagrams. For a proof for the EOM of the one- and two-particle the Green’s function see
Ref. [253])

We may now proceed to calculate,

— I3, @) = (BT THOPD (w)(T]773)
+ (14T PO w)(T] 775
+ ("4 TH VPO () (T][#15)
+ ("4 T VP (w)(T]1715)©

(5.133)
The only new contributions that arise at this level are due to the block P(?), which is given by

2 1 0),—1 1
P® =T - T{HTy) ™ (w)Ty) (5.134)

)

(We are anticipating the w-dependence of the various I'-blocks which will be derived below.)

Since the block I‘ﬁ is affected by the orthonormalization procedure, it may be useful to provide
a few more details. Expanding order-by-order,
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r) =

[an)}

—
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=
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, i
13 Wi+ 2O, 70y,
7O, 7).

(5.135)

where Ti(z) is the vector of second-order operators defined in Eq. (5.132). It is easily shown that
the first term cancels with the contributions coming from the second-order operators, and that
the contributions from second-order wave function are exactly zero. Hence, that block is simply

r) = (oWl (AW, T{)0®)
+ 0T, [H, T 0W),
(5.136)

which makes it frequency-independent. Its calculation gives

MiyaMa; Mo My
+ Bi Z

F(z) cia — 5ac
[ 1,1]k ) €id €la

d
(5.137)

n %Z (le|[kd)(dl|lei)  bik Z (ld||mce)(dl||ma)

2 €im,de 2 €lm,ad

lde imd

[F(Z) MakMzd + Mcsza + 22 Mdk ad”CZ)

171]ck,ia

€i,d €k.a €k.d

n QZ M (lk||ai) Z (ceHad)(dzHem)

€l.c €im,de

l md
cel|lmi)(ak||me 1 cellad)(dk||ei 1 ik||ml) (ac||ml
_Z( ||mi) (ak| )_72( ||ad) (dE|| )_72( [[m)(ac||ml)

€km,ae 2 €ik,de 2
me de

€
ml Im,ac

(5.138)

The block I'; 2 and its adjoint is of at least first-order, due to the fact that the space is
orthonormal. For that reason, it is not affected by the orthonormalization at this level of ap-
proximation. Its calculation gives

05, psa = — Sik(bellag) + ju (belai) — Spe(ail lkj) + Sac (bil k)
[ (2)

5 1]Ck bia = (5.139)
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Finally, the block I's o(w) gives

[F(?) (W idke,jbia = (W — €i5,ab)0;10ik0cadap

2,2

D52 (@) ]ekat,bia = 0 (5.140)
Notice that double excitations are treated only to zeroth-order in a second-order approach. To
obtain a consistent theory with first-order corrections to double excitations, one should go at
least to third order. This however becomes computationally quite heavy.

It is interesting to speculate what would happen if we were to include the first-order doubles
correction within the present second-order theory. There are, in fact, indications that this can
lead to improved agreement between calculated and experimental double excitations, though the
quality of the single excitations is simultaneously decreased due to an imbalanced treatment. [254,
255]

We can now construct the PP necessary to construct the 2nd approximation of the xc-kernel
Eq. (5.73) according to Eq. (5.117). Since the the localizers of both left- and right-side are con-
structed from the non-interacting KS PP, we are only concerned with ph and hp contributions.
This means that the blocks involving pp or hh indices, corresponding to density shift opera-
tors, can be ignored at this level of approximation. This simplifies the construction of P(w) in
Eq. (5.117), which up to second-order gives

H(0+1+2)’_1(W) = (T1T|T1T)_1P(O+1+2) (w)(T1T|T1T)_1- (5.141)

Separating ph and hp contributions, the PP takes the form of a 2 x 2 block-matrix in the same
spirit as the LR-TDDFT formulation of Casida,

TIO+H1+2) =1 () =

(65) (hora) 3::;5:;) (6%)

PO+1+2) () — pO+1+2)(
- (_P(0+1+2)E ; PO+142) (5.142)
It follows that,
P(1+2)(w) _1+2)
H;l(W) _ H(0+1+2),71(w) _ 1,1 (5143)
_1-\93-2) P(1+2)(w)

Note that the off-diagonal (ph,hp)- and (hp,ph)-blocks are frequency-independent and that the
diagonal blocks are given by Eq. (5.134). Ignoring localization for the moment, we may now cast
the present Kohn-Sham based second-order polarization propagator approximation (SOPPA /KS)
into the familiar form of Eq. (5.4) with,

Aia jp(@) = i j0ap(ea — &) + PLTD (W)

ia,jb

Biapj(w) = — (Fslﬂ))m " (5.144)
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Localization [Eq. (5.73)] will complicate these formulae by mixing the P(*2)(w) and I‘glf 2)
terms,

Aia,jb(w) = 04 7b(ea - Ei)
. hp,hpw)P“*”<w><Ai>hp,hp<w>}

= 6.0
+{(A)

(A p o (@) P @) (AL ()]

- [

- [

)= @

+a

- [

- [

ia,jb

ia,jb
i @)D (AL ()]

D@L A ()|

ia,jb

Bia bJ hp hpP(1+2)( )(Al)hp,ph

hp phP(1+2)( )(AZ)P}MD}L

ia,bj

hpph I‘(1+2)(AT)h ph( )]

ia,bj
hp hp I‘(Hz)(AT)ph,ph( )]w b :

(5.145)
Of course this extra complication is unnecessary if all we want to do is to calculate improved
excitation energies and transition amplitudes by doing DFT-based many-body perturbation the-

ory. It is only needed when our goal is to study the effect of localization on purely TDDFT
quantities such as the xc-kernel and the TDDFT vectors X and Y.

5.2.4.4 Tamm-Dancoff Approximation
The present theory, without the localizer, takes a particularly transparent and computationally
convenient form when the Tamm-Dancoff approximation (TDA) is made. This SOPPA/KS +

TDA consists of considering only the (hp,hp)-block. The excitation energies and transition
amplitudes are found by solving the pseudo-eigenvalue equation,

-1
l:Ag(?fLFQ) + Ag:}% <w1272 — Ag?%) Agg] C; =wC s (5146)
or the equivalent true eigenvalue equation,
AL AL (Cl) —w (Cl> (5.147)
Aéli A2 2 C: C: ) .

Here
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(AR2) = 6 S — 5, FGT) + (aile)

(A)) = —dix(bellag) + 8;(bellai)
"/ ke,jbia
— Op,c(ail|kg) + on,;(bil| k)
0
(Aé,%%dkc’jbm = 0i,k0c,a0d,b€ab,ij 1 (5.148)

where Fﬁg*” = 0y s€, + M5 is the matrix of the Hartree-Fock operator constructed with Kohn-
Sham orbitals and

FO+142) _ FéOCJrl) Jrz Mo My, 1 Z (Id||me)(dl||am)
1

hatmhe
a,c
€l,a 2 €lm,ad

l,m,d

)

MyaMa,; 1 (le||kd)(dl|ei)
F-(0+1+2) _ F-(0+1) + hdPdi - -
ik i,k g €i,d 2 ldze €im,de

(5.149)

include second-order corrections. (Note that extra factors of 1/2 will occur in these expressions
when spin is taken explicitly into account.) It is immediately seen that truncating to first order
recovers the usual CI singles (CIS) equations in a noncanonical basis set.

5.2.5 Dressed TDDFT

Dressed TDDFT (D-TDDFT) is a way to mix conventional adiabatic TDDFT with a nona-
diabatic correction derived from many-body theory. Now that we have all the pieces, let us
assemble a first-principles PP version of D-TDDFT.

The first step along the way is to understand how to avoid double counting of correlation
effects. That is we must generalize the Maitra, Zhang, Cave, and Burke (MZCB) ansatz to more
than one doubly-excited state. A perturbative generalization of the formula (5.23) involving a
single doubly-excited state to the situation involving a manifold of doubly-excited states is,

2
xD/
w=w —_— 5.150
DD (5.150)
D/
This separates into the static part,

t:l:2DI

WwAA = Ws — ) 5.151

and a remaining dynamic part,

2
w Ty,

D \WD
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Since adiabatic TDDFT must agree with static DFT response theory, we can easily identify w44
as the part described by conventional adiabatic TDDFT.

In order to treat the remaining part, we restrict ourselves to the situation that the excitation
energies are well separated with a particular wp ~ wg. In this case, we can write that,

w x%
WNA R —
wp W —wp

2

' (5.153)
W —wp

Q

This later formula is the dressing to be obtained from PP theory. Note that it assumes that the
true excitation energy, w ~ wp.

Equation (5.146) is of just the right form to apply this type of ansatz. Assuming just one (or
at most a few) double excitations, our MZCB-like PP ansatz is the pseudo-eigenvalue equation,

|:A1,1 + A2 (wlayg — A2,2)_1 A271} C, =wC, (5.154)
with
(Alvl)kc,ia = 6i,k5a,c€a,i + (kc|f§;c4c|7’a)
(A8)) = —un(bellag) + 8(bellai)
kec,jbia
— Ob,c(ail|kj) + Ok, ; (bil| k)
(2) _ s B

<A2’2)ldkc,jbia = (sz,kéc,aad,beab,zg . (5155)

Equation (5.154) is equivalent to the computationally more convenient form,
A1 A Ci\ _ C
[ A A] ( CZ) —u ( c2> , (5.156)
which is what we use in practice.

The restriction to one (or at most a few energetically similar) double excitations can be
justified on two grounds. First, adiabatic TDDFT already contains electron correlation effects
and we wish to avoid double counting. Second, the Gonze-Scheffler relation tells us that the
localizer transforms diagonal ia-matrix elements of the spatially-local kernel, fr..(1,2;w), into
matrix elements of the spatially nonlocal operator, Kp,.(1,1';2,2";w), at frequencies, w = € ;.
Were we to consider an increasingly large number of 2h2p-excitations in our theory, there may
come a point where it will be necessary to include the localizer when interfacing PP and TDDFT
formulae. For the moment we do not do this in any of the calculations presented in this paper.
It may be worth emphasizing that the localizer is unnecessary when carrying out PP based upon
the Kohn-Sham orbital hamiltonian as zero-order estimate, but is expected to become necessary
at some point when interfacing the spatially-local TDDFT and spatially nonlocal PP formalisms.

The formulae (5.155) are highly reminiscent of Casida’s earlier work on a PP correction to
adiabatic TDDFT. These formulae are just the TDA form of the order-consistent development
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Figure 5.5 Frontier molecular orbitals of butadiene calculated using the local density ap-
proximation.
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of Eq. (3.9) in Ref. [149]. Comparing with Egs. (5.148) and (5.149), we see that the block of
1hlp-excitations is given by conventional adiabatic TDDFT while the missing terms involving
2h2p-excitations are taken over from SOPPA/KS+TDA theory. We refer to them here by the
acronym D-TDDFT TDA. It is troubling that the zero-order estimate of the double excitation
energy is just given by KS orbital energy differences in this order-consistent theory. These may

or may not be accurate enough in practice, so we also introduce the notion of extended dressed
(ED) TDDFT in which,

(A%)ldk = (UgslekdlTHb jali| W g s)
c,jbia
— (Uks|H|Vks) . (5.157)

An explicit expression is straightforward to work out with Wick’s theorem but is long and so
will not be given here [see Egs. (49) and (50) of Ref. [45]].

Let us now turn to a specific example, namely that of butadiene (CH,=CH-CH=CH,), whose
excitation spectra have been extensively studied in the past (see e.g., Ref. [256] and references
therein). Let us examine the electronic structure of this molecule in a qualitative manner before
embarking on a quantitative study. Figure 5.5 shows the frontier molecular orbitals (MOs) of this
molecule, easily obtained by qualitative arguments familiar to most chemists. Several possible
excitations may be constructed from these MOs with the dominant ones shown in Fig. 5.6. We
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Figure 5.6 Dominant contributions to the low-lying excited states in trans-butadiene.
Huix-Rotllant and Casida: dressed TDDFT
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can anticipate a fairly pure one-hole one-particle (1hlp)-excitation of 1B, symmetry. However
excitations of ! Ay symmetry are more complicated, since it is possible to construct two energetic
nearly degenerate 1hlp-excitations from the HOMO — LUMO+1 and HOMO-1 — LUMO tran-
sitions. (HOMO and LUMO are standard acroynms respectively for “highest occupied molecular
orbital” and “lowest unoccupied molecular orbital.”) These will interact to form symmetric and
antisymmetric combinations, one of which may strongly mix with the HOMO — LUMO dou-
ble (2h2p) excitation. The bright 11B, state is experimentally relatively easy to locate with
absorption spectroscopy while the location of the spectroscopically dark 2 1Ag is much harder
to locate experimentally. Recent experiments seem to indicate that the 21 A, state is slightly
lower in energy than the 1B, state, [256] while theory is divided as to whether the 214, state
is slightly higher [257] or slightly lower [256] than the 11B, state (Table 5.1). Probably at this
point we should only conclude that the two states are energetically quasidegenerate.

Butadiene has been treated at least twice in the past using D-TDDFT. [44, 150] The ear-
liest treatment was by Cave, Zhang, Maitra, and Burke [44]. They first carried out TDDFT
calculations to find the singles-excitation energy, wg, and the corresponding single-excitation
configurations. They then added an extended dressed term into both the A and B matrices and
solved the full and TDA dressed TDDFT problem in a noniterative perturbation-like manner
using electron repulsion integrals constructed with Hartree-Fock orbitals. Note that their double-
excitation energy , wp, is calculated not in terms of orbital energy differences but in terms of the
difference between the Hartree-Fock ground state and the energy of a doubly-excited Hartree-
Fock determinant, similar to our ED-TDDFT theory. Their results are shown in Table 5.1. While
the TDPBEO 1! B, excitation energy is reasonable, the TDPBEO 2 1Ag excitation energy is much
too high compared with the 1'B,, excitation energy. Their dressed TDDFT gives a 2 1Ag energy
similar to the 11B,, excitation energy. Mazur and Wiloarczyk [150] have recently improved on
the work of Cave et al. by calculating their electron repulsion integrals from Kohn-Sham, rather
than Hartree-Fock, orbitals and by carrying out an iterative solution of an improved form of
Eq. (5.23). They obtained results remarkably similar to those of Cave et al. Note that none
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Table 5.1 Butadiene vertical excitation energies (eV).

514, 1B,

Present Work T
TDLDA TDA 6.42 6.38
D-TDLDA TDA 3.91 6.38

ED-TDLDA TDA 6.02 6.38
10-ED-TDLDA TDA 6.253 6.249
Cave et al. 2

TDB3LYP 7.02
TDPBEO 7.22 5.98
D-TDPBEO 5.93

D-TDPBEO TDA 6.28
Mazur and Wlodarczyk 3
TDB3LYP TDA 6.56 6.02
TDPBEO TDA 6.77 6.13
D-TDB3LYP TDA 6.06 6.02
D-TDPBEO TDA 6.34 6.13
Reference Values

SOPPA! 7.49 6.00
ADC(2)-s* 8.34 7.09
ADC(2)-x* 5.19 6.69
CASPT25 6.27 6.23

Best Estimate® 6.55 6.18
Experiment” 5.4-5.8 591

! Present work: 6-311G(d,p) basis.

2 Calculations of Cave, Zhang, Maitra, and Burke from Ref. [44]: 6-311G(d,p) basis.

3 Calculations of Mazur and Wiodarczyk from Ref. [150]: 6-311++G** basis.

4 Strict (s) and extended (x) ADC(2)/6-31G calculations from Table 2 of Ref. [258].

5 From Ref. [259)].

6 From Ref. [257].

T Values taken from Ref. [256]. See also the discussion of these experimental values in that
reference.
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of these dressed calculations affects the energy of the 1!B,, state which belongs to a different
irreducible representation of the molecular point group.

We have carried out D-TDDFT calculations with our PP formalism using the Grenoble devel-
opment version of the DEMON2K program [205]. The implementation of TDDFT in DEMON2K
has already been described [207]. The implementation of D-TDDFT and extensive tests of this
option will be described elsewhere. [260] Suffice it to say that calculations were carried out at the
experimental geometry using the same orbital basis set as in used by Cave, Zhang, Maitra, and
Burke [44]. Our calculations are limited to the local density approximation (LDA) rather than
the hybrid functionals (PBEO and B3LYP) used in the previously mentioned work. Our results
are collected in Table 5.1 and compared against other D-TDDFT calculations and benchmark
values from the literature. We confirm the previous result of Hsu, Hirata, and Head-Gordon [261]
that non-hybrid functionals give reasonable agreement with benchmark values for the 2 1Ag ex-
citation energy. As seen in the table, hybrid functionals are even worse in this respect. Including
the 1b§ — 2a2 double excitation at the D-TDLDA TDA level of theory lowers the energy of
the 214, state by a very large 2.5 eV. This is because the simple orbital energy difference of
the 2h2p excitation energy at 8.01 eV is much too close to the 2'4, excitation energy (6.42
eV) obtained without the doubles correction. Using the extended doubles formula (5.157) with
a 2h2p excitation energy of 23.84 eV leads to a much more reasonable lowering of the TDLDA
TDA energy by 0.4 eV. As explained above, the energy of the 1!B,, state remains unchanged by
the introduction of a double excitation of A4, symmetry.

It should be emphasized that our implementation of ED-TDDFT is a still more general im-
plementation of the previous implementation of dressed TDDFT by Mazur and Wioarczyk [150]
which was already an improvement on the work of Cave et al. [44] Not only do we obtain the equiv-
alent of the iterative answer with a noniterative algorithm [compare Egs. (5.154) and (5.156)] but
we are able to include a few additional double excitations. (Moreover we have given the formal
framework for further systematic improvements of our theory.) Thus we thought it interesting
to go a little further in this preliminary study by including the first 10 doubly-excited states in
the ED theory (without including the localizer). This is the calculation denoted 10-ED-TDLDA
TDA in Table 5.1. This introduces some double excitations of ! B,, symmetry. While some double
counting of correlation is inevitable, 10 double excitations is still a very small number compared
to the number usually used to describe dynamic correlation. Both the 214, and 1'B, states
have shifted to nearly the same value, in better agreement with reference values.

