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Abstract

Electronic-structure simulations have been impacting the study of materials properties thanks
to the simplicity of density-functional theory, a method that gives access to the ground state
of the system. Although very important, ground-state properties represent just part of the
information, and often technological applications rely more on excited-state properties. In
the context of density-functional theory, the latter are difficult to extract and one usually has
to resort to more sophisticated approaches. In the last years, Koopmans spectral functionals
have emerged as an effective method which combines the feasibility of density-functional
theory with the accuracy of more complex methods, such as many-body perturbation theory.
While retaining its simplicity, Koopmans functionals extend the domain of density-functional
theory providing direct access to charged excitations, and ultimately to the photoemission
spectra of materials.

This approach has been extensively employed in finite systems, displaying an accuracy which
is comparable to that of state-of-the-art many-body perturbation theory methods. In extended
systems, calculations were bound to the supercell (I'-only) method, preventing the access to
the full band structure of the system. In this work we overcome this limitation, proving that
a band structure description of the energy spectrum is possible, and providing a scheme to
carry out calculations in crystalline materials.

The first result of this work consists in proving the compliance of Koopmans functionals with
the translation symmetry of the system. The validity of Bloch’s theorem, thus the possibility of
describing the spectrum via a band structure picture, depends on this condition. Because of
the orbital-density-dependent nature of the functional, the invariance of the total energy with
respect to unitary transformations of the one-electron orbitals is broken. The energy is then
minimized by a particular set of orbitals, called “variational”, which are strongly localized in
space. In extended periodic systems, the localized, thus non-periodic, character of the varia-
tional orbitals is inherited by the effective orbital-density-dependent Hamiltonians, which
apparently break the translation symmetry of the system. Here we show that, by requiring the
variational orbitals to be Wannier functions, the translation symmetry is preserved and Bloch’s
theorem holds.
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Abstract

In the second part, we devise a scheme to unfold the band structure from supercell (I'-only)
calculations, and reconstruct the k-dependence of the quasiparticle energies. This method
is then used to compute the band structures of a set of benchmark semiconductors and
insulators. Finally, we describe a novel formulation of Koopmans functionals for extended
periodic systems, which exploits from the beginning the translation properties of Wannier
functions to realize a primitive cell-based implementation of Koopmans functionals. Results
obtained from this second approach are also discussed.

In the last part, we present the preliminary study of impurity states arising in crystalline
materials in the presence of point defects.

Keywords: Koopmans spectral functionals, orbital-density-dependent functionals spectral
properties, photoemission spectra, Bloch’s theorem, band structure, band gap, point-defects,
impurity states.
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Sommario

Le simulazioni di struttura elettronica hanno avuto un impatto sullo studio delle proprieta
dei materiali grazie alla semplicita della teoria del funzionale densita, un metodo che da
accesso allo stato fondamentale del sistema. Sebbene molto importanti, le proprieta di
stato fondamentale rappresentano solo una parte dell'informazione e spesso le applicazioni
tecnologiche si basano maggiormente sulle proprieta di stato eccitato. Nel contesto della
teoria del funzionale densita, questi ultimi sono difficili da estrarre e di solito si deve ricorrere
ad approcci piu sofisticati. Negli ultimi anni, i funzionali spettrali Koopmans sono emersi
come un metodo efficace che combina la fattibilita della teoria del funzionale densita con
I'accuratezza di metodi piti complessi, come la teoria delle perturbazioni a molti corpi. Pur
mantenendo la sua semplicita, i funzionali di Koopmans estendono il dominio della teoria del
funzionale densita fornendo un accesso diretto alle eccitazioni cariche e, in definitiva, agli
spettri di fotoemissione dei materiali.

Questo approccio & stato ampiamente utilizzato in sistemi finiti, mostrando un’accuratezza
paragonabile a quella dei metodi pit1 avanzati nella teoria delle perturbazioni a molti corpi.
In sistemi estesi, i calcoli sono stati finora vincolati al metodo della supercella (solo I'), impe-
dendo 'accesso all'intera struttura a bande del sistema. In questo lavoro superiamo questa
limitazione, dimostrando che & possibile una descrizione dello spettro energetico per mezzo
della struttura a bande, e fornendo uno schema per eseguire calcoli in materiali cristallini.