Since our version of D-TDDFT is based upon SOPPA and strict ADC(2) formulae, it may
be worth comparing against these values. Table 5.1 shows the results of a SOPPA calculation
that we obtained with the DALTON code [262] using the same basis and geometries as our D-
TDDFT calculations. The 1'B, SOPPA excitation energy is similar to that obtained with the
TDLDA TDA and D-TDLDA TDA. However, unlike in our D-TDLDA TDA calculation, the
SOPPA 2'4, excitation energy remains higher in energy than the 1! B, excitation energy. This
is consistent with the much larger double excitation orbital energy difference when Hartree-Fock,
rather than Kohn-Sham, orbital energies are used. We also give strict [ADC(2)-s] and extended
[ADC(2)-x] ADC(2) from Ref. [258]. The ADC(2)-s result should be comparable to our SOPPA
result but overestimates our result for the excitation energies of both states because the ADC(2)-
s result was calculated with a less extensive basis set. The ADC(2)-x method is to the ADC(2)-s
method what our ED-TDLDA TDA method is to our D-TDLDA TDA method. Interestingly,
the ED-TDLDA TDA 2'4, energy is greater than the D-TDLDA TDA 2'A, energy while the
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ADC(2)-x 2' A, energy is smaller than the ADC(2)-s excitation energy. This is consistent with
the correction to the simple orbital energy diffrence estimate being very different for the ED-
TDLDA TDA and ADC(2)-x schemes. In both cases the extended method brings the calculated
results closer to experiment.

In finishing this section, it is best to recall that the results given here are only indicative.
A much more thorough study will be reported elsewhere. [260] In particular, it should be kept
in mind that the 21Ag and 1!B, states lie above the TDLDA ionization threshold which is
artificially low (5.92 eV). [25] Nevertheless the present results give a first indication that our
method is up and running and ready for more extensive testing. A particularly interesting
question will be to what extent our mixture of TDDFT and PP methods will break symmetry-
imposed state degeneracies.

5.2.6 Conclusion

This article has presented a detailed discussion of how the frequency-dependent spatially-local
xc-kernel of TDDFT may, in principle, be obtained from the corresponding spatially-nonlocal
quantity in PP theory in such a way as to take full account of the interaction between any number
of single- and higher-order excitations. This may be termed ab initio TDDFT. [226] Because
we have made extensive connections with other similar work in the literature, it seems best to
conclude by emphasizing what is new in the present work.

The first thing that is new is that we have clarified the relation between the PP work of
Casida [149] and similar work within the solid state physics community based upon the Bethe-
Salpeter equation (BSE) [46, 119, 120, 141, 233-235]. This is important because different ap-
proximations have been developed within the PP approach in chemical physics for molecules
than those developed within the BSE approach for solids, yet there is a great deal of interest in
these two communities in sharing information with the aim of eventually developing a physical
approximations applicable, say, at the nanoscale interface between molecules and solids.

The second thing that is new in the present work is that we have corrected the previous PP
work of Casida [149] to include the effect of spatial localization. Within the Born approximation,
the resultant expression for the xc-kernel factors into a product of dynamic localizers and the
nonlocal PP analogue of the xc-kernel. This localizer arises naturally in OEP and TD-OEP
methods. Interestingly the dynamic localizer represents the fact that spatial localization neces-
sarily implies an additional frequency dependence (delocalization in time). Near a pole, when
the excitations are well-separated (which is normally what happens for molecules), we obtain
a particuarly easy demonstration of the Gonze-Scheffler relation [142] which is, among other
things, a key ingredient in a correct treatment of charge-transfer excitations in TDDFT. [27]
With a future implementation in mind and explicit exploration of the properties of the localizer,
we also briefly discussed finite-basis representations of the localizer in an appendix.

The third thing that is new here is that we have developed explicit formulae similar to SOPPA
or ADC(2) formulae but based upon a Kohn-Sham zero-order hamiltonian. This involves resum-
ming more than one hundred correction terms but results in compact formulae in the end. We
have shown that previous EXX formulae reported in the literature are confirmed exactly by
truncating our formulae to lower order.
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The fourth thing that is new is that we have discussed and given what we believe to be an
improved formulation of dressed TDDFT. A preliminary calculation on butadiene confirms that
it is indeed necessary to go beyond a zero-order description of double excitations to at least a
first-order description. The results confirm that the method is correctly implemented and are
sufficiently encouraging that we are in the process of carrying out a benchmark study of this
approach on a much more extensive set of molecules. [260]

Finally we have presented all the pieces in this paper to go from ab initio PP theory to extract
the corresponding frequency-dependent xc-kernel of TDDFT. The formalism itself offers insight
into the analytic structure of this xc-kernel and why dressed TDDFT works and eventually why
it might fail and could be further improved. Actual calculations of the ab initio xc-kernel can
be expected to lead to additional insight, but the necessary code will take some time to put into
place.
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5.2.8 Appendix A: Collapse, Expansion, and Localization Operators

A problem which shares many aspects in common with the present work is that of finding
the optimized effective potential (OEP). [97,263] The OEP is the local potential whose orbitals
minimize the Hartree-Fock energy expression, and is, up to a linear response approximation,
identical to the exact exchange-only Kohn-Sham potential, v,,, whose functional derivative is the
exact exchange-only kernel, f,. In using Harriman’s collapse operator in the present work, we
have chosen to follow Hamel, Casida, and Salahub who pointed out that this operator allows
a particularly elegant formulation of the OEP problem. [244] The notion of a collapse operator
emerges naturally in this context. This appendix introduces the notion of collapse, expansion, and
collapse operators in the static case. Some exact and approximate properties are also reviewed.

Harriman considered the relation between the space of kernels of operators and the space of
functions. [264,265] In order to maintain consistency with the rest of this paper, we will generalize
Harriman’s notion from space-only to space and spin coordinates. Then the collapse operator is
defined by,

T5,(1,2) = 2,(1,1). (5.158)

The adjoint of the collapse operator is the so-called expansion operator,
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T, (1) = v, (1)5(1 — 2). (5.159)

The notions are general even if the above two equations suggest that we apply the collapse

operator to the kernel of the exchange-only self-energy (i.e., the Hartree-Fock exchange operator)

and that the expansion operator be applied to the exchange-only potential, which is our intention.
The exchange-only OEP problem may be written as,

(i + 02 ) W07 (x) = €QPPYOPP (x), (5.160)
which resembles the Hartree-Fock problem,
(i}H + zx) GHF (x) = HFYHF (x) . (5.161)

It turns out that the answer to the OEP problem is to require that the potential v, be chosen so
that the perturbation transforming the OEP problem into the Hartree-Fock problem makes the
linear response of the density zero. [97,263] Since the definition of the exchange-only Kohn-Sham
potential is that it produce the Hartree-Fock density, it is easy to see that the OEP v, is simply
a linear response approximation to the exact Kohn-Sham v,.

We can express this linear response condition very elegantly using the Harriman operators as,

0="II (2, — Ylv,) . (5.162)

In order to keep the notation compact by suppressing integrations, we have introduced a matrix
notation: The operators Y and the OEP (Kohn-Sham) independent particle response function
(retarded form of the polarization propagator), I, are represented as matrices. The operators
3, and v, are represented as column vectors. Thus Eq. (5.162) becomes,

Y, Y v, = YILX,, (5.163)
which may be recognized as a weighted least square fit of YTv, to X,. It may be solved,
vy = A3, ) (5164)

where,

A, = (XTI Y)Y, (5.165)

is the localizer. (In particular it is the single-particle localizer because it depends upon the single
particle response function IT;.) Note that this only makes sense if care is taken to eliminate the
null space of YII, X before taking the inverse (i.e., singular value decomposition.)

One of the strong points of this formulation of the OEP problem is that it lends itself to a
spectral space representation in terms of orbital and auxiliary basis sets. [244] However solving the
OEP equation in this manner is not without its pitfalls. Hamel, Casida, and Salahub emphasized
that,

“The v, which emerges from finite basis OEP calculations is not strictly unique,
though its matrix is uniquely defined up to an additive multiple of the matrix of
the identity.” [244]
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In fact, an improper balance between orbital and auxiliary basis sets can lead to unphysical
wiggles in v,. Staroverov, Scuseria, and Davidson have pointed out that an improper balance
between the orbital and auxiliary basis sets can also lead to Hartree-Fock energies which are
incorrectly below the true OEP energy. [266] Thus the orbital and auxiliary basis sets should be
regarded not as independent but rather are coupled. Methods for avoiding this pitfall have been
discussed in the recent literature [267-269] and some are described in the following paragraphs.
However, for the purposes of the present work, we need only assume that the pitfall may be
avoided using appropriately balanced basis sets.

One way to understand the localizer is to examine its static limit. There are several related
approximate solutions to the static OEP equation [Eq. (5.163)]. We focus here on the Krieger-Li-
TIafrate (KLI) approximation because of its physical transparency. However a drawback of the KLI
approximation is lack of unitary invariance which may be removed by a suitable generalization
giving what is variously known as the common energy denominator approximation (CEDA) [270],
localized Hartree-Fock (LHF) [271], or effective local potential (ELP) method [267,268], depend-
ing upon who derived it.

Krieger, Li, and Iafrate [98,99] followed up on a footnote in Sharp and Horton’s seminal OEP
paper. [263] Amazingly the resultant KLI expression works almost as well as the original OEP
method. The trick is to recognize that the generalized susceptibility may be rewritten as,

occ

4(1,2;3,4) Zzw fzw’” d’()wz(), (5.166)

€;
i p#i i pi ©P

because the terms where p corresponds to an occupied orbital all cancel each other. Now make
use Unsold’s approximation [272] in which we replace the excitation energies with a single average
excitation energy,

occ

(128, = Sy B0 H_§E BOEORORD o

i pFi i pFi

(Csizmadia and Sylvain gave evidence to suggest that

1 1 occ 1
—_— = — 5.168
Ae Noce —~ € ’ ( )

is a good choice when applying Uns6ld’s approximation to the calculation of polarizabilities [273].)
Using the completeness relation,

Z bp(1 =0(1-2), (5.169)

then
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I1,(1,2:3,4) =~ (v(1, 3504 — 2) +(4,2)5(1 - )

— 22%(1)@(2)@(3)%(4)) : (5.170)

Inserting into Eq. (5.163) and assuming real orbitals yields after a little algebra,

KLy 20 (il Ba i) n 2 NG (Wilvg ™ — Sals)
‘ p(1) p(1)

Notice how Ae has completely canceled out! The first of the two terms is the Slater potential, [274]
while the second of the two terms is a “derivative discontinuity correction.”

The presence of the exchange potential on the right hand side of Eq. (5.171) shows the real
complexity underlying the apparently simple equation (5.164). Nevertheless we have here an
implicit approximate expression for the static localizer. A similar statement also holds for the
CEDA (LHF, ELP) approximation.

v

(5.171)

5.2.9 Appendix B: Finite-Basis Representation of the Localization
Operator

We discuss the problem of carrying out dynamic localization,
v(l,w) = Aw)2(1,2;w), (5.172)

[e.g., Eq. (5.79)] in a finite basis representation. Such a computational approach is probably the
most rigorous direct way to explore properties of the dynamic localizer.
In a typical finite basis method, v is expanded in a finite auxiliary basis set,

v(Liw) =Y gr(1br(w). (5.173)

It is evident that the g; must be completely contained within the space of orbital products,
otherwise erratic results will be obtained when expanding the orbital space. The implication
is that, at a minimum, there is a double convergence problem. For each auxiliary basis set, it
is necessary to expand the orbital basis set until convergence is reached. Then the auxiliary
basis set can be expanded and convergence attained once again with respect to the orbital basis
set. The reverse order (convergence of the auxiliary basis set before the orbital basis set) is not
possible. This is at the heart of problems mentioned in Appendix 5.2.8. [266—269]

Nevertheless, with these difficulties in mind, let us make the expansion in the auxiliary basis
set [Eq. (5.173)] and rewrite the localization equation as,

Z X]J(w)bJ(W) = Y](w) y (5174)
I
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with
X1 5w ZZ wa|gz|;m_ :mwa ZZ wz\gzl;b: :z;ajgﬂw». (5.175)

and
ZZt (elgrlV) _«/:\z w)[t) ZZt wz|gz|w:+w€aa|22< W) 517

[Here we are using the compact notation introduced in Eq. (5.7).] For real basis sets,
occ virt %
1) = 555 () ottt

occ virt

ZZ( 26‘“ ) (Walgr [13) (| 52(w) [ ha) -

(5.177)
The solution to the localization problem is,
w) =Y gs(1)bs(w)
J
- Z 900X 1Y1(w)
= ZQJ A Jia(w <"/}1|Z( Na) 5
(5.178)
with the localizer supermatrix given by,
2¢€a,i(Yalgr]i)
AJza ZX]I ( w2_€§i .
(5.179)

Similar equations can be written down for the KLI and CEDA/LHF approximations but the
critical product space is then that of products of occupied orbitals, 1;1;, which seems to be
somewhat easier to handle, to judge by the success of the ELP method [267,268]. For example,
if we make the CEDA/LHF approximation with the energy dependent Il (w), then there will be
a factor of 2A¢/[w? — (A€)?] which will cancel out and we will arrive back at the CEDA/LHF
equations but this time keeping the frequency dependence in v, (w) and in % (w),

SrlS ) | X0 D Wilv(e) - 2@l (1)

viliw) = = o(0)

(5.180)
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(This is a more general result than the KLI approximation described in Appendix 5.2.8. The
KLI approximation is obtained when i = j in the second sum.) The matrix equations are,

ZXLJbJ(OJ) = YJ((U)

occ occ

X1y =Y (bilgrgsli) =Y (Wilgrls) (Wslgsle:)

[ 1,7

Yi(w) = Z<¢ilgfi(w)l¢i> - Zwilgz\%)%@(w)wﬁ
by(w) =Y X;1Vi(w). (5.181)
I

It is to be emphasized that the localizer is frequency independent in this approximation. Although
this may seem like a great computational simplification, it is at the price that the Gonze-Scheffler
relations [Eq. (5.87) and Eq. (5.88)] are no longer exactly satisfied.

A frequency-dependent CEDA has recently been introduced recently by Gritsenko and
Baerends. [184]

5.2.10 Appendix C: Diagrammatic Rules

The representation of MBPT expansions in terms of diagrams is very convenient for book-
keeping purposes. Indeed certain ideas such as the linked-cluster theorem [253] or the concept
of a ladder approximation (see e.g., Ref. [16] p. 136) are most naturally expressed in terms of
diagrams. Perhaps most importantly diagrams drawn according to systematic rules allow an
easy way to check algebraic expressions. Several types of MBPT diagrams exist in the literature.
These divide into four main classes which we call Feynman, Abrikosov, Goldstone, and Hugen-
holtz. Such diagrams can be distinguished by whether they are time-ordered (Goldstone and
Hugenholtz) or not (Feynman and Abrikosov) and by whether they treat the electron repulsion
interaction as a wavy or dotted line with an incoming and an outgoing arrow at each end (Feyn-
man and Goldstone) or in a symmetrized way as a point with two incoming and two outgoing
arrows (Abrikosov and Hugenholtz). These differences affect how they are to be translated into
algebraic expressions as does the nature of the quantity being expanded (wave function, one-
electron Green’s function, self-energy, polarization propagator, etc.) Given this plethora of types
of diagrams and the difficulty of finding a clear explanation of how to read polarization propa-
gator diagrams, we have chosen to present an appendix summarizing how our diagrams should
be translated into algebraic expressions. This is perhaps especially necessary because while the
usual practice in the solid-state literature is to use time-unordered diagrams with electron repul-
sions represented as wavy or dotted lines (i.e., Feynman diagrams), while the usual practice in
the quantum chemistry literature of using time-ordered diagrams with electron repulsions rep-
resented as points (i.e., Hugenholtz diagrams). Since we first derive algebraic expressions and
then write the corresponding diagrams, rather than vice versa, we will content ourselves in this
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Figure 5.7 Basic time-ordered finite basis set representation PP diagram.

gy gp(t,t) =0(t — ') +0(t —t')

appendix on how to translate diagrams into algebraic expressions, rather than upon how to gen-
erate complete non-redundant sets of diagrams. We will develop the rules gradually, including
examples along the way.

The PP expressed in an orbital basis is,

I(1,2,3,45t = t') = Y T gp(t — ) (D05 (2)95 (3)(4) (5.182)

pqrs

where,

Hsr’,qp(t - t/) = 7i0(t - t/)<0| H(

)31 (t)af (¢ )b (1')0)
— 0t — £)(0ldf (¢')pr (

)it (£)30 (£)]0)
(5.183)

This makes it clear that the PP is a two time particle-hole propagator which either propagates
forward in time or backward in time. To represent it we introduce the following rules:
(1) Time increases vertically from bottom to top. This is in contrast to a common convention
in the solid-state literature where time increases horizontally from right to left.
(2) A PP is a two time quantity. Each of these two times is indicated by a horizontal dotted
line. This is one type of “event” (representing the creation/destruction of an excitation).
(3) Time-ordered diagrams use directed lines (arrows). Down-going arrows correspond to
holes running backward in time, that is, to occupied orbitals. Up-going arrows correspond
to particles running forward in time, that is, unoccupied orbitals.
At this point, the PP diagrams look something like Fig. 5.7. Fourier transforming leads us to
the representation shown in Fig. 5.8. An additional rule has been introduced:
(4) A downward w arrow on the left indicates forward ph-propagation. An upward w arrow
on the right indicates downward ph-propagation.
Diagrams for the corresponding position space representation are shown in Fig. 5.9. Usually the
labels (p, g, r, and s or 1, 2, 3, and 4) are suppressed. If the w arrows are also suppressed then
there is no information about time-ordering and both diagrams may be then written as a single
time-unordered diagram as in Fig. 5.10. Typical Feynman diagrams are unordered in time.
Perturbation theory introduces certain denominators in the algebraic expressions correspond-
ing to the diagrams. These may be represented as cuts between events.
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Figure 5.8 Basic frequency and finite basis set representation PP diagram.

Figure 5.9 Basic frequency and real space representation PP diagram.

I0(1,2;3,4;w) = w + ‘A"’

Figure 5.10 Time-unordered representation PP diagram.
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Figure 5.11 Zero-order PP diagrams.

(5) Each horizontal cut between events contributes a a factor (fw+3_ €, — >, en) "1, where
>, (22) stands for the sum over all particle (hole) lines that are cut. The omega line only
appears in the sum if it is also cut. It enters with a + sign if it is directed upwards and
with a — sign if it is directed downwards.

(6) There is also an overall sign given by the formula (—1)"*!, where h is the number of hole
lines and [ is the number of closed loops, including the horizontal dotted event lines but
ignoring the w lines.

Diagrams are shown for the independent particle approximation in Fig. 5.11. The first diagram

reads,
1
My ai (W) = ———. (5.184)

W+ € — €
The second diagram reads,
1 -1

Mg ia = = . 5.185
ia(®) —WF€ —€ W€ —€ ( )

These two equations are often condensed in the literature as,

Ng —Np

—7 P (5.186)
w+ € — €

Hpg,rs (w) = Op,r0q,s

Let us now introduce one-electron perturbations in the form of M circles.

(7) Bach M circle in a diagram contributes a factor of (p|M.|q), where p is an incoming
arrow and ¢ is an outgoing arrow. For example, the term corresponding to Fig. 5.3 (d)
contains a factor of (a|M,c|c), while the term corresponding to Fig. 5.3 (j) contains a factor
of (k|M,.|i). This is a second type of “event” (representing “collision” with the quantity

xc)~
For example, the term corresponding to Fig. 5.3 (b) is,

_ (k[ Mye|b)
Mg, eb(w) = Y T T— (5.187)

This brings us to the slightly more difficult treatment of electron repulsions.

(6) When electron repulsion integrals are represented by dotted lines (Feynman and Goldstone
diagrams), each end of the line corresponds to the labels corresponding to the same spatial
point. The dotted line representation may be condensed into points (Abrikosov and Hugen-
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Figure 5.12 Electron repulsion integral diagrams.

r S r S S T
X = >\/vv\/<+>«mv<
p q p a p q

holtz diagrams) as in Fig. 5.12. A point with two incoming arrows, labeled p and ¢, and two
outgoing arrows, labeled r and s contributes a factor of (pq||rs) = (pr|fulgs) — (ps|fu|qr).

(7) To determine the number of loops and hence the overall sign of a diagram in which electron
repulsion integrals are expanded as dots, then write each dot as a dotted line (it does not
matter which one of the two in Fig. 5.12 is chosen) and apply rule (6). The order of indices
in each integral (pq||rs) should correspond to the expanded diagrams. (When Goldstone
diagrams are interpreted in this way, we call them Brandow diagrams.)

(8) An additional factor of 1/2 must be added for each pair of equivalent lines. These are
directed lines whose interchange, in the absence of further labeling, leaves the Hugenholtz
diagram unchanged.

For example, the term corresponding to Fig. 5.3 (f) is,

(kallic)
(—w+ep—e)(—w+e€ —€q)
_ (ak||ic)

(—w+er—€)(—w+e —€)

Hck,ai (W) = -

(5.188)

Additional information about Hugenholtz and other diagrams may be found, for example, in
Ref. [275].

5.3 Supporting Material

Supporting Material for the Article, “Formal Foundations of Dressed Time-Dependent
Density-Functional Theory for Many-Electron Excitations”

Miquel Huix-Rotllant and Mark E. Casidat
Laboratoire de Chimie Théorique,
Département de Chimie Molécularie (DCM, UMR CNRS/UJF 5250),
Institut de Chimie Moléculaire de Grenoble (ICMG, FR2607),
Université Joseph Fourier (Grenoble I),
801 rue de la Chimie, BP 53,
F-38041 Grenoble Cedex 9, France

We seek an order-by-order expansion of the polarization propagator (PP),
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— My gp(w) = [T TT) — (BTGITL TS} 5 (W)Tap 1]
fg) —

P~ (@)[(T]]#78) = T12:T5 ) 5 () (T4, |773))
+ (14 TS, )T5 ] oy () (Th, [715), (5.189)
where,
P(w) = I‘l’l(w) - I‘172+1—‘2_Ji72+(CU)F2+71 . (5190)

That is, we want explicit forms for the lowest orders in the expansion,

[Hs( ) ( )] (0+1+...4n) —

S,qp
n k k—i o
>3 GHITH PO ) (T )
k=0 =0 j=0
(5.191)
Following the procedure described in the main article gives the first-order contributions,
1 _
- ng)qp( ) -
(' TH T (@) (T #19) (5.192)
+ (' TH VT @) (T ) (5.193)
4 0), A
+ (I THOTY T @) (T 9 (5.194)

The corresponding first-order diagrams are shown in Fig. 3 of the main article [diagrams (a-f)
refer to the term (5.193), diagrams (g-j) refer to the term (5.194), and diagrams (k-n) refer to
the term (5.193)]. The second-order contributions are

— 18, w) =

(ﬁTqA|T];)(O)I‘(2)x71(w)(TI|72T§)(0) (5.195)
+ (1T T @) (Tl (5.196)
+ (1T OT ™ @) (1] 9 (5.197)
i (ﬁwTD(l)F(O)ﬁl(w)(TIWé)(l) (5.198)
+ (pgITH TN W) (Tt |75)© (5.199)
n (ﬁ*qﬂTD(O)I‘(T)’_l(w)(Ti|7:T«§)(1) (5.200)
+ (NI T T (@) PTEY ™ (@ @) (@) (T8O (5.201)
+ (@I THOTE T (w) (T [715)© (5.202)
+ (BT OTO) " @) T (T 7 8 (5.203)
+ (34T ;)(1)1-‘(0) Y(w )(Thpt8) @) (5.204)
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As explained in the main article, we make the usual approximation to drop the last term in
Eq. (5.189), which amounts to dropping the term (5.204) and the associated diagrams. These
should be included when calculating oscillator strengths.

5.3.1 Second-Order Diagrams

Figure 5.13 Diagramatic contributions due to Eq.(5.195)

(R ——
T .
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Figure 5.14 Diagramatic contributions due to Eq.(5.196)
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Figure 5.15 Diagramatic contributions due to Eq.(5.197)
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Figure 5.16 Diagramatic contributions due to Eq.(5.198)
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Figure 5.17 Diagramatic contributions due to Eq.(5.199)
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Figure 5.18 Diagramatic contributions due to Eq.(5.200)
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Figure 5.19 Diagramatic contributions due to Eq.(5.201)
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Figure 5.20 Diagramatic contributions due to Eq.(5.202)
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Figure 5.21 Diagramatic contributions due to Eq.(5.203)
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Figure 5.22 Diagramatic contributions due to Eq.(5.204)

5.4 Conclusions and Perspective

We have derived a general TDDFT kernel that goes beyond the adiabatic approximation.
The kernel contains the time-dependent exact exchange kernel plus an exact correlation kernel
to second order. The many-body correlation part is frequency dependent, which is necessary for
the appearance of double excitation poles in the response function. The overall kernel has an
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extra frequency dependence due to the localization function. To our knowledge, this is the first
TDDEFT kernel that successfully includes all double excitations.

The frequency-dependence of the localizer is responsible of the ultra-non-locality property
to the exact TDDFT kernel. The general role of the exact localizer is yet unknown, but it
is reasonable to think that the extra frequency dependence that it introduces to the TDDFT
kernel cannot give rise to extra poles in the response function. In fact, the exact many-body
kernel should carry all the information about the pole structure to the TDDFT kernel. This
supposition is supported by the Gonze-Scheffler relations, though it is only proven in the small
matrix approximation using the second approximation of the exact kernel [142]. Further support
is given by Gorling et al., who showed that the localizer cancels out in general in their linear-
response formulation in terms of the Kohn-Sham potential instead of the density [144].

The secondary role of the localizer encourages to concentrate the attention in the exact many-
body kernel to understand the missing contributions to correlation of the adiabatic approxi-
mation. The adiabatic functionals completely miss the terms that arise due to the frequency
dependence. The missing terms are depicted in the supporting material (Sec. 5.3.) Specially
important are diagrams of Figs. 5.19, 5.20, 5.21 and 5.22. These diagrams depict the correla-
tion effects that arise from double excitations. Figure 5.19 contains the diagrams that introduce
the interaction between single and double excitations, whereas the rest of figures contain the
diagrams that couples double excitations with the reference. These diagrams are of two types:
self-interaction terms and particle-hole terms. In the former, the interaction involves the par-
ticle or the hole orbitals separately, whereas in the latter, the interaction is between particle
and hole orbitals. The role of the self-interaction terms is to shift the eigenvalues to correlated
HF energies, whereas the particle-hole diagrams are responsible of the interaction among single
excitations and the single and double excitation interaction.



Chapter 6
Dressed Time-Dependent Density-Functional Theory

6.1 Introduction

The exact kernel of Chapter 5 can include double excitations in general, but the main drawback
is that it is computationally expensive to calculate, since we have to construct the many-body
kernel in the first step and extract the diagonal in a second step. One of the bottlenecks is
in the construction single-single block of the many-body kernel, which contains second-order
Mgller-Plesset MBPT formulas for each matrix element in the diagonal. Additionally, the lo-
calization step is difficult to perform, as it involves the inversion of singular matrices, which is
numerically unstable. In this chapter, we propose an alternative TDDFT kernel which avoids
this computational burden. To accomplish this, we take the adiabatic functional for describ-
ing the single-single block (thus avoiding the numerically intensive part of the ab initio kernel)
and we add the terms from the polarization propagator that include the single-double coupling.
Specifically, we include the diagrams (a), (b), (¢) and (o) of Fig. 5.19 (see Sec. 5.3 of Chap. 5) to
the adiabatic kernels. This kernel supposes a generalization of the dressed TDDFT model first
proposed by Maitra, Burke and coworkers [43,44]. This chapter accomplish the last objective of
constructing efficient kernels which include all double excitations and can be applied to systems
of medium of large size.

The fact that we are using polarization propagator terms without localization is ad hoc. In
fact, the dressed kernel can be viewed as a hybrid TDDFT kernel, in a similar way that is done in
DFT. The hybrid DFT functionals try to build in more information to the functional by adding
HF exchange, which introduces an extra spatial dependence. Equivalently, the dressed kernel
tries to include more information by adding polarization propagator terms, which introduce an
extra time dependence in the functional.

The dressed kernel needed a validation, since the mixture of adiabatic functionals with polar-
ization propagator terms is done in an ad hoc manner. Therefore, we implemented the dressed
TDDFT kernel and applied it to 28 organic chromophores. The singlet excitation energies were
compared to high quality ab initio results, with the aim to determine which combinations of
adiabatic functionals and polarization propagator terms would give the best agreement. The
results of this study lead to a publication in an special issue on TDDFT in Chemical Physics. A
preprint of this article is reproduced in the next section. My contribution in this work has been
major. I have been responsible of the implementation in DEMON2K, the calculation and analysis
of the excited states and the writing and correction of the article.

The main problem of the dressed kernel is the double counting of correlation. Some (uniden-
tified) correlation effects due to second-order self-energy diagrams are already present in the adi-
abatic approximation functionals, and therefore the same correlation effects are counted twice.
A simple strategy to avoid the double counting is to restrict the number of double excitations.
The truncation of the double excitation manifold has to be done with care in order to keep states
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with a defined spin multiplicity. When done properly, pure spin singlets, triplets and quintuplets
are obtained.
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6.2.1 Introduction

Time-dependent density-functional theory (TDDFT) is a popular approach for modeling the
excited states of medium- and large-sized molecules. It is a formally exact theory [13], which
involves an exact exchange-correlation (xc) kernel with a role similar to the xc-functional of the
Hohenberg-Kohn-Sham ground-state theory. Since the exact xc-functional is not known, practi-
cal calculations involve approximations. Most TDDFT applications use the so-called adiabatic
approximation which supposes that the xc-potential responds instantaneously and without mem-
ory to any change in the self-consistent field [13]. The adiabatic approximation limits TDDFT
to one hole-one particle (1h1p) excitations (i.e., single excitations), albeit dressed to include elec-
tron correlation effects [149]. Overcoming this limitation is desirable for applications of TDDFT
to systems in which 2h2p excitations (i.e., double excitations) are required, including the excited
states of polyenes, open-shell molecules, and many common photochemical reactions [29,258,276].
Burke and coworkers [43,44] proposed the dressed TDDFT (D-TDDFT) model, an extension to
adiabatic TDDFT (A-TDDFT) which explicitly includes 2h2p states. The D-TDDFT kernel
adds frequency-dependent terms from many-body theory to the adiabatic xc-kernel. While ini-
tial results on polyenic systems appear encouraging [44,150,277], no systematic assessment has
been made for a large set of molecules. The present article reports the first systematic study of
D-TDDFT for a large test set namely, the low-lying excited states of 28 organic molecules for
which benchmark results exist [257,278]. This study has been carried out with several variations
of D-TDDFT implemented in a development version of the density-functional theory (DFT) code
DEMON2K [205].

The formal foundations of TDDFT were laid out by Runge and Gross (RG) [13] which put
on rigorous grounds the earlier TDDFT calculations of Zangwill and Soven [279]. The original
RG theorems showed some subtle problems [280], which have been since re-examined, criticized,
and improved [77,281,282] providing a remarkably well-founded theory (for a recent review see
[283].) A key feature of this formal theory is a time-dependent Kohn-Sham equation containing
a time-dependent xc-potential describing the propagation of the density after a time-dependent
perturbation is applied to the system. Casida used linear response (LR) theory to derive an
equation for calculating excitation energies and oscillator strengths from TDDFT [17]. The
resultant TDDFT response equations [17] are

Bl Al ¥R o1

However A (w) and B(w) explicitly include the Hartree (H) and xc kernels,

Agio,pjr = (4 )51J5ab507 + (m|me( w)|[bj)
Baia’,bjT = (Za|foc( )|jb)ﬂ (62)

where €7 is the KS orbital energy for spin o, and
(pq| f(w)lrs) = (6.3)
[ [ @roymewsrios @),
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Here and throughout this paper we use the following indexes notation: ¢,7,... are occupied
orbitals, a, b, ... are virtual orbitals, and p, q, ... are orbitals of unspecified nature.
In chemical applications of TDDFT, the Tamm-Dancoff approximation (TDA) [109],

Aw)X =wX, (6.4)

improves excited state potential energy surfaces [30,185], though sacrificing the Thomas-Reine-
Kuhn sum rule. Although the standard random-phase approximation (RPA) equations [16]
provide only 1hlp states, the exact LR-TDDFT equations include also 2h2p states (and higher-
order nhnp states) through the w-dependence of the xc part of the kernel f7;"(w). However,
the matrices A (w) and B(w) are supposed w-independent in the adiabatic approximation to the
xc-kernel , thereby losing the non-linearity of the LR-TDDFT equations and the associated 2h2p
(and higher) states.

Double excitations are essential ingredients for a proper description of several physical and
chemical processes. Though they do not appear directly in photo-absorption spectra, (i.e., they
are dark states), signatures of 2h2p states appear indirectly through mixing with 1hlp states,
thereby leading to the fracturing of main peaks into satellites. [147,148] In open-shell molecules
such mixing is often required in order to maintain spin symmetry [149,164, 284]. Perhaps more
importantly dark states often play an essential important role in photochemistry and explicit
inclusion of 2h2p states is often considered necessary for a minimally correct description of
conical intersections [29]. A closely-related historical, but still much studied, problem is the
location of 2h2p states in polyenes [56, 258, 285-291], partly because of the importance of the
polyene retinal in the photochemistry of vision [292-294].

It is thus manifest that some form of explicit inclusion of 2h2p states is required within
TDDFT when attacking certain types of problems [295]. This has lead to various attempts to
include 2h2p states in TDDFT. One partial solution was given by spin-flip TDDFT [193, 296]
which describes some states which are 2h2p with respect to the ground state by beginning with
the lowest triplet state and including spin-flip excitations [39, 42,159, 197]. However, spin-flip
TDDFT does not provide a general way to include double excitations. Strengths and limitations
of this theory have been discussed in recent work [158].

The present article focuses on D-TDDFT, which offers a general model for including explicitly
2h2p states in TDDFT. D-TDDFT was initially proposed by Maitra, Zhang, Cave and Burke
as an ad hoc many-body theory correction to TDDFT [43]. They subsequently tested it on
butadiene and hexatriene with encouraging results [44]. The method was then reimplimented
and tested on longer polyenes and substituted polyenes by Mazur et al. [150,277].

In the present work, we consider several variants of D-TDDFT, implement and test them on
the set of molecules proposed by Schreiber et al. [257,278] The set consists of 28 organic molecules
whose excitation energies are well characterized both experimentally or through high-quality ab
initio wavefunction calculations.

This paper is organized as follows. Section 6.2.2 describes D-TDDFT in some detail and the
variations that we have implemented. Section 6.2.3 describes technical aspects of how the formal
equations were implemented in DEMON2K, as well as additional features which were implemented
specifically for this study. Section 6.2.4 describes computational details such as basis sets and
choice of geometries. Section 6.2.5 presents and discusses results. Finally, section 6.2.6 concludes.
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6.2.2 Formal Equations

D-TDDFT may be understood as an approximation to exact equations for the xc-kernel [140].
This section reviews D-TDDFT and the variations which have been implemented and tested in
the present work.

An ab initio expression for the xc-kernel may be derived from many-body theory, either from
the Bethe-Salpeter equation or from the polarization propagator (PP) formalism [46,149]. Both
equations give the same xc-kernel,

foe(x, xjw) = /d3$1/dSJCz/d33€3/d3$4As(X;X17X2§w)K(XhX2;X37X4;w)AT(X3,X4§X'§w)
. (6.5)

where z, = (rp,0,), K is defined as
K(x1,Xo 5 X3,%X4;w) = I, 1 (%1, Xo; X3, X4; w) — I (%1, X0 X3, X45 w) (6.6)

and IT and II; are respectively the interacting and non-interacting polarization propagators,
which contribute to the pole structure of the xc-kernel. The interacting and non-interacting
localizers, A and A, respectively, convert the 4-point polarization propagators into the 2-point
TDDFT quantities (4-point and 2-point refer to the space coordinates of each kernel.) The lo-
calization process introduces an extra w-dependence into the xc-kernel. Interestingly, Gonze and
Scheffler [142] noticed that, when we substitute the interacting by the non-interacting localizer
in Eq. (6.5), the localization effects can be neglected for key matrix elements of the xc-kernel
at certain frequencies, meaning that the w-dependence exactly cancels the spatial localization.
More importantly, removing the localizers simply means replacing TDDFT with many-body
theory terms. To the extent that both methods represent the same level of approximation, exci-
tation energies and oscillator strengths are unaffected, though the components of the transition
density will change in a finite basis representation. In Ref. [149], Casida proposed a PP form
of D-TDDFT without the localizer. In Ref. [140], Huix-Rotllant and Casida gave explicit ex-
pressions for an ab initio w-dependent xc-kernel derived from a Kohn-Sham-based second-order
polarization propagator (SOPPA) formula. Equivalent expressions were derived by Zhang and
Burke in Ref. [297], in which they calculated the excitation energy by truncating to second-order
the Gorling-Levy perturbation theory.