Il primo obiettivo di questo lavoro consiste nel dimostrare il rispetto delle simmetrie di trasla-
zione del sistema da parte dei funzionali Koopmans. La validita del teorema di Bloch, quindi
la possibilita di descrivere lo spettro tramite la struttura a bande, dipende da questa condizio-
ne. A causa della dipendenza del funzionale dalle densita orbitali, 'invarianza dell’energia
totale rispetto alle trasformazioni unitarie degli orbitali elettronici viene a mancare. L'energia
viene quindi minimizzata da un particolare insieme di orbitali, detti variazionali, che sono
spazialmente molto localizzati. In sistemi periodici estesi, il carattere localizzato, quindi non
periodico, degli orbitali variazionali viene ereditato dalle Hamiltoniane effettive, che sembra-
no rompere la simmetria traslazionale del sistema. In questo lavoro di tesi mostriamo che,
richiedendo che gli orbitali variazionali siano funzioni di Wannier, la simmetria di traslazione
viene preservata e il teorema di Bloch é valido.



Sommario

Nella seconda parte, elaboriamo uno schema per ottenere la struttura a bande della cella
primitiva dai calcoli in supercella (solo I') e ricostruire la dipendenza da k delle energie di
quasiparticella. Questo metodo viene quindi utilizzato per calcolare le strutture a bande
di un insieme di semiconduttori e isolanti di riferimento. Infine, descriviamo una nuova
formulazione dei funzionali Koopmans per sistemi periodici estesi, che sfrutta fin dall’inizio
le proprieta di traslazione delle funzioni di Wannier per realizzare un'implementazione in
cella primitiva dei funzionali Koopmans. Vengono discussi anche i risultati ottenuti da questo
secondo approccio.

Nell'ultima parte, presentiamo lo studio preliminare degli stati di impurezza che si manifesta-
no nei materiali cristallini in presenza di difetti puntuali.

Parole chiave: funzionali spettrali Koopmans, funzionali dipendenti dalle densita orbitali,
proprieta spettrali, spettri di fotoemissione, teorema di Bloch, struttura a bande, banda
proibita, difetti puntuali, stati di impurezza.
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|§ Introduction

1.1 The many-electron problem

In materials science, all the properties of a given system whether, they are mechanical, chem-
ical, or optical, can be explained in terms of the fundamental interactions between their
elemental components: electrons and nuclei. At a good level of approximation, where only
relativistic and hyperfine effects are neglected, all these interactions are embodied in the
following Hamiltonian (given in atomic units):

v2

i V2
I:Itotz_z Z—l+
T2Mp T2 g

1 3 Z; N ZiZy
|ri_rj| l',1|ri_RI| [<]|R1_R]|,

(1.1)

where the first two terms represent, respectively, the kinetic energies of the nuclei () and
of the electrons (), and the following three terms embed their individual and reciprocal
electrostatic interactions — Vee, Ven, and Vin. The complexity of the problem is drastically
reduced when the Born-Oppenheimer approximation is applied [1]: based on the observation
that the electronic mass is much smaller than the mass of the ions (m./M; ~ 1073 —107?),
the rotation period of the electrons is way shorter than the vibration period of the nuclei,
to the point that the latter can be considered steady from an electronic point of view. The
electronic and nuclear dynamics can then be decoupled and described in terms of two distinct
Schrodinger equations. The electrons interact within the field generated by the frozen nuclei
thereby the (electronic) Hamiltonian, ﬁe, includes the electron-electron repulsion and the
nuclear potential V(r, {R;}) where the positions R; are treated as parameters. The associated
Schrédinger equation reads as

(T + Vee

N

VURM) Y, (R = E,({RNY » ((R1}). (1.2)

J

=yt
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The electronic energies E;, ({R;}) play the role of potential energy surfaces for the nuclei and,
by taking the lowest of them, we obtain the nuclear Schrédinger equation:

(Tn + Eo({R1) @y = W@y, (1.3)
whose solutions yield all the properties of the nuclear system, including the phonon modes.