The calculation of the xc-kernel in SOPPA can be cast in RPA-like form. In the TDA ap-

proximation, we obtain
[All + A12 (w122 — A22)_1 A21:| X = LL)X, (67)

which provides a matrix representation of the second-order approximation of the many-body
theory kernel K (xi,X2;X3,X4;w). The blocks Ajj, Ag; and Asy couple respectively single
excitations among themselves, single excitations with double excitations and double excitations
among themselves. In Appendix 6.2.8 we give explicit equations for these blocks in the case of
a SOPPA calculation based on the KS Fock operator. We recall that in the SOPPA kernel, the
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A, is frequency independent, though it contains some correlation effects due to the 2h2p states.
All w-dependence is in the second term and it originates from the Ass coupled to the Aj; block.

The D-TDDFT kernel is a mixture of the many-body theory kernel and the A-TDDFT kernel.
This mixture was first defined by Maitra et al. [43]. They recognized that the single-single block
was already well represented by A-TDDFT, therefore substituting the expression of Aj; in
Eq. (6.7) for the adiabatic A block of Casida’s equation [Eq.(6.2).] This many-body theory and
TDDFT mixture is not uniquely defined. As we will show, different combinations of A;; and
A5 give rise to completely different kernels, and not all combinations include correlation effects
consistently. In the present work, we wish to test several definitions of the D-TDDFT kernel
by varying the Ai; and Ay blocks. For each D-TDDFT kernel, we will compare the excitation
energies against high-quality ab initio benchmark results. This will allow us to make a more
accurate definition of the D-TDDFT approach.

We will use two possible adiabatic xc-kernels in the A1; matrix: the pure LDA xc-kernel and
a hybrid xc-kernel. Usually, hybrid TDDFT calculations are based on a hybrid KS wavefunction.
Our implementations are done in DEMON2K, a DFT code which is limited to pure xc-potentials
in the ground-state calculation. Therefore, we have devised a hybrid calculation that does not
require a hybrid DFT wavefunction. Specifically, the RPA blocks used in Casida’s equations are
modified as

Auiovsr = [€0a+ o (aVuelb)| 83307 = (7035 + o (1Vacl )| dudor — (68)

+ (@i|(1 = co) - f27 +co - BHF + f7715b)
Baiopjr = (ail(1 — o) - fI7 +co - SHF + f271bj)

where f]f F is the HF exchange operator and ch = f)f F — vge provides a first-order conversion
of KS into HF orbital energies. We note that the first-order conversion is exact when the space
of occupied KS orbitals coincides with the space of occupied HF orbitals. Also, the conversion
from KS to HF orbital energies introduces an effective particle number discontinuity.

Along with the two definitions of the A7 block, we will also test different possible definitions
for the Ags block. First, we will test an independent particle approximation (IPA) estimate of
Ao, consisting of diagonal KS orbital energy differences. It was shown in Ref. [140] that such
a block also appears in a second-order ab initio xc-kernel. We will call that combination D-
TDDEFT. Second, we will use a first-order correction to the IPA estimate of Ags. This might give
an improved description for the placement of double excitations [298]. We call that combination
extended D-TDDFT (x-D-TDDFT). We note that this is the approach of Maitra et al. [43].

In Table 6.1 we summarize the different variants of D-TDDFT and D-CIS, according to A1
and Agy blocks. All the methods share the same A5 block unless the Ags block is 0, in which
case the A5 is also 0. We recall that only the standard CISD has a coupling block Ag; and Ags
with the ground state, but none of the methods used in this paper has.
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Table 6.1 Summary of the methods used in this work. CIS, CISD and A-TDDFT are the
standard methods, whereas the (x-)D-CIS and (x-)D-TDDFT are the variations we use. The
kernel fp.. represents the Hartree kernel plus the exchange-correlation kernel of DFT in
the adiabatic approximation, Zf P is the HF exchange and Ae is a zeroth-order estimate for
a double excitation.

Method A02 A11 A22
CIS No fuy+XHF 0
A-TDDFT  No [Hze 0
CISD Yes  fu +SHF Aef'F 4 first-order
D-CIS No fu+3HF AelS
x-D-CIS No fu+3HF  AeKS4 first-order
D-TDDFT  No fHze AeKS

x-D-TDDFT  No JHee AefS 4 first-order

6.2.3 Implementation

We have implemented the equations described in Sec. 6.2.2 in a development version of DE-
MonN2k. The standard code now has a LR-TDDFT module [207]. In this section, we briefly
detail the necessary modifications to implement D-TDDFT.

DEMON2K is a Gaussian-type orbital DFT program which uses an auxiliary basis set to
expand the charge density, thereby eliminating the need to calculate 4-center integrals. The
implementation of TDDFT in DEMON2K is described in Ref. [207]. Note that newer versions of
the code have abandoned the charge conservation constraint for TDDFT calculations. For the
moment, only the adiabatic LDA (ALDA) can be used as TDDFT xc-kernel.

Asymptotically-corrected (AC) xc-potentials are needed to correctly describe excitations above
the ionization threshold, which is placed at minus the highest-occupied molecular orbital energy
[25]. Such corrections are not yet present in the master version of DEMON2K. Since such a
correction was deemed necessary for the present study, we have implemented Hirata et al.’s
improved version [299] of Casida and Salahub’s AC potential [300] in our development version
of DEMON2K.

Implementation of D-TDDFT requires several modifications of the standard AA implemen-
tation of Casida’s equation. First an algorithm to decide which 2h2p excitations have to be
included is needed. At the present time, the user specifies the number of such excitations. These
are then automatically selected as the N lowest-energy 2h2p IPA states. Since we are using a
truncated 2h2p space, the algorithm makes sure that all the spin partners are present, in order to
have pure spin states. The basic idea is illustrated in Fig. 6.1. Both 2h2p excitations are needed
in order to construct the usual singlet and triplet combinations. A similar algorithm should
be implemented for including all space double excitations which involve degenerate irreducible
representations, but this is not implemented in the present version of the code.

These TPA 2h2p excitations are then added to the initial guess for the Davidson diagonalizer.
We recognize that a perturbative pre-screening of the 2h2p space would be a more effective way
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Figure 6.1 Necessary double excitations that need to be included in the truncated 2h2p
space to maintain pure spin symmetry.
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for selecting the excitations, but this more elaborate implementation is beyond the scope of the
present study.

We need new integrals to implement the HF exchange terms appearing in the many-body
theory blocks. The construction of these blocks require extra hole-hole and particle-particle
three-center integrals apart from the usual hole-particle integrals already needed in TDDFT. We
then construct the additional matrix elements using the resolution-of-the-identity (RI) formula

(pal fulrs) = Y (palgr)S;} (941 fulgx)SkL (gelrs), (6.9)
IJKL

where gy are the usual DEMON2K notation for the density fitting functions and Sy is the auxiliary
function overlap matrix defined by Sty = (gr|fulgs), in which the Coulomb repulsion operator
is used as metric.

Solving Eq.(6.7) means solving a non-linear set of equations. This is less efficient than solving
linear equations. In Ref. [140] it was shown that Eq. (6.7) comes from applying the Lowdin-
Feshbach partitioning technique to

A A | | Xy X1
|:A21 A22:| {Xz] v [XJ ’ (6.10)
where X; and X5 are now the single and double excitation components of the vectors. The
solution of this equation is easier and does not require a self-consistent approach, albeit at the
cost of requiring more physical memory, since then the Krylov space vectors have the dimension
of the single and the double excitation space.
Calculation of oscillator strengths has also to be modified when D-TDDFT is implemented.

In a mixed many-body theory and TDDFT calculation, there is an extra first-order term in the
ground-state KS wavefunction [140]

10) = (1 +3° W&Z&) |KS) (6.11)
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where |KS) is the reference KS wavefunction. This correction constitutes a “Brillouin correction”
to the Kohn-Sham Hamiltonian which is absent when using a Hartree-Fock refereence. The
evaluation of transition dipole moments in DEMON2K was modified to include the contributions
from 2h2p poles,

(i) = X, (“;'Mjia)@uw) o GMel) ) el OJM“)(Ib)),

% a 7 2 7

(6.12)

where X3 is an element of the eigenvector X,, the double excitation part of the eigenvector of
Eq. (6.10).

6.2.4 Computational Details

Geometries for the set of 28 organic chromophores were taken from Ref. [257]. These were
optimized at the MP2/6-31G* level, forcing the highest point group symmetry in each case. The
orbital basis set is Ahlrich’s TZVP basis [301]. As pointed out in Ref. [257], this basis set has
not enough diffuse functions to converge all Rydberg states. We keep the same basis set for the
sake of comparison with the benchmark results. Basis-set errors are expected for states with a
strong valence-Rydberg character or states above 7 eV, which are in general of Rydberg nature.

Comparison of the D-TDDFT is performed against the best estimates proposed in Ref. [257].
These best estimates are taken as highly correlated ab initio calculations using large basis sets,
if available in the literature. Otherwise, they are taken as the coupled cluster CC3/TZVP
calculation if the weight of the 1hlp space is more of than 95%, and CASPT2/TZVP in the
other cases.

All calculations were performed with a development version of DEMON2K (unless otherwise
stated) [205]. Calculations were carried out with the fixed fine option for the grid and the
GEN-A3* density fitting auxiliary basis. The convergence criteria for the SCF was set to 1075,

To set up the notation used in the rest of the article, excited state calculations are denoted by
TD/SCF, where SCF is the functional used for the SCF calculation and TD is the choice of post-
SCF excited-state method. Additionally, the D-TD/SCF(n) and x-D-TD/SCF (n) will refer to the
dressed and extended dressed TD/SCF method using n 2h2p states. Thus TDA D-ALDA/AC-
LDA(10) denotes a asymptotically-corrected LDA for the DFT calculation followed by a LR-
TDDFT calculation with the dressed xc-kernel kernel and the Tamm-Dancoff approximation.
The D-TDDFT kernel has the adiabatic LDA xc-kernel for the A1; block and the A,y block is
approximated as KS orbital energy differences.

In this work, all calculations are done in using the TDA and a AC-LDA wavefunction. For
the sake of readability, we omit writing them when our main focus is on the discussion of the
different variants of the post-SCF part.

Calculations on our test-set show few differences between ALDA/LDA and ALDA/AC-LDA.
The singlet and triplet excitation energies and the oscillator strengths are shown in Table I in
the supplementary material. The average absolute error is 0.16 eV with a standard deviation of
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Figure 6.2 Schematic representation of the interaction between the 1hlp and the 2h2p
spaces. The relaxation energy A is proportional to the size of the coupling and inversely
proportional to the energy difference between the two spaces.
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0.19 eV. The maximum difference is 0.91 eV. The states with larger differences justify the use
of asymptotic correction. However, the absolute error and the standard deviation are small. We
attribute this to the restricted nature of the basis set used in the present study.

6.2.5 Results

In this section we discuss the results obtained with the different variants of D-TDDFT. In
particular, we compare the quality of D-TDDFT singlet excitation energies against benchmark
results for 28 organic chromophores. These chromophores can be classified in four groups accord-
ing to the chemical nature of their bond: (i) unsaturated aliphatic hydrocarbons, containing only
carbon-carbon double bonds; (ii) aromatic hydrocarbons and heterocycles, including molecules
with conjugated aromatic double bonds; (iii) aldehydes, ketones and amides with the character-
istic oxygen-carbon double bonds; (iv) nucleobases which have a mixture of the bonds found in
the three previous groups.

These molecules have two types of low-lying excited states: Rydberg (i.e., diffuse states) and
valence states. The latter states are traditionally described using the familiar Hiickel model.
The low-lying valence transitions involve mainly 7 orbitals, i.e. the molecular orbitals (MO)
formed as combinations of p, atomic orbitals. The 7w orbitals are delocalized over the whole
structure. Electrons in these orbitals are easily promoted to an excited state, since they are
not involved in the skeletal o-bonding. The most characteristic transitions in these systems are
represented by lhlp m — 7* excitations. Molecules containing atoms with lone-pair electrons
can also have n — 7* transitions, in which n indicates the MO with a localized pair of electrons
on a heteroatom. In a few cases, we can also have 0 — 7* single excitations, although these are
exotic in the low-lying valence region.

The role of 2h2p (in general nhnp) poles is to add correlation effects to the single excitation
picture. For the sake of discussion, it is important to classify (loosely) the correlation included by
2h2p states as static and dynamic. Static correlation is introduced by those double excitations
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Figure 6.3 Dependence of the 1hlp triplet (solid line) and singlet (dashed line) excitation
energies of one excitation of ethene with increasing number of double excitations. Calcula-
tions are done with D-ALDA/AC-LDA. Excitation energies are in eV.
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having a contribution similar to the single excitations for a given state. This requires that the
1hlp excitations and the 2h2p excitations are energetically near and have a strong coupling
between the two (Fig. 6.2.) We will refer to such states as multireference states. Dynamical
correlation is a subtler effect. Its description requires a much larger number of double excitations,
in order to represent the cooperative movement of electrons in the excited state.

For the low-lying multireference states found in the molecules of our set, a few double exci-
tations are required for an adequate first approximation. Organic chromophores of the group
(i) and (ii) have a characteristic low-lying multireference valence state (commonly called the L
state in the literature) of the same symmetry as the ground-state. The L, state is well known for
having important contributions from double excitations of the type (4, mg) — (75, 7j5), thereby
allowing mixing with the ground state. Some contributions of double excitations from ¢ orbitals
might also be important to describe relaxation effects of the orbitals in the excited state that
cannot be accounted by the self-consistent field orbitals [56].

The different effects of the 2h2p excitations that include dynamic and static correlation are
clearly seen in the changes of the 1hlp adiabatic energies when we increase the number of
double excitations. As an example, we take two states of ethene, one triplet and singlet 1hlp
excitations, for which we systematically include a larger number of 2h2p states. The results for
the D-ALDA/AC-LDA approach are shown in Fig. 6.3. We plot the adiabatic 1hlp states for
which we include one 2h2p excitation at a time until 35, after which the steps are taken adding
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ten 2h2p states at a time. When a few 2h2p states are added, we observe that the excitation
energy remains constant. This is due to the high symmetry of the molecule, which 2h2p states
are not mixed with 1hlp states by symmetry selection rules. It is only when we add 32 double
excitations when we see a sudden change of the excitation energy of both triplet and singlet
states. This indicates that we have included in our space the necessary 2h2p poles to describe
the static correlation of that particular state. Static correlation has a major effect in decreasing
the excitation energy with only few number of 2h2p excitations. In this specific case, the triplet
excitation energy decreases by 0.54 eV while the singlet excitation energy decreases by 0.82 eV.
In this case, all static 2h2p poles are added, and a larger number of these poles does not lead to
further sudden changes. The excitations are almost a flat line, with a slowly varying slope. This
is the effect of the dynamic correlation, which includes extra correlation effects but which does
not suddenly vary the excitation energy.

A-TDDFT includes some correlation effects in the 1hlp states, both of static and dynamic
origin. However, it misses completely the states of main 2h2p character. These states are explic-
itly included by the D-TDDFT kernel. Additionally, D-TDDFT includes extra correlation effects
into the A-TDDFT 1hlp states through the coupling of 1hlp states with the 2h2p states. This
can lead to double counting of correlation, i.e., the correlation already included by A-TDDFT
can be reintroduced by the coupling with the 2h2p states, leading to an underestimation of the
excited state. In order to avoid double counting of correlation, it is of paramount importance
to have a deep understanding of which correlation effects are included in each of the blocks that
are used to construct the D-TDDFT xc-kernel. Therefore, we have compared the different D-
TDDFT kernels with a reference method of the same level of theory, but from which the results
are well understood. This is provided by some variations of the ab initio method CISD, since
the mathematical form of the equations is equivalent to the TDA approximation of D-TDDFT.
Standard CISD has coupling with the ground state, which we have not included in D-TDDFT.
Therefore, we have made some variations on the standard CISD (Sec. 6.2.2.) We call these vari-
ations D-CIS and x-D-CIS, according to the definition of the Ass block. In both methods, the
1hlp block Aj; is given by the CIS expressions, which does not include any correlation effect
(recall that in response theory, correlation also appears in the singles-singles coupling block.)
The correlation effects in D-CIS and x-D-CIS are included only through the coupling between
1hlp and 2h2p states. This will provide us with a good reference for rationalizing the results of
A-TDDFT versus D-TDDFT.

Our implementation of CIS and (x-)D-CIS is done in DEMON2K. Therefore, all CI calculations
actually refer to RI-CI and are based on a DFT wavefunction. We have calculated the absolute
error between HF-based CIS excitation energies (performed with GAUSSIAN [206]) and CIS/AC-
LDA excitation energies for the molecules in the test set. We have found little differences, giving
an average absolute error is 0.18 eV with a standard deviation of 0.13 eV and a maximum
absolute difference of 0.54 eV. It is interesting to note that almost all CIS/AC-LDA excitations
are slightly below the corresponding HF-based CIS results.

We now discuss the results for singlet excitation energies of A-TDDFT and D-TDDFT. Since
the number of states is large, we will discuss only general trends in terms of correlation graphs for
each of the methods used with respect to the benchmark values provided in Refs. [257,278]. Our
discussion will mainly focus on singlet excitation energies. For the numerical values of triplets,
singlets, and oscillator strengths for each specific molecule, the reader is referred to Table I of
the supplementary material.
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Figure 6.4 Correlation graphs of singlet excitation energies for different flavors of D-CIS
and D-TDDFT with respect to best estimates. Excitation energies are given in eV.
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We first discuss the results of the adiabatic theories (i.e., w-independent) CIS/AC-LDA and
TDA ALDA/AC-LDA, shown in graphs (a) and (b) of Fig. 6.4 respectively. None of these
theories includes 2h2p states, although ALDA includes some correlation effects in the 1hlp states
through the xc-kernel. We see that CIS overestimates all excitation energies with respect to the
best estimates. This is consistent with the fact that CIS does not include any correlation effects.
The mean absolute error is 1.04 eV with a standard deviation of 0.63 eV. The maximum error
is 3.02 eV. A better performance of the ALDA is observed. We see that ALDA underestimates
most of the excitation energies, especially in the low-energy region. A similar conclusion was
drawn by Silva-Junior et al. [278], who applied the pure BP86 xc-kernel to the molecules of the
same test set. Nonetheless, the overall performance of the ALDA is clearly superior over CIS,
giving an average absolute error of 0.67 eV with a standard deviation of 0.44 eV. The maximum
absolute error of is 2.37 eV.

When we add explicit double excitations to CIS and A-TDDFT, we add correlation effects
to the 1hlp picture and the excitation energies decrease. We have truncated the number of
2h2p states to 10 double excitations, in order to avoid the double counting of correlation in the
D-TDDFT methods and in order to keep the calculations tractable. However, we realize that
with our primitive implementation, the use of only 10 2h2p states may not include all static
correlation necessary to correct all the states, especially for higher-energy 1hlp states.

As we have shown in Sec. 6.2.2, there is more than one way to include the 2h2p effects. We first
consider the D-CIS/AC-LDA(10) and TDA D-ALDA /AC-LDA(10) variants, shown in graphs (c)
and (d) of Fig. 6.4, in which we approximate the double-double block by a diagonal zeroth-order
KS orbital energy difference. In both cases, we observe that the results get worse with respect
to those of CIS or ALDA. This degradation is especially important for D-ALDA(10) and might
be interpreted as due to double counting of correlation. Already, ALDA underestimates the
excitation energies of most states. With the introduction of double excitations, we introduce
extra correlation effects, which underestimates even more the excitations. In some cases, like o-
benzoquinone, some excitation energies falls below the reference ground-state, possibly indicating
the appearance of an instability. The average absolute error of the D-ALDA(10) is 1.03 eV with
a standard deviation of 0.73 eV and a maximum error of 3.51 eV, decreasing the description
of 1hlp states with respect to ALDA or CIS. As to D-CIS(10), the results are slightly better.
The average absolute error is 0.78 eV with a standard deviation of 0.54 eV and a maximum
error of 3.02 eV, improving over the CIS results. However, some singlet excitation energies are
smaller than the corresponding triplet excitation energies and some state energies are now largely
underestimated. This also indicates an overestimation of correlation effects, though it might be
partially due to the missing Ago block.

A better estimate of the 2h2p correlation effects is given when the Ass block is modified to
include the first-order correction to the HF orbital energy differences. This type of calculation is
what we call x-D-CIS/AC-ALDA(10) and x-D-TDDFT/AC-ALDA(10), the results of which are
shown respectively in graphs (e) and (f) of Fig. 6.4. In both cases we observe an improvement
of the excitation energies. The x-D-CIS provides a more consistent and systematic estimation
of correlation effects, and most of the excitations are still an upper limit to the best estimate
result. However, the mean absolute error is still high, with an average absolute error of 0.84 eV
and a standard deviation of 0.58 eV and a maximum error of 3.02 eV. The x-D-TDDFT results
slightly improve over x-D-CIS, giving a mean absolute error of 0.83 eV with a standard deviation
of 0.46 eV and a maximum error of 2.19 eV. The superiority of x-D-TDDFT is explained by the
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fact that TDDF'T includes some correlation effects in the 1h1p block. However, x-D-TDDF'T still
gives in overall larger errors than A-TDDFT. This might be again a problem of double-counting of
correlation. Since A-TDDFT with the ALDA xc-kernel underestimates most excitation energies,
the application of x-D-TDDFT leads to a further underestimation. In any case, D-TDDFT
works better when 2h2p states are given by the first-order correction to the HF orbital energy
difference.

From the schematic representation of the interaction between 1hlp states and 2h2p states
(Fig. 6.2), we can rationalize why we observe overestimation of correlation when the Ass block
is approximated as an LDA orbital energy difference. The 2h2p states as given by the LDA fall
too close together and too close to the 1hlp states (i.e., a too large value of A). The results
show large correlation effects in the 1h1p states, indicating an overestimation of static correlation
effects. The first-order correction to the KS orbital energy difference gives a better e stimate of
correlation effects. The reverse effect was observed in the context of HF-based response theory.
In SOPPA calculations, the 2h2p states are approximated as simple HF orbital energy differences,
which are placed far too high, therefore underestimating correlation. In HF-based response, it
was also seen that the results are improved when adding the first-order correction to the HF
orbital energy differences.

Up to this point, we have seen that D-TDDFT works best when 2h2p states are given by the
first-order correction to the HF orbital energy differences. However, we have also seen that the
LDA xc-kernel underestimates the 1hlp states, so that we degrade the quality of the A-TDDFT
states when we apply any of the D-TDDFT schemes. A better estimate for the 1h1lp states is given
by an adiabatic hybrid calculation. In Fig. 6.5 (a) we show the calculation of our implementation
of the hybrid xc-kernel based upon a LDA wavefunction. In this hybrid we use 20% HF exchange.
This percentage is the usual amount used in most popular functionals, both for ground- and for
excited state calculations [90, 91,95, 302,303]. The results show an improvement over all our
previous calculations. The average absolute error of 0.43 eV with respect to the best estimates
and a standard deviation of 0.34 eV. The maximum error is 1.44 eV. Figure 6.5 (b) shows the
x-D-HYBRID(10) calculation. The mean error and the standard deviation are very similar to
what the adiabatic hybrid calculation gives. The average absolute error with respect to the best
estimate is 0.45 eV, and the standard deviation is 0.33 eV with a maximum error of 1.44 eV. This
is a very important result, since we have been able to include the missing 2h2p states without
decreasing the quality of 1hlp states.

In Table 6.2 we summarize the mean absolute errors, standard deviations and maximum
errors for all the methods. The best results are given by the hybrid A-TDDFT calculation,
closely followed by the x-D-TDDFT based also on the hybrid. We can therefore state that the
best D-TDDFT kernel can be constructed from a hybrid xc-kernel in the A;; block and the
first-order correction to the HF orbital energy differences for Ag,.

The results given by the different D-TDDFT kernels show a close relation between the A,
and Ags blocks. Our results show that the singles-singles block is better given by a hybrid
xc-kernel and the doubles-doubles block is better approximated by the first-order correction to
the HF orbital energy difference. By simple perturbative arguments, we have rationalized that
the Ags block as given by the first-order approximation accounts better for static correlation
effects. Less clear explanations can be given to understand why a hybrid xc-kernel gives the best
approximation for the Ay block, although it seems necessary for the construction of a consistent
kernel.
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Figure 6.5 A-TDDFT and x-D-TDDFT correlation graphs for singlet excitation energies
using the hybrid xc-kernel of Eq. (6.8), in which ¢y = 0.2.
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Table 6.2 Summary of the mean absolute errors, standard deviation and maximum error
of each method. All quantities are in eV.

Method Mean error Std. dev. Max. error
ALDA 0.67 0.44 2.37
D-ALDA(10) 1.03 0.73 3.51
x-D-ALDA(10) 0.83 0.46 2.19
CIS 1.04 0.63 3.02
D-CIS(10) 0.78 0.54 3.02
x-D-CIS(10) 0.84 0.58 3.02
HYBRID 0.43 0.34 1.44

x-D-HYBRID(10) 0.45 0.33 1.44
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Table 6.3 Singlet 1hlp excitation energies and mean absolute errors (with respect to the CASPT2, in parenthesis) for
the excited states with more than 10% contribution of 2h2p state. For a graphical representation, see Fig. 6.6. The
extended dressed calculations are done including 10 double excitations. All energies and absolute errors are in eV.

Molecule State CASPT2  ALDA  HYBRID  BHLYP RI-CIS  xD-ALDA xD-HYBRID  x-D-CIS
Butadiene 24, 627  6.32 (0.05) 6.92 (0.65) 7.61 (1.34) 852 (2.25) 467 (1.6)  6.36 (0.09)  6.72 (0.45)
Hexatriene 214, 520  5.05(0.15) 5.70 (0.50) 6.66 (1.46) 7.84 (2.64) 3.43 (1.87)  5.05(0.15)  5.68 (0.48)
Octatetraene 214, 438  4.17(0.21) 4.82(0.44) 5.83 (1.45) 7.07 (2.69) 2.76 (1.62)  4.23 (0.15)  4.95 (0.57)
Cyclopentadiene ~ 2'A; 6.31  6.14 (0.17) 6.63 (0.32) 7.23(0.92) 851 (22) 490 (1.41)  6.28 (0.03)  6.68 (0.37)
Naphthalene 1 314, 6.04  6.28 (0.12) 6.37 (0.33) 7.70 (1.66) 8.90 (2.86) 5.82 (0.22)  6.12 (0.08)  7.17 (1.13)
Naphthalene 2~ 3'Bg,  7.18  7.71 (0.53) 8.67 (1.49) 9.84 (2.66) 12.21 (5.03) 7.14 (0.04)  8.63 (1.45)  9.52 (2.34)
stetrazine 1 3'By, 620  6.38 (0.18) 7.04 (0.84) 9.20 (3.00) 11.96 (5.76) 6.38 (0.18)  7.042 (0.84)  11.48 (5.28)
s-tetrazine 2 2'Bs, 812 810 (0.02) 8.58 (0.46) 9.96 (1.84) 10.53 (2.33) 8.10 (0.02)  8.58% (0.46)  10.77 (2.65)
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The main interest of using a D-TDDFT kernel is to obtain the pure 2h2p states, which are not
present in A-TDDFT and to better describe the 1hlp states of strong multireference character.
We now take a closer look at the latter states in our test set. In particular, we will compare
against the benchmarks those 1hlp states that have a 2h2p contribution larger than 10% (this
percentage is determined by the CCSD calculation of Ref. [257].) The molecules containing such
states are the four polyenes of the set, together with cyclopentadiene, naphthalene and s-triazine.
From this sub-set, the polyenes are undoubtedly the ones which have been the most extensively
discussed. Some debate persists as to whether A-TDDFT is able to represent a low-lying localized
valence state which have a strong 2h2p contribution of the transition promoting two electrons
from the highest- to the lowest-occupied molecular orbital. It was first shown by Hsu et al. that
A-TDDFT with pure functionals gives the best answer for such states [261], catching both the
correct energetics and the localized nature of the state. Starcke et al. recognize this to be a
fortuitous cancellation of errors [258].

In Fig. 6.6 we show the results for the different adiabatic and dressed theories used in this
work. For the numerical values of the excitation energies and the absolute errors for each state,
see Table 6.3. In the top graph of Fig. 6.6 we show the the behavior of CIS (100% HF exchange)
and A-TDDFT with different hybrids: ALDA with 0% HF exchange, ALDA with 20% HF
exchange and BHLYP which has 50% HF exchange. In this comparison, we take the CASPT2
results (stars) as the benchmark result, since the best estimates were not provided for all the
studied states [257]. As seen in the graph, CIS (filled circles) seriously overestimate the excitation
energies, consistent with the fact that it does not include any correlation effect. A-TDDFT with
pure functionals give the best answer for doubly-excited states, very close to the CASPT2 result.
This confirms the observation of Hsu et al. [261] Hybrid functionals, though giving the best
overall answer, do not perform as well for these states. Additionally, the more HF exchange is
mixed into the xc-kernel, the worse the result is. A different situation appears when we include
explicitly 2h2p states. In Fig. 6.6 (b), we show the results of x-D-CIS and x-D-TDDFT. Now,
the x-D-ALDA(10) underestimates the multireference excitation energies, due to overcounting of
correlation effects. The best answer is now given by x-D-HYBRID(10) with 20% HF exchange.
The x-D-CIS stays always higher. One can notice that the three last excitations (naphthalene 2
and s-triazine 1 and 2) are best described by the x-D-ALDA(10). The lack of correction might
be due to the lack of inclusion of the appropriate double excitation. To check this we added
50 doubles to naphthalene and 75 doubles to s-tetrazine. The error of the x-D-TDDFT result
was 0.18 eV for naphthalene 2, 0.07 eV for s-tetrazine 1 and 0.02 eV for s-tetrazine 2. This is
consistent with our hypothesis. In future versions of the code, a pre-screend selection of double
excitations will be implemented, which is required to avoid to some extent this problem.

6.2.6 Conclusion

D-TDDFT was introduced by Maitra et al. to explicitly include 2h2p states in TDDFT. The
original work was ad hoc, leaving much room for variations on the original concept. A limited
number of applications by Burke and coworkers [43,44] as well as by Mazur et al. [150,277]
showed promising results for D-TDDFT, but could hardly be considered definitive because (i)
of the limited number of molecules and excitations treated and (ii) because the importance of
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the details of the specific implementations of D-TDDFT were not adequately explored. The
present article has gone far towards remedying these problems, and providing further support
for D-TDDFT.

We have implemented several variations of D-TDDFT and RI-CI in DEMON2K, with the aim of
characterizing the minimum necessary ingredients for an effective implementation of D-TDDFT.
We have seen that DFT-based CIS gives very similar answers to HF-based CIS, showing that
the effects of exact (HF) exchange can indeed be added in a post-SCF calculation. We have also
found that although the ALDA works better than CIS, it underestimates most of the excitation
energies. Therefore, when we explicitly include 2h2p states through the D-TDLDA, it leads to
worse results, due to the double counting of correlation. The x-D-ALDA give the least scatter
of the results and hence a better answer. Nevertheless, the lower errors are still given by the
ALDA.

With the results of the ALDA, we have shown that it is important to have a correct relative
position of the 1Thlp and the 2h2p manifolds in order to have a consistent account of correlation.
We have introduced a hybrid TDDFT as a post-LDA calculation, and we have shown that the
results are superior to those of ALDA. We have determined that the method giving the best
answer for MR states is the combination of a hybrid xc-kernel with 2h2p (double) excitations
approximated by first-order corrections to the HF orbital energy differences.

Our work has gone much farther than previous work in testing D-TDDFT and in detailing
the necessary ingredients to make it work well, We find a hybrid approach to be essential. We
recognize that our work could be improved by a perturbative pre-selection procedure and consider
this work to be ample justification for a more elaborate implementation of D-TDDFT. This work
also constitutes a key step towards a full implementation of the polarization propatagor model
of the exact fy.(w).
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6.2.8 Appendix A: Kohn-Sham-based Second-Order Propagator

In this appendix, we summarize the main expressions for the construction of the matrix
elements of Eqs. (6.6) and (6.10). For a detailed derivation, the reader is referred to Ref. [140],
in which this equations were derived for the construction of an exact ab initio xc-kernel consistent

to second-order in perturbation theory.
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Integrals with double bar are defined as in Eq. (6.3), in which the kernel fg is changed with the
kernel f(ri,ra) = (1 — Pj2)/|r1 — ra|, where Pjs is the permutation operator that permutes the

coordinates of two electrons.
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6.3 Conclusions and Perspective

In this chapter, we have evaluated the validity of a hybrid TDDFT kernel that generally
includes double excitations. The hybrid kernel consists of an adiabatic functional with the many-
body terms that couple single and double excitations [see Chap. 5.] This kernel generalizes the
dressed kernel of Maitra et al. [43,44], and it is efficient enough to be applied to medium and
large size systems.

There are several definitions of the dressed kernel, depending on the choice of adiabatic func-
tional and the choice of the frequency-dependent terms. We tested several combinations by
comparing the quality of singlet excitation energies of 28 organic chromophores against high
quality ab initio results. The results with lower errors were obtained when the dressed kernel
consisted of an hybrid adiabatic functional containing a portion of about 25% HF exchange, and
the first-order corrected double excitations in the frequency-dependent terms.

The main problem of the hybrid kernel is the double counting of correlation. This is due to
the fact that the adiabatic functional includes correlation (specially of self-energy type diagrams)
that is also included in the frequency-dependent terms. In the calculation, we simply avoided
this problem by adding a restricted number of double excitations. A better strategy would
be to include a pre-screening of double excitation and including only the ones that strongly
couples with single excitations. Like the hybrid DFT kernels, some parameterization would be
necessary to determine the correct number of double excitations in general. One way is to apply
an “importance factor”

(S|H*|D)?
Z | B o Es| : (6.19)

where S(D) is a single(double) wave function, and Eg(p) is the state energy. Only the double
excitations with an importance factor bigger than a threshold value N, n¢ > N, will be included
in the calculation. The threshold value N is to be determined in general by testing the quality
of the excitation energies with different threshold values for a large set of molecules. Tests to
determine the N value are going on.
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Figure 6.6 Effect on excited states with more than 10% of 2h2p character of mixing HF
exchange in TDDFT. CASPT?2 results from Ref. [257] are taken as the benchmark. BHLYP
results are taken from Ref. [278].
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Chapter 7
Coupling between the Reference and the Excitations

7.1 Introduction

The dressed kernel of Chap. 6 showed promising results, although it is not yet apt for its
application to problems of photochemical interest. Purposely, we furnished the terms coupling
single and double excitations. However, no coupling between the excitations and the reference
was taken into account. Specifically, the diagrams in Figs. 5.20, 5.21 and 5.22 were not included
in our initial formulation of the kernel. These diagrams are fundamental for describing avoided
crossings and conical intersections which involve the ground state (which is normally the case.)
In this chapter, we explore the possibility of including an extra term to the dressed TDDFT
kernel that accounts for these effects.

The coupling terms between double excitations and the reference are not directly taken from
the polarization propagator, since these involve Mgller-Plesset formulae, which are computation-
ally very costly. Instead, we take advantage of the fact that the TDA approximation to the
polarization propagator is equivalent to CISD to include these couplings from the latter [see
Eq. (2.40).] To test the ability of such a mixed kernel, we calculate the S;/Sa conical intersection
of the ethylene twisting. This conical intersection appears thanks to an avoided crossing between
So and S,. To our knowledge, this is the first time that such interaction is taken into account in
TDDFT.

7.2 S;1/S; Conical Intersection of Ethylene (in
preparation)

Assessment of spin-flip and dressed time-dependent density-functional theory to de-
scribe the S; /S, conical intersection of ethylene along the twisting coordinate
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Time-dependent density-functional theory (TDDFT) is widely recognized as an efficient route towards the
excited states. TDDFT is formally exact, though in practice approximations of the exchange correlation
functional are required. Most TDDF'T functionals use the adiabatic approximation, which misses important
features such as the 2-hole/2-particle (2h2p) excitations. This prevents the application of TDDFT to
photochemical problems. Recently, improved TDDFT methods have been developed that could potentially
be applied to photochemistry, such as the spin-flip (SF) method. SF-TDDFT couples excitations that
change the spin multiplicity by +1. Starting from a triplet reference, the ground-state and one 2h2p
state are accessed through excitation. However, SF-TDDFT can only include one 2h2p state at a time.
A more general method is the dressed TDDFT (D-TDDFT) kernel of linear response TDDFT, which
mixes adiabatic functionals with many-body derived terms that introduce the missing 2h2p states. When
this mixture of kernels is properly done, the dressed kernel accounts correctly both for 1hlp and 2h2p
excitations, while still keeping much of the efficiency of TDDFT. In this article, we make a step forward
towards the application of TDDFT to photochemistry by applying SF-TDDFT and D-TDDFT to describe
the intersection point between the first two singlet excited states of ethylene along the CHa twisting
coordinate. The two surfaces are degenerate when one of the CHa group is twisted 90° with respect to the
other. This cannot be represented by any adiabatic TDDFT functional, since the So surface, of main 2h2p
character, is missing. We show that D-TDDFT describes the S curve, but the S;/S2 degeneracy is not
well represented since the excitation energy of 2h2p states is largely underestimated. This is remedied by
including an extra coupling term in the dressed kernel that accounts for the interaction of 2h2p excitations
with the reference state. The SF-TDDFT describes best the intersection, but the Sg surface is unevenly
represented all along the coordinate.

f Corresponding author: Miquel. Huix@gmail.com
* Corresponding author: Mark.Casida@UJF-Grenoble.Fr

7.2.1 Introduction

Time-dependent density-functional theory (TDDFT) offers an efficient route to calculate ex-
cited states. TDDFT was made formally exact by Runge and Gross [13]. In practice, one is
obliged to apply approximations to the unknown exchange-correlation (xc) functional. Most
calculations apply the so-called adiabatic approximation, in which the xc effects are calculated
supposing that the density reacts instantaneously and without memory to temporal deformations.
In this approximation, some important physical effects are not well described, which limits the
applicability of TDDFT. In particular, the correlation in the excited states is crudely calculated
due to the lack of double excitation poles in the TDDFT response function. This forbids the
application of TDDFT to problems like photochemistry.

In quantum chemistry, the TDDFT equations are solved in the linear response (LR) regime.
A suitable form of LR-TDDFT is the formulation of Casida [17], in which the equations are cast
in a random phase approximation (RPA) form,

40, 2 3] = i)

where the matrix elements of the A(w) and B(w) matrices are defined as

[A(W)]aip; = (€a = €)dij0ab + (ia] frrac(w)|b])
[B(w)}m‘,bj = (ia| frzc(w)]jb) (7.2)
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in which the €, are the Kohn-Sham (KS) eigenvalues, and fr,.(w) is the exact Hartree-exchange-
correlation kernel. Throughout, the indexes 4, j, ... correspond to occupied spin orbitals, a, b, ...
to unoccupied spin orbitals and p,q,... can be either occupied or unoccupied. One extracts all
the excitation energies of the system from Eq. (7.1). The Tamm-Dancoff approximation (TDA)
of TDDFT has been shown to give better potential energy surfaces (PES), at the expense of
having only approximate energy-weighted sum rules. The TDA consists in setting the B(w) = 0,
that is, decoupling excitations and de-excitations. The LR-TDDFT equations are then simply

A(w)X(w) = wX(w). (7.3)

Both Egs. (7.1) and (7.3) have the same number of solutions when the exact kernel is used
in Eq. (7.2). In practice, most calculations use the adiabatic approximation of the exchange-
correlation kernel, which is given by

AA (L WY — B, |pi]
xc ( ? )f 6Pt(r)6pt<r/), (74)

where p; represents the instantaneous density at time t. This kernel is frequency independent.
This makes the matrices A and B frequency independent, and the number of solutions equals
the number of single excitations, therefore losing 2-hole/2-particle (2h2p) and higher excitations.

There exist several methods in the literature that go beyond the adiabatic approximation.
Two promising candidates that could be applied to photochemical problems are spin-flip TDDFT
method [42,193] and dressed TDDFT [43,44]. Presently, spin-flip TDDFT can only add a few
double excitations, whereas dressed TDDFT can include any number of double excitations [140].
In this article, we assess the ability of both methods to describes the S;/Ss conical intersection
that occurs in the twisting of ethene.

This article is organized as follow. Sec. 7.2.2 describes the spin-flip and dressed TDDFT
methods, Sec. 7.2.3 specify the computational details, Sec. 7.2.4 contains the results. Sec. 7.2.5
concludes.

7.2.2 Theoretical Method

In this section, we briefly describe the two methods used in this article, namely, spin-flip
TDDFT and dressed TDDFT.

7.2.2.1 Spin-flip TDDFT

Spin-flip TDDFT (SF-TDDFT) was introduced by Krylov et al. as a method to treat dirad-
icals within the TDDFT framework [39]. However, in this section we will follow the formula-
tion of Ziegler and Wang, which is the one we use in the calculations presented here [42,193].
Ziegler and Wang proposed a SF-TDDFT method by generalizing the local spin-density func-
tional E,.[p+;p—], to use non-collinear densities,



186 CHAPTER 7. COUPLING BETWEEN THE REFERENCE AND THE EXCITATIONS

Figure 7.1 Pure spin spin-flip excitations from a triplet reference state.

1
P+:§(P+5)

1
p-=5p=s),

where the total noncollinear density is defined as

P = Pa,a+Psp, (7.5)

and the noncollinear spin density is defined as

= a5 +2 (420~ ) (7.6

On the collinear limit, po,3 = pg,«, one obtains the usual quantities. Taking the second functional
derivative of E,.[p+;p—] with respect to the density and taking the collinear limit gives

faaaafaaﬁﬁfaaaﬁfaaﬁa fg(oyéafgéﬁ 0 0
fBio §Bi6 0 0
fﬁﬁaafﬁﬁﬁﬁfﬁﬁaﬁfﬁﬁﬁa xc xc N 5
a,Bia,a fo,BiB,6 fa,Bia,f fa,BiBa | T 0 0 Yec=Yae 0 (7.7)
fae fae fae fae
Pa—pp @ B8
ffcaa “ ffcaﬂﬁ fg?ca o fzﬁca,ﬁ o« 0 0 0 U;C:Z;C

The first block of four xc-kernels corresponds to the regular TDDFT, and the last two couples
a — B and 8 — « excitations. The fact that the off-diagonal kernels are 0 makes most excitations
spin contaminated. In Fig. 7.1, the only spin-pure SF excitations are shown, taking a tripet state
as a reference.
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7.2.2.2 Dressed TDDFT

Maitra, Burke and coworkers proposed an ad hoc correction to the adiabatic kernel to make it
frequency dependent [43,44]. The initial kernel could couple one 2-hole/2-particle (2h2p) excita-
tion to the 1hlp states at a time. One of us showed that the dressed kernel of Maitra et. al. was
in fact an approximation of a more general kernel derived using many-body perturbation theory
techniques [149]. The matrix elements of the general kernel where then derived in Ref. [140], in
which the dressed kernel was clearly shown to be a special case. Following Ref. [140], the dressed
kernel can be written as

P, rw) = fA%r, r';w) + K9 (r,r; 1, v w), (7.8)
where the K“(r,r;r’,r’;w) is the w-dependent part of the kernel derived from the second-order
polarization propagator of Oddershede and Jgrgensen [45], where the zero-order Hamiltonian
was the KS hamiltonian instead of the Hartree-Fock (HF) one.

The dressed kernel has several possible definitions, according to the exchange-correlation func-
tional used for the fA4 and the many-body kernel K. In Ref. [260], we tested several possible
combinations, arriving at the conclusion that only one combination could correctly describe both
1h1lp and 2h2p excitations with enough accuracy. This consists of using a hybrid functional with
20%-25% HF exchange. The hybrid can be used exclusively in the TDDFT calculation, by
changing the matrix elements of Eq. (7.2) to be,

Auicvsr = [€0ba+ o (alVLuelb) | 8530,7 = [€7815 + co - (1M rel )] Sarior

+ (ad] (1= co) - f77 + co - 7 + f7lib)
Baio,bj‘r = (al|(1 - CO) . f;T +co- ZfF + fglz‘b]) ) (79)
iHF

where is the HF exchange operator and,

Mzc - ifF — Ugzxc (710)

provides a first-order conversion of KS into HF orbital energies. The matrix elements of the K“

kernel are given by
&2 [H] i entalHl oraa,
. . ai,ckld ckld,jb
(ia| K*(w)|bj) = Y — 5o, (7.11)
i 22 cdkl

where 195 is a unit matrix of the dimension of the 2h2p space, weqr; is defined as
Wekid = €c + €a — ex — (VS |atagal a.Halapala, | WS,

and
[Hlia,enia = (OES|ata, Halayaha | WS (7.12)

in which |¥{5) is the KS wave-function and H is the real Hamiltonian of the system. For explicit
expressions for these blocks in the TDA approximation, the reader is referred to Appendix A of
Ref. [260].
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The solution of Eq. (7.3) with the dressed kernel Eq. (7.8) is numerically difficult, because of
the non-linearity of the equations. In Ref. [260], we showed that this can be cast in a simpler
linear form by expanding Eq. (7.3) in blocks, so that

A A | | Xy X4
_ , 7.13
[Am Ax | [ X2 ¥ X (7.13)
where the blocks are,

[A11] i j» = (€a — €)0ij6ab + (ial f117e|b7)
[Alﬂm‘,ckld = [H]ia,ckld
[A22] yitj ckta = GacOirbadjierid -

The subindexes 1 and 2 indicate the dimension is that of the 1hlp and the 2h2p spaces respec-
tively.

The D-TDDFT kernel, in the form of Eq. (7.13), includes the coupling of 1hlp and 2h2p
excitations. The 2h2p excitations are not coupled to the reference state, and the excitation
energies can be largely underestimated or can even cause instabilities in the solution of Eq. (7.13)
when calculating PESs. A simple solution is to introduce an extra coupling term in the kernel
that explicitly couple the 2h2p excitations with the reference,

0 Agi Az | | Xo Xo
ApAn A | | X | =w [ Xy ], (7.14)
Aso Az Ay X5 X,

where the extra coupling blocks are
(Aol = (UG5 [ Hadas | 9) = (5] Mac|b)
[Ao2]ciq = <‘I’(§(S‘f[&iakd2dl“l’§s> =
=2 [(ke|fulld) — (kd|frllc)] . (7.15)

The Eq. (7.14) has a close resemblance with the configuration interaction singles and doubles
(CISD) equation, where the only difference lies in the definition of the A;; block. It is important
to note that Brillouin theorem, i.e., the fact that Ag; = 0, only applies when the reference is the
HF wave-function. This method will be dubbed henceforth b-D-TDDFT (b- stands for Brillouin)
to differentiate it from the original D-TDDFT definition.

7.2.3 Computational Details

All wave-function-based calculations were performed with the GAMESS-US package [304],
and all the TDDFT calculations with a development version of DEMON2K [205].

The initial ethylene geometry was optimized at the MP2 level with a convergence criterion of
1075, The geometry was never relaxed along the twisting coordinate.
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The benchmark results have been calculated at the configuration active space self-consistent
field (CASSCF) level with a perturbative treatment of dynamic correlation. The multireference
calculations were performed with the GAMESS-US package [304]. The active space consisted
of two electrons in an active space consisting of the 7 and 7* orbitals. The CASSCF(2,2) wave-
functions have been converged by state averaging the three singlet states with equal weights. The
convergence threshold of the SCF was set to 107%. No symmetry was used in any calculation. The
multi-reference perturbative treatment was done using the multi-configuration quasi-degenerate
perturbation theory (MCQDPT) method [305,306].

The TDDFT calculations were performed using the local density approximation was used for
the DFT calculations. The convergence criterion was set to 1076, The GEN-A3* auxiliary basis
set was used. The grid was specified by the options FIXED and FINE. The implementation of
D-TDDFT in DEMON2K is described in Ref. [260], and the implementation of SF-TDDFT in
the same code in Ref. [158]. The D-TDDFT calculations were performed with the LDA kernel
including 20% of Hartree-Fock exchange [260]. The 2h2p excitation energies were corrected to
first order.

All the calculations were performed using a 6-311++G** basis set [209].

7.2.4 Results and Discussion

Ethylene is the simplest polyene, and an excellent prototype for understanding the photo-
chemistry of polyenes. The molecule at the minimum energy geometry has a simple electronic
structure. The ground-state (So) is represented mainly by the electronic configuration (m)?(7*)°,
the first singlet excited state (S;) is represented by the configuration (7)!(7*)! and the second
singlet excited state (Sy) is represented by (7)°(7*)2. Upon absorption of a photon of the appro-
priate wavelength, the molecule is transferred from Sy to S;, where it relaxes non-radiatively to
the ground-state through a conical intersection between the two surfaces. The branching space
of this conical intersection is represented by a twisting of one of the CHy groups (see Fig. 7.2)
and a pyramidalization of the opposite CHy group. This conical intersection is difficult to be
represented in TDDFT, since non-interacting v-representability (NVR) problems occur at the
DFT level due to the degeneracies in the ground state KS system, which would require using an
ensemble of densities. This is beyond the scope of the present work. Instead, we focus on the
conical intersection occurring between the S; and Sy along the twisting coordinate. Although
NVR occurs around 90° too (the Sy becomes degenerate with the first triplet state,) the need of
a coupling between the reference determinant and the 2h2p states will be made apparent.

In Fig. 7.3, the potential energy surfaces (PES) of Sg, S; and Sy are shown at different levels
of theory. Since only the relative energies are of interest here, we have shifted all the Sy curves
to 0 eV at 0°.

The CAS(2,2) result with a post-perturbative treatment [Fig. 7.3,(a)] will be taken as our
benchmark. The conical intersection between S; and So occurs at 90°. This intersection occurs
due to the avoided crossing between Sy and S,. In fact, around this geometry, the Sop and Ss
strongly mix, whereas the S; remains well represented by the configuration (7)!(7*)!. The gap
between the Sg and the S;/Ss intersection is 2.31 eV.
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Figure 7.2 Graphical depiction of ethene torsion coordinate (O).
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Any adiabatic approximation will not be able to reproduce the intersection, since the S
state is represented by a 2h2p excitation. The D-TDDFT approach is a prominent candidate
for the application to this coordinate. The results of D-TDDFT are shown in Fig. 7.3 (b). In
overall, Sgp and S; are very well represented, but the S, is underestimated by about 2 eV at all
geometries. At 60°, the S; and Sy curves cross. The point at 90° cannot be calculated, since
the NVR problem occur, but it would indicate that on Sp/Ss a recrossing would occur. This is
clearly wrong when compared to the benchmark curves. This problem occurs due to the fact
that the 2h2p excitations are not interacting with the reference. As a consequence, S, is purely
represented by the configuration ()% (7*)2.

The introduction of an interaction term that couples the 2h2p excitations with the ground-
state largely remediates this problem. The results of the b-D-TDDFT kernel are shown in
Fig. 7.3 (c). We observe that the Sy state is shifted up with respect to D-TDDFT, in better
accordance with the benchmark results. At around 90°, the S, is correctly represented as a
mixture of the (m)%(7*)? and (7)%(7*)? states. This mixture is possible thanks to the extra term
included in the original formulation of D-TDDFT. Interestingly, the correction to the Sy curve
due to the interaction of Ss is very small and appears almost superimposed to the original DFT
So. This is important, since the Sy was already properly described at the DFT level. Though a
general improvement is observed, the intersection S; /Sy is still not perfectly described.

Finally, the results of spin-flip TDDFT (SF-TDDFT) are shown in Fig. 7.3 (d). In this case,
the reference DFT calculation is taken as the triplet state, therefore avoiding the NVR problem.
The three singlet states Sg, S; and S, are accessed through excitations. The results of SF-TDDFT
show a good representation of both Sy and S; curves with respect to the benchmark, but the S
curve is unevenly represented. The S, excited state shows a change of configuration at around
60°. Before this angle, the curve belongs to a different singlet state with a small portion of 2h2p
configuration and only after 60° the desired Sy appears. In fact, SF-TDDFT only can calculate
a reduced number of double excitations, and selecting the correct one is not straightforward
(see another example in Ref. [158].) In the case of SF-TDDFT, the S;/Sy intersection at 90°
is almost perfectly described. The gap between Sg and S;/Ss is 1.7 eV, which is 0.6 eV lower
than the benchmark. In global, both S; and Ss after 60° are underestimated by about 1 eV with
respect to the benchmark. This is probably due to the fact that the LDA functional is used to
construct the SF-TDDFT kernel and probably a hybrid version of SF-TDDFT would improve
the energetics.
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Figure 7.3 Potential energy surfaces of the first three excited states of ethene along the
twisting coordinate at various levels of theory. All the curves have been shifted so that the
ground-state curve at 0° corresponds to 0 eV.
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7.2.5 Conclusion and Perspectives

Recent developments in TDDFT open the venue to an efficient way of performing photo-
chemical simulations. In this article, we have applied two candidates, namely SF-TDDFT and
D-TDDFT, to describe the S;/Ss conical intersection of ethylene along the twisting coordinate.
The two states are degenerate when one of the CHy groups form an angle of 90° with respect to
the other.

We have shown that the original formulation of D-TDDFT largely underestimates the So,
which rather intersects with the Sy state rather than the S;. In fact, the S, is represented
by a pure 2h2p excitation, whereas the multireference calculations predict an avoided crossing
between Sy and Sy. This effect could not be represented due to the lack of coupling between
the reference and the 2h2p excitations. Taking into account the similarities between CISD and
D-TDDEFT in the TDA approximation, we have added an extra term in the D-TDDFT kernel
that introduces this coupling. The results show that the Sy state is still slightly underestimated,
but the improvement is remarkable. The correction does not affect much Sy, which was already
well described at the DFT level. The D-TDDFT could not be applied in the present form to the
90° due to the NVR problem. This problem will be addressed in the future.

The SF-TDDFT method is more successful in representing the S;/Ss conical intersection. The
fact that the reference is the first triplet instead of the first singlet, avoids the NVR problem,
and the calculation of 90° is without problem. One of the drawbacks of the method is that
the excited states are underestimated by about 1 eV. Additionally, the Sy surface is unevenly
represented along the twisting coordinate. The 2h2p configuration (7)°(7*)? seems only pre-
dominant after 60°. At smaller angles, some other singlet surface is obtained which does not
correspond to the expected predominant configuration. The fact that other excitations are highly
spin contaminated, makes it difficult to assign the correct excitation.
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7.3 Conclusions and Perspective

In this chapter, we have explored the possibility of including a coupling term between the
double excitations and the reference configuration, which is necessary to represent correctly
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funnels between excited states and the ground-state. The correction has been added to the
general dressed TDDFT kernel derived in Chap. 6. Due to the resemblance of the TDDFT/TDA
equations to CI, we have added the correction from CISD.

The application of such kernel to the S;/Ss conical intersection along the ethylene twisting
coordinate shows promising results. Without the correction, the dressed kernel predicts an
Sy long below the S;, due to the fact that the avoided crossing between Sy and S, is largely
underestimated. With the additional term in the dressed kernel, the representation of the avoided
crossing is largely improved, although the intersection point is still underestimated.

Although the approach presented here shows an improvement, more tests should be done to
validate this correction. In case of failure, we will add the extra diagrams from the polarization
propagator, which we did not include to the dressed kernel. This, in fact, would correspond
to use a double hybrid functional in DFT and TDDFT. In such case, the validity of the TDA
approximation should be studied, since a large part of the interaction between the excited states
and the reference is taken into account in the in the B1; matrix. The expressions of these terms
were given in Egs. (5.138) and (5.138), which makes it apparent that this would be a bottleneck
in the calculation of the kernel.
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Chapter 8
Real-time Dressed TDDFT

In this chapter, I briefly describe an on-going project on a formulation of real-time dressed
time-dependent density-functional theory (RT-D-TDDFT). The objective of this formulation is
to understand how potential with memory behaves during the real-time propagation in cases
where double excitations are important. This is a project started with Angel Rubio and Mark
E. Casida.

As seen in Chap. 3 Sec. 3.3.2.2, the propagation of the KS wave function in real time is
written in terms of a propagator

(1) =T [e i O] | (ty)) (8.1)

This formula is valid for both strong and weak fields, but in this chapter we will restrict to fields
in which linear response is valid. In linear response, the time-dependent KS Hamiltonian can be
written as

Ho(t) = Hy 4 0vs(t) = Hy + 60g20(t) + vappi(t) (8.2)

where the only unknown ingredient is the xc-potential. Normally, the adiabatic approximation
of the potential is used [see Eq. (3.116),] giving essentially the same results as linear response
with adiabatic kernels.

In linear response, we took advantage of the relation of the Dyson-like equation for kernel
in terms of the response functions to construct the frequency-dependence from the polarization
propagator. The xc-potential possess a similar Dyson-like equation with the self-energy. How-
ever, the construction of the self-energy in real time requires the application of non-equilibrium
perturbation theory techniques, which are not straightforward. In the limit in which the linear
response is valid, we can use a simpler alternative, by taking the xc-kernel to construct the
xc-potential. From the definition of the xc-kernel [see Eq. (3.63)], we can write it as

t
Svge(r, 1) :/ dt/d?’r’fm(r,r';tft’)ép(r’,t'). (8.3)
to

Inserting the adiabatic kernel [see Eq. (3.117)] in Eq. (8.3) straightforwardly gives the adiabatic
potential [Eq. (3.116).] Memory can be introduced by using a kernel beyond the adiabatic
approximation.

In this thesis, we derived a general form of the dressed TDDFT kernel, that could be used to
construct a memory potential. The assumption here is that the hybrid kernel corresponds to a
self-energy, but this seems a reasonable assumption. The dressed kernel can be written in two
parts as
Drr'sw) = fA%r,v') + K¥(r,1r;1,1'; W), (8.4)

xc

where K“ is the frequency-dependent part of the second-order polarization propagator kernel.
Inserting this kernel in Eq. (8.3), we have

195
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t
S0P (x,1) = v (x, 1) + / d / B K (e, vix 1t — 1)5p( 1), (8.5)
to

where the inverse Fourier transformed kernel K (¢t — t') is defined as

dw
—e

5 W(t*t/)K“’(r,r;r’,r';w). (8.6)

K“(r,r;v' v/t —t') = /

When we defined the dressed kernel, only one part was used to extract the excitation energies,
since the poles are just repeated in the other part. In this case, however, we have to use the full
retarded kernel in order to preserve time-reversal symmetry, that is,

[K*(w)]

, (8.7)

-y (ai|V|ckld)(ckld|V |bj)  (bj|V |ckld)(ckld|V|ai)

b
andl W — Wekld W+ Wekid
ckld

where the definitions are the usual used in previous sections. Note that the convergence factors
were omitted for simplicity. The inverse Fourier transform of such kernel gives

(K<t = 1)) 405 = —V/(2m) > (il V|ckld)(ckld|V|bj) sinfwera(t — )], (8.8)
ckld

in which we assumed that the orbitals are real and all w.x;q > 0. The time-dependent kernel

Ke(re,r' vt =) = [K9(t = 1), 07 (1)da(r)6; ()05 (x') (8.9)

iajb
can be inserted in Eq. (8.5) to obtain
vl (r,t) = v (x, 1) + 6vi,(r, 1), (8.10)

where I used the definition

v (r,t) = —\/%Z dF(r)dg(r) Z (ai|V |ckld)(ckld|V |bj) / dt’ sin[wera(t — )] (5p(t')|4b) .

aibj ckld to
(8.11)

There are obvious negative features from this definition of the potential. First, the double
excitations that are not coupled to any single excitation are zero. For example, the Sy state of
H,, which appears in linear response with the dressed kernel, would not be present. Second, the
virtual orbitals are required, which is not the case when one uses an adiabatic xc-potential. The
virtual orbitals are usually difficult to converge in a grid-based code..

This potential has been implemented in 0cTOPUS [307,308]. The implementation of the time
integration in OCTOPUS was done numerically. The integral is done (which is not necessarily the
same as the real-time propagation step) using the composite trapezoidal formula
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t n—1
/ dt' f(t') ~ At - M + Y flto+k-Ab), (8.12)
to k=1

where n =t — tg/At. Due to the convolution appearing in Eq. (8.11), the integration cannot be
updated, and each time has to be recalculated. For example, for a fixed value of indexes j an b
at t; = to + At, the integration gives

/ "t sin(t — Y (Gp()b]) = Al Sm(m)(gp(to”l’j ). (8.13)

The next step, at time to = tg + 2 - At, the integration gives

/ * it sin(t — £)6p(E)\bg) = At SR AV | oA ot + ADBY) . (8.14)

to 2

which is obviously not equal to the integration at step t; plus extra terms. This just means that
all densities have to be saved, from time ¢ to time ¢, during the whole time propagation. This is
not practical, since the number of time steps is usually large in order to converge the absorption
spectrum. Only a certain number of densities around ¢ are selected, and all others are dismissed.

The implementation in OCTOPUS was tested for butadiene. The dressed part was restricted
to contain only to contain the af double excitations (HOMO,HOMO-1)—(LUMO+1,LUMO)
and the other spin partners. These excitations mix with the HOMO—LUMO single excitation,
with the effect that the position of the main peak in the dipole spectrum experiences a red-
shift. However, the results were not successful, and the same spectrum as adiabatic TDDFT is
obtained. One reason could be that the (dp(t)|jb) is almost zero at all times, therefore giving
results similar to adiabatic TDDFT. Another source of the problem could be the truncation of
the time integration appearing in Eq. (8.11), which is not justified. In fact, it is known that the
potential is highly non-local in time, and it can strongly depend on densities far from the present
time. This could be improved by using non-uniform grids in time. More tests are going on to
determine the source of the problem. Once this is resolved, 3D plots of both the memory and
the adiabatic xc-potentials will be done in order to understand the effects that are introduced
by memory over time.
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Chapter 9

Final Conclusions !

Time-dependent density-functional theory is a promising candidate for an efficient description
of dynamics in the excited state. However, present approximate functionals limit the applicability
of TDDFT. Most common functionals use the so-called adiabatic approximation, in which the
adiabatic limit of the exact TDDFT functional is taken for all times. Adiabatic functionals
describe correlation inaccurately, and are inadequate for representing the key mechanistic steps
of relaxation in photochemistry. In this thesis, we have extensively studied the description of
correlation in TDDFT, and we have proposed several solutions with the aim to apply TDDFT
to photochemical problems.

At the moment of the publication of this thesis, only two methods partially improved the
description of correlation beyond adiabatic TDDFT: spin-flip TDDFT and dressed TDDFT.
Spin-flip is especially suitable for describing photochemical problems. This method was initially
conceived for calculating multiconfiguration ground-states from a single-reference model, working
around the noninteracting v-representability problem. SF-TDDFT can only include a reduced
number of double excitations, which might be insufficient for some applications. In fact, the
application to the photochemical ring-opening of oxirane confirms this suspicion. On the one
hand, the avoided crossing in the symmetric Co, ring opening showed a cusp in the Sy surface,
and the Ss surface could not be correctly interpreted along the reaction coordinate. On the other
hand, the geometry of the conical intersection point between Sy and S; PESs in the asymmetric
ring opening is shifted with respect to multireference benchmark results. Although SF-TDDFT
improves the description of correlation over any adiabatic functional, the restricted number of
pure spin states and the reduced number of double excitations included are two major drawback
of the method.

A main result of this thesis is the derivation of an exact second-order correlation kernel derived
from ab initio techniques. To our knowledge, this is the first kernel that can include all double
excitations. The kernel is calculated in two steps: the first consists of a polarization propagator
kernel [45], in which we applied the perturbation theory starting from a general Fock operator,
and the second consists of a localization function, which converts the many-body kernel into
a local TDDFT kernel. The first-order approximation to the polarization propagator kernel
produces the time-dependent exact-exchange kernel. The second-order approximation gives an
order-consistent approximation to the correlation kernel. The consistency is important to avoid
unphysical effects in the kernel [46,48].

The exact correlation kernel allowed us to identify the origin of the problems of the adiabatic
approximation. Adiabatic functionals are static, with no dependence on the frequency (time.)
In the time-dependent exact exchange kernel, the frequency dependence comes exclusively from
the localizer. This frequency dependence is not enough to include double excitation. In the cor-
relation part, the polarization propagator kernel introduces an additional frequency dependence,
which is fundamental for including double excitation poles in the response functions. The dia-

1. Pour les conclusions en frangais voir le chapitre Introduction et Conclusions (en frangais) a la fin de
la these
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grammatic expansion of the kernel allowed us to identify specifically the second-order correlation
diagrams which are missing in the adiabatic approximation. These diagrams are of self-energy
type and particle-hole type and introduce the coupling between single and double excitations
through the frequency-dependent terms.

We explored the possibility of including the missing diagrams directly to the adiabatic func-
tionals, without taking into account the localization. These many-body corrections to adiabatic
TDDEFT functionals can be viewed as a hybrid memory functional, that generalizes the idea of
dressed TDDFT. Such kernel is more efficient than the exact ab initio correlation kernel and
therefore more suitable for applications to systems of medium and large size. Several definitions
of the hybrid memory kernel are possible, depending on the choice of adiabatic functional and
many-body terms. We showed that not all combinations are successful by comparing the sin-
glet excitation energies of 28 organic chromophores with the different hybrid memory kernels
against high-quality benchmark results. We concluded that the kernel works best when a hybrid
functional with 20-25% HF exchange is used in the adiabatic part and the double excitations
are corrected to first order in perturbation theory. This result is important, as it demonstrates
that hybrid functionals are successful not only in DFT but also in TDDFT. Still, a main draw-
back of the dressed kernel is the problem of double counting of correlation, that is, the dynamic
correlation effects are included twice in the single excitation block when a large number of dou-
ble excitations are included. This could be avoided by implementing a pre-screening of double
excitations.

The hybrid memory kernel could potentially be applied to photochemical problems, as it
includes pure-spin double excitations in general. However, in the present form it cannot describe
correctly dissociation and funnels which involve the ground state. This is due to the missing
coupling term between the reference and the double excitation poles. We have added this terms
to the dressed kernel from CISD. There are two reasons for taking the terms from CISD. On the
one hand, this block is less expensive than the equivalent terms from the polarization propagator.
On the other hand, the dressed TDDFT kernel in the TDA approximation has a similar structure
to the CISD equations, which allows to compare the two theories and transfer missing information
from one to the other. The preliminary tests on the ethylene twisting show that this choice is
sensible. We used the hybrid kernel with the CISD terms to describe the conical intersection
between the S; and So surfaces. This cannot be described by any adiabatic functional, as the
So state is of double excitation nature and therefore missing in adiabatic TDDFT. The hybrid
kernel largely underestimates the S, state, whereas when we include the CISD correction the
S1/S2 conical intersection is more accurately described, although it is still slightly underestimated
compared to ab initio results.

With the results of this thesis, new problems might be tackled with TDDFT, both of formal
and applied nature. Omne of the problems we would like to explore in the future is the the
representation of excited states in open-shell systems. These excited states are highly spin
contaminated in adiabatic TDDFT, due to the fact that double excitations are missing. This
could be resolved by combining a restricted open-shell DFT calculation and our kernel with
double excitations. Another problem that we would like to explore is the formulation of a real-
time dressed TDDFT. We propose to use the dressed kernel and integrate the second derivative
to obtain a potential with memory. For photochemical applications, a problem that should
be tackled is the non-interacting v-representability. The solution is probably to use fractional
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occupation numbers. Then, the ab initio kernel should be rederived with a metric that accepts
non-integer occupations.

In conclusion, the work in this thesis has clarified the problem of double excitations and has
provided two solutions, one rigorous and one practical, of possible functionals in linear response
that could be potentially applied to photochemical problems. The results of this thesis open
new perspectives to construct TDDFT functionals, and offer an important step towards the
application of TDDFT to photochemistry.
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Introduction et Conclusions (en frangais)

Introduction

La photochimie est I’étude de la réactivité chimique qui a lieu dans les états excités. Dans la
plupart des molécules, les états excités se trouvent dans une gamme d’énergie entre I'infrarouge
lointain (700-1200 nm) et l'ultraviolet proche (200-400 nm). Cette énergie est transférée au
systeme par une réaction chimique, par transfert d’énergie intermoléculaire ou par absorption
de radiation. Ensuite, le systeme excité se relache jusqu’a atteindre I’état stationnaire le plus
bas en énergie, libérant ainsi I’exces d’énergie par une combinaison de mécanismes de relaxation
radiatifs et non-radiatifs.

La photochimie a été utilisée traditionnellement comme voie de syntheése alternative aux
réactions thermales. Les cycloadditions sont un exemple bien connu de réaction photochim-
ique. Par exemple, la cycloaddition Diels-Alder produit des anneaux de carbone a partir d’un
diéne, d’un diénophile et d’un photon. La réactivité photochimique reprend de 'importance dans
le domaine de la chimie verte, qui essaie de développer des voies de synthese utilisant des réactifs
non dangereux et respectueux de ’environnement [1].

Durant la derniere décennie, le développement de lasers d’impulsion ultracourte a doté la
photochimie d’une nouvelle dimension. Ces lasers permettent le développement du controle
quantique, ot des impulsions ultracourtes sont utilisées pour produire des interférences a des
états quantiques cohérents pour diriger la dynamique de paquets d’onde [2]. Ainsi, la réactivité
dans I’état excité peut étre controlée, ouvrant une gamme de nouvelles applications.

Un exemple important, qui illustre le potentiel de contréle de la photochimie, est la photo-
synthese des plantes vertes. La photosynthese capture, transfere et accumule 1’énergie solaire a
partir d’une série de réactions en chaine a travers plusieurs protéines. La dynamique exacte de
lefficace transfert des électrons est toujours inconnue. Des expériences menées récemment au
complex Fenna-Mathews-Olson sur la bactérie verte fluorescente (une protéine plus simple avec
un role similaire & celui des photosystémes I-II des plantes vertes) montre que l'efficace transfert
d’énergie peut étre du a un état cohérent de longue vie entre les antennes d’absorption et le
site d’accumulation [3]. Cet état est modulé par I'environnent, permettant de sélectionner, sur
chaque absorption d’un photon, les molécules antenne qui accomplissent le transfert d’énergie
plus efficacement [4].

Comprendre la dynamique des électrons en systemes biologiques aurait de gros impacts sur
I’amélioration de l'efficacité des cellules photovoltaiques. Pour le moment, des stratégies plus
simples sont explorées, comme par exemple l'utilisation de matériaux qui génerent multiples
couples d’électron-trous (excitons) & partir de ’absorption d’un seul photon [5,6]. Si ces excitons
pouvaient étre diffusés et dissociés aux parois conductrices de la cellule photovoltaique, cela
augmenterait énormément le nombre de transporteurs de charge [7]. Les possibilités de trouver
ces matériaux sont faibles mais des matériaux aux propriétés intéressantes sont actuellement
découverts dans ce domaine [8].
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Les possibilités qu’offre la photochimie commencent a étre comprises et exploitées grace a
I'utilisation de lasers d’impulsion ultracourte en chimie — que l'on appelle femtochimie — eux-
mémes utilisés pour la premiere fois par le prix Nobel A. Zeweil [9]. Avant cela, les mécanismes
dans les états excités n’étaient pas accessibles expérimentalement, car les photoproduits ayant
un temps de vie de quelque femtoseconde et ne pouvant pas étre détectés par les techniques
spectroscopiques traditionnelles. Les prédictions théoriques ont été comparées avec les temps de
vie radiatives ou les distributions de produits a la fin de la réaction. Actuellement, les lasers
femtoseconde permettent une observation directe d’événements ultracourts dans les états excités.
Une contribution importante est la publication récente de la premiere observation expérimentale
d’un entonnoir moléculaire dans la réaction d’isomérisation cis-trans de la molécule 11-trans-
retinal, qui se trouve au centre actif de la protéine rhodopsine responsable de la vision [10]. Les
entonnoirs moléculaires (intersections coniques et croisements évités) sont un mécanisme tres
courant en photochimie, qui permet un saut ultrarapide des paquets d’onde entre deux états
excités. Les entonnoirs moléculaires ont été prédis en 1950, mais ils n’ont jamais été observés
expérimentalement avant 2010.

Les nouvelles techniques expérimentales résolues dans le temps requierent de nouvelles
méthodes théoriques. La spectroscopie femtoseconde doit étre comparée avec des simulations
de dynamique moléculaire en temps réel. Les dynamiques sont numériquement lourdes car elles
peuvent inclure des degrés de liberté nucléaires et de I’environnement au méme temps que des
degrés électroniques. On a besoin de méthodes théoriques pouvant décrire la dynamique électron-
nucléaire efficacement. Un bon candidat pour une telle méthode est la théorie de la fonctionnelle
de la densité dépendante du temps (TDDFT) [11,12]. Malheureusement, les approximations
normalement appliquées a la TDDFT limitent I’application a des problémes de photochimie. La
TDDFT est une théorie exacte, formulée par les théoremes de Runge et Gross en 1984 [13],
qui permet 'application de la théorie de la fonctionnelle de la densité (DFT) [14,15] sur des
Hamiltoniens non-stationnaires. En pratique, on doit faire des approximations de la fonction-
nelle d’échange-corrélation, qui reste inconnue. L’approximation adiabatique de la fonctionnelle
est la plus utilisée et consiste en prennant la limite adiabatique de la fonctionnelle exacte pour
tous les temps. Cette approximation décrit I’énergie de corrélation de fagon inexacte et par
conséquent, elle ne peut pas décrire correctement la photochimie. En particulier, les entonnoirs
moléculaires ne sont pas bien décrits en raison de certains types de corrélation qui manquent a
I’approximation adiabatique. L’objectif global de la these est d’améliorer les fonctionnelles de
la TDDFT pour décrire de facon adéquate la corrélation afin qu’elle puisse étre appliquée a des
problémes de photochimie.

La corrélation est un effet quantique qui englobe les mouvements coopératifs des électrons, qui
normalement réduit I’énergie de répulsion électronique classique. Par convenance, la corrélation
sera décrite en seconde quantification [16]. En seconde quantification, les contributions de la
corrélation sont illustrées en diagrammes de Feynman, montrant avec précision les interactions
électroniques, permettant une classification des effets de corrélation. Pour les objectifs de cette
these, il est suffisant de restreindre la discussion de la corrélation & ’ordre le plus bas et donc
a des diagrammes avec des interactions d’excitations au maximum doubles. La généralisation a
un ordre plus haut est triviale.

Les objectifs spécifiques de cette these sont de (i) évaluer les méthodes existantes qui peu-
vent inclure un nombre réduit d’excitations doubles, (ii) fournir d’une nouvelle méthode qui
peut inclure les excitations doubles en général, (iii) identifier quels diagrammes manquent a



Papproximation adiabatique de la fonctionnelle de la TDDFT, et (iv) ajouter des diagrammes
aux fonctionnelles adiabatiques et tester le potentiel de ces corrections de théorie de perturbation
a plusieurs corps pour décrire plus efficacement les excitations doubles de systémes de moyenne
et grosse taille.

Dans notre travail vers la résolution du probleme des excitations doubles, nous avons adopté
la perspective de la chimie quantique. La TDDFT entrait dans la boite a outils de la chimie
quantique grace & la formulation de Casida de la réponse linéaire de la TDDFT (LR-TDDFT) [17].
Casida formulait LR-TDDFT dans une forme matricielle similaire a Hartree-Fock dépendant du
temps (TDHF) [18]. Ainsi, LR-TDDFT pouvait étre facilement programmé en utilisant les
algorithmes de la TDHF. Peu apres le travail de Casida, LR-TDDFT fut disponible pour une
grande communauté d’utilisateurs dans les logiciels de chimie quantique les plus utilisés. LR-
TDDEFT est devenue tres populaire grace a la grande efficacité de la méthode pour calculer les
états excités et les forces d’oscillation, ouvrant une voie & de nouvelles applications qui n’étaient
pas accessibles avec les méthodes basées sur la fonction d’onde. Des propriétés optiques de
systémes telles que les fullerenes [19-21], les protéines [22,23] ou les effets du solvant dans les
propriétés optiques [24] sont régulierement publiés dans les revues scientifiques. Cependant, LR~
TDDFT avec les fonctionnelles courantes montrait quelques déficiences importantes, telles que
la sous-estimation du continuum [25], des excitations Rydberg et du transfert de charge [26].
Ces déficiences sont partiellement améliorées en utilisant de meilleures fonctionnelles d’échange
[27,28].

L’utilité de la LR-TDDFT est largement acceptée. Néanmoins, les photochimistes théoriciens
se méfient (avec raison) de la capacité de la TDDFT & représenter des surfaces d’énergie poten-
tielles des états excités aux points-clé du mécanisme de réaction. Dans ce domaine, la TDDFT
doit rivaliser avec les méthodes multi-références basées sur la fonction d’onde, qui arrivent a la
limite de la capacité des ordinateurs. En 2006, Martinez et al. ont exposé les deux principaux
problemes de la TDDFT pour des applications en photochimie: les excitations doubles et les
intersections coniques [29]. En 2007, Casida et al. clarifient leurs idées dans une perspective
plus correcte du point de vue de la TDDFT, faisant une étude tres complete sur 'ouverture
photochimique de 'anneau d’oxirane et la dynamique & travers l'intersection conique [30, 31].
De ces études, on peut reformuler les deux probléemes de la TDDFT comme la nécessité de
meilleures fonctionnelles de corrélation et le probleme de la v-représentativité non-interactive.
Dans cette these, nous discuterons largement le probleme de la corrélation dans la TDDFT et
nous mentionnerons brievement le probleme de la v-représentativité non-interactive.

Les propriétés de la fonctionnelle d’échange dans la TDDFT sont largement étudiées dans la
littérature [27,32-34]. La fonctionnelle de corrélation a attiré moins I’attention, probablement
en raison des propriétés tres complexes de la fonctionnelle, qui dépende non localement des
densités passées. Cette dépendance fait que la fonctionnelle de corrélation en TDDFT est non-
locale dans les variables d’espace et de temps [35-37]. Les fonctionnelles adiabatiques, qui sont
completement locales dans le temps, sont fréquemment une approximation rudimentaire a la
fonctionnelle de corrélation. Au moment de la publication de cette these, il existe seulement deux
méthodes qui améliorent partiellement la description de la corrélation au dela de I’approximation
adiabatique : spin-flip TDDFT développée par Krylov, Ziegler et Wang [38-42] et la TDDFT
habillée développée par Maitra, Burke et leurs collaborateurs [43,44]. Nous fournirons une
solution plus générale qui conduira a un noyau pour la LR-TDDFT avec corrélation en utilisant
les techniques ab initio [45]. Nous montrerons que la fonctionnelle adiabatique de corrélation



de la TDDFT manque completement de diagrammes de seconde ordre, qui sont responsables
du couplage entre les excitations simples et doubles. Ces diagrammes pouvons étre ajoutés
aux fonctionnelles adiabatiques existantes pour améliorer la description de la corrélation. Une
méthode similaire a été développée par Sangalli et ses collaborateurs dans le cadre de I'équation
Bethe-Salpeter pour les systemes périodiques utilisant des potentiels écrantés [46-48]. Ils arrivent
a des conclusions similaires.

La these est organisée en trois parties. La Partie I présente le matériel de base. Dans le
chapitre 1, nous décrivons la photochimie théorique ; dans le chapitre 2, la théorie de la fonction
d’onde ab initio, en se focalisant sur la description de la corrélation dans les états excités ; dans
le chapitre 3, la théorie de la structure électronique basée sur la densité électronique. La partie IT
de la these contient la recherche originale. Le chapitre 4 traite de I’évaluation de la méthode
spin-flip TDDFT pour décrire la photoréaction de I'oxirane. Dans le chapitre 5, nous exposons
la dérivation du noyau de corrélation a partir des techniques ab initio, ce noyau incluant toutes
les excitations doubles. Dans le chapitre 6, quelques noyaux approximatifs sont dérivés et testés
; ils permettent de généraliser 'idée de la méthode TDDFT habillée et peuvent étre appliqués
a des systemes de taille moyenne et large. Enfin, la partie III contient les résultats non publiés,
les perspectives et les conclusions finales.

Résumé par chapitre

Chapitre 1: Photochimie Théorique

La photochimie est I’étude de la réactivité dans les états excités. La description théorique des
mécanismes de réaction est basée sur le calcul de la surface d’énergie potentielle, qui s’obtient
a partir de 'approximation Born-Oppenheimer. Ce chapitre se focalise principalement sur les
effets de corrélation dans les états excités, ainsi que sur la description de la structure électronique
pendant le déroulement de la réaction photochimique.

Chapitre 2: Théorie de la Structure électronique Basée sur la Fonctionne d’Onde.

La théorie de la structure électronique basée sur la fonction d’onde est la seule théorie qui
peut décrire les mécanismes de réaction photochimique a présent. Dans ce chapitre, on explique
les méthodes théoriques les plus courantes pour résoudre les équations de Schrédinger statiques
et dynamiques, en mettant ’accent sur les méthodes qui décrivent les états excités.

Chapitre 3: Théorie de la Structure électronique Basée sur la Densité électronique
Les méthodes basées sur la densité électronique sont plus efficaces que les méthodes basées sur

la fonction d’onde. Dans ce chapitre, on décrit de facon détaillée la reformulation des équations
de Schrodinger statiques et dynamiques en fonction de la densité.



Chapitre 4: Théorie de la Fonctionnelle de la Densité Dépendent du Temps avec
spin-flip

La formulation classique de la théorie de la fonctionnelle de la densité dépendante du temps
n’est pas facilement applicable au calcul d’intersections coniques et d’excitations doubles, deux
composantes indispensables pour décrire la photochimie. La méthode spin-flip est une extension
de la TDDFT qui résout partiellement ce probleme. Dans ce chapitre, on expose les résultats du
test effectué avec spin-flip pour étudier la photoréaction d’ouverture de ’anneau d’oxirane.

Chapitre 5: Noyau Ab Initio d’Echange-Corrélation Exacte

Au moment de la publication de cette these, aucune méthode ne peut inclure les excitations
doubles de facon générale. Ce chapitre expose la dérivation d’un noyau pour la réponse linéaire
de la TDDFT qui inclut toutes les excitations doubles. Le noyau est calculé en deux parties: la
premiere partie est constituée par le noyau du propagateur de la polarisation, la deuxieme partie
est une fonction qui localise le noyau du propagateur a un noyau local pour la TDDFT.

Chapitre 6: Réponse Linéaire de la Théorie de la Fonctionenelle de la Densité
Dépendent du Temps Habillé

Les calculs sur le noyau général du Chapitre 5 sont tres couteux numériquement. Dans ce
chapitre, on présente le test d’un noyau avec des excitations doubles plus efficaces. Le noyau
consiste en une partie basée sur une fonctionnelle TDDFT adiabatique, qui décrit les excitations
simples, habillées par une partie du noyau du propagateur sans localisation, qui décrit les exci-
tations doubles. Le test a été fait en comparant les énergies d’excitation des états singulet du
noyau habillé avec des énergies d’excitation ab initio de référence.

Chapitre 7: Couplage entre la référence et les excitations en la Théorie de la
Fonctionnelle de la Densité

Le noyau habillé est tres efficace mais il ne peut pas décrire une partie importante des inter-
sections coniques et des croisements évités qui se produisent avec I’état fondamental. Pour cette
raison, on a inclus un terme additionnel au noyau habillé qui décrit cette interaction. Le terme
a été tiré de la théorie CISD, le terme équivalent dans le propagateur étant trop cotiteux. On a
testé ce nouveau noyau pour décrire l'intersection conique entre les états S et So de I’éthyléne
dans le chemin de torsion. On expose les résultats préliminaires.



Chapitre 8: Théorie de la Fonctionnelle de la Densité Dépendent du Temps Ha-
billé en Temps Réel

La formulation de la réponse linéaire de la TDDFT peut inclure les excitations doubles alors
que la formulation en temps réel ne les inclut pas encore facilement. Une proposition est faite
pour inclure ces excitations a partir du noyau habillé de la réponse linéaire.

Conclusions

La théorie de la fonctionnelle de la densité dépendante du temps est une méthode qui
peut décrire efficacement la dynamique dans les états excités. Cependant, les approximations
des fonctionnelles limitent I’application de la TDDFT. La majorité des fonctionnelles utilisent
I’approximation adiabatique qui utilise la limite adiabatique de la fonctionnelle exacte pour tous
les temps. Les fonctionnelles adiabatiques décrivent la corrélation de fagon inexacte et elles ne
sont pas aptes a représenter les points-clés des mécanismes de relaxation photochimique. Dans
cette these, nous avons largement étudié la description de la corrélation en TDDFT et nous
avons proposé quelques solutions pour permettre 'application de la TDDFT aux problemes
photochimiques.

Au moment de la publication de cette these, il n’y avait que deux méthodes qui pouvaient
améliorer partiellement la description de la corrélation au dela de 'approximation adiabatique :
spin-flip TDDFT et TDDFT habillée. Spin-flip convient pour décrire les problemes photochim-
iques. Cette méthode a été initialement congue pour calculer des états fondamentaux multiconfig-
urationaux a partir d’'un modele d’une seule référence, évitant le probleme de la v-représentativité
non-interactive. SF-TDDFT peut seulement inclure un nombre réduit d’excitations doubles, ce
qui peut étre insuffisant pour certaines applications, comme ’application & ouverture photochim-
ique de l'anneau d’oxirane. D’une part, les croisements évités dans l'ouverture symétrique
Cs, montre un petit cusp dans la surface Sy, et la surface S, ne peut pas étre convenable-
ment interprétée pendant toute la coordonnée de réaction. D’autre part, la géométrie du point
d’intersection conique entre Sg et S; dans 'ouverture asymétrique est déplacée par rapport aux
calculs multiréférenciaux. Méme si SF-TDDFT améliore la description de la corrélation par
rapport aux fonctionnelles adiabatiques, le nombre réduit d’états purs de spin et le nombre
réduit d’excitations doubles inclues représentent deux des problemes les plus importants de cette
méthode.

L’un des principaux résultats de cette theése est la présentation d’un noyau exact avec
corrélation jusqu’au second ordre dérivé a partir de techniques ab initio. A notre avis, ce noyau
est le premier a pouvoir inclure toutes les excitations doubles. Ce noyau est calculé en deux
étapes : la premiere on construit un noyau du propagateur de la polarisation, auquel nous
avons appliqué la théorie de perturbation commengant par un opérateur de Fock général, et la
deuxieme étape consiste d’une fonction de localisation qui transforme le noyau & plusieurs corps
en un noyau local TDDFT. L’approximation de premier ordre du noyau a plusieurs corps donne
le noyau d’échange exact dépendant du temps. L’approximation a ordre seconde donne une



approximation au noyau de corrélation consistante. La consistance d’ordre est importante pour
éviter des effets physiques artifactuels.

Le noyau de corrélation exacte nous permet d’identifier ’origine des problémes de ’approx-
imation adiabatique. Les fonctionnelles adiabatiques prennent en compte la limite adiabatique
pour tous les temps et peuvent par conséquent étre considérées comme des fonctionnelles sta-
tiques sans aucune dépendance de la fréquence (ou du temps.) Dans le noyau exact d’échange
dépendant du temps, la dépendance de la fréquence est exclusivement due & la fonction de local-
isation. Cette fréquence n’est pas suffisante pour inclure les excitations doubles. Dans la partie
de corrélation, le noyau du propagateur de la polarisation introduit une dépendance addition-
nelle qui est fondamentale pour inclure les excitations doubles dans les fonctions de réponse. Le
développement en diagrammes du noyau nous permet d’identifier spécifiquement les diagrammes
de corrélation du second ordre manquant dans l’approximation adiabatique. Ces diagrammes
sont de type auto-énergie et particule-trou, et ils introduisent un couplage entre les excitations
simples et doubles a partir des termes dépendants de la fréquence. Nous avons exploré la pos-
sibilité d’inclure les diagrammes manquants directement aux fonctionnelles adiabatiques, sans
prendre en considération les effets de localisation. Ces corrections des fonctionnelles adiabatiques
de la TDDFT correspondent a une sorte de fonctionnelle hybride avec mémoire qui généralise
I'idée de la TDDFT habillée. Ce noyau est plus efficace que le noyau de corrélation exact ab
initio et donc plus adapté pour des applications de systémes de taille moyenne et large. Plusieurs
définitions du noyau hybride sont possibles, elles dépendent du choix de fonctionnelle adiabatique
et de termes a plusieurs corps. Nous montrons que toutes les combinaisons ne conviennent pas
pour comparer les énergies d’excitation singulet de 28 chromophores organiques données par les
noyaux hybrides avec résultats de référence de haute qualité. Nous concluons que le meilleur
noyau s’obtient quand la partie adiabatique est constituée par une fonctionnelle hybride avec
20-25% d’échange HF et quand les excitations doubles sont corrigées au premier ordre en théorie
des perturbations. Ce résultat est important car il montre que les fonctionnelles hybrides sont
possibles non seulement en DFT mais aussi en TDDFT. Néanmoins, le noyau hybride pose le
probléme du double calcul de la corrélation, c’est-a-dire que les effets de corrélation dynamiques
sont inclus deux fois dans le bloc d’excitations simples quand un grand nombre d’excitations dou-
bles sont inclues. Ceci pourrait étre évité avec la programmation d’une préselection perturbative
d’excitations doubles.

Le noyau hybride avec mémoire pourrait étre appliqué a des probléemes photochimiques car
il inclut généralement les excitations doubles de spin pur. Cependant, dans sa forme présente,
il ne peut pas décrire correctement la dissociation ou les entonnoirs moléculaires quand 1’état
fondamental intervient. Cela est di au couplage manquant entre les excitations doubles et la
référence. Nous avons inclus ces termes au noyau de CISD pour deux raisons. La premiere est
que les termes de couplage de CISD sont plus facilement calculables que les équivalents du prop-
agateur de la polarisation. La deuxieme est que le noyau TDDFT habillé dans I'approximation
Tamm-Dancoff a une structure similaire a celles des équations CISD, ce qui permet de com-
parer les deux théories et de transférer 'information manquante de I'une a l'autre. Les tests
préliminaires dans la réaction de torsion de ’ethéne montrent que ce choix est correct. Nous
avons utilisé le noyau hybride avec les termes CISD pour décrire I'intersection conique qui se
passe entre les surfaces S; et S3. Cela ne peut étre décrit par aucune fonctionnelle adiabatique
car 1’état So étant a un fort caractere d’excitation double. Cet état manque dans la TDDFT
adiabatique. Le noyau hybride sous-estime largement ’énergie de I’état S, et, avec les corrections



de CISD, la description de l'intersection est & améliorer, méme si elle est encore sous-estimée par
rapport aux calculs ab initio.

Avec les résultats de cette thése, de nouveaux problémes (formels et d’application) peuvent
étre abordés avec la TDDFT. L’un des problémes qui nous intéressent pour le futur est la
représentation d’états excités de systemes a couche ouverte. Les états excités dans ces systemes
ont une forte contamination de spin avec les fonctionnelles adiabatiques car les excitations dou-
bles manquent. Ceci pourrait étre résolu en combinant un calcul DFT a couche ouverte restreint
avec notre noyau a excitations doubles. Un autre probleme que nous voudrions explorer est la
formulation d’'une TDDFT habillée en temps réel. Nous proposons d’utiliser le noyau habillé
et d’intégrer la dérivée seconde pour obtenir un potentiel avec mémoire. Pour les applications
de photochimie, le probleme de la v-représentativité non-interactive doit étre abordé. Une so-
lution consiste probablement & utiliser de nombreuses occupations fractionnaires. Le noyau ab
initio devrait ainsi étre redérivé de nouveau pour inclure dans la métrique qui accepte nombres
d’occupation non-entiers.

En conclusion, le travail de cette these a clarifié le probleme des excitations doubles et elle
a proposé deux solutions, 'une rigoureuse et 'autre pratique, de fonctionnelles possibles pour
la réponse linéaire, qui peuvent étre appliquée a des problemes photochimiques. Les résultats
de cette these ouvrent de nouvelles perspectives pour la construction de fonctionnelles pour la
TDDFT et marque un pas important dans ’application de la TDDFT en photochimie.