Thanks to the Born-Oppenheimer approximation, Eq. (1.1) gets split into two “simpler” prob-
lems: one — Eq. (1.2) — defining the electronic structure of the system, the other — Eq. (1.3) -
determining the motion of the nuclei. The two problems are radically different, meaning that
the methods developed to search for their solutions are not the same. Here, we are interested
in the solution of the electronic Hamiltonian, whereas the problem of the dynamics of the
nuclei is out of the scopes of this work. Nevertheless, it is important to mention that the effects
due to the coupling between the electron and the nuclear dynamics are not always negligible,
and the nuclear motion can actually influence the electronic structure of a material. Ground-
and excited-state energies, including the fundamental gap, can be significantly affected and
demand for a treatment of the electron-phonon coupling. While the theory behind the renor-
malization effects of the electronic structure will not be discussed here, the corrections that
account for them will be included (when needed) in the presented results.

1.2 First-principles electronic-structure methods

Except for a bunch of very special and strongly unrealistic systems, the Hamiltonian of a set of
interacting electrons cannot be solved exactly. Many methods, grounding on fundamentally
different strategies, have been developed in order to tackle the many-electron problem, some
of them dating back to more than sixty years ago. However, it is only in the last few decades that
the computing power has reached a level that allowed for an effective use of these methods
in computational materials science. Most of the methods used today follow the idea of the
first-principles, or ab initio, approach, where the solution of the problem is determined by
starting from the fundamental laws of physics —i.e. the Schrodinger equation (1.2) — without
introducing any empirical fitting or model.

First-principles methods for electronic-structure calculations can be divided in three big
categories, depending on the type of descriptor chosen to characterize the system: the many-
body wave function ¥ (ry, ..., ry), the total density p(r), or the Green’s function G(r, t,r’, t')
[2]. Each strategy concentrates the complexity of the problem on a different aspect, which
brings to different advantages and drawbacks.

Historically, the wave function is the descriptor favored by the chemistry community, from
which the name quantum chemistry methods to classify the approaches that follow this road.
Essentially, all the approximations are usually done on the electronic wave function whereas
the Hamiltonian of Eq. (1.2) is taken in its exact form. Among the first and simplest examples
we find the Hartree-Fock system [3, 4], where the wave function is approximated to a single



1.2. First-principles electronic-structure methods

Slater determinant, which accounts correctly for the exchange energy (a form of interaction
deriving from the fermionic character of the electrons), but misses completely the electronic
correlation. By improving the sampling of the wave function — namely combining several,
wisely chosen, Slater determinants — the quality of results tends to increase together with the
computational cost of a calculation. Quantum chemistry methods provide the most accurate
predictions of many ground-state and excited-state properties, with a precision that often
exceeds that of “rival” methods of several orders of magnitudes; nevertheless, this is combined
with the worst scaling properties with respect to the system size, which usually limits the use
of these approaches only to small molecules.

An alternative formulation of the many-electron problem rose up when, in 1964, Hohenberg
and Kohn (HK) discovered the fundamental connection that links the ground-state density
of a system to the Hamiltonian [5], and thus to any of its properties, giving birth to density-
functional theory (DFT). All the physical observables, starting from the total energy, are
functionals of the ground-state density — an object depending only on one spatial coordinate,
thus infinitely simpler than the many-body wave function — which, in principle, determines
univocally all the properties of the system. Unfortunately, while the HK theorem proves the
existence of such connection, it does not provide any information about the explicit depen-
dence of the energy (or other quantities) on the density: it is the search for such mathematical
relations, or better, of a reliable approximation to them, that represents the main challenge of
DFT. Despite the breakthrough brought about by this theory, it was only twenty years later,
when the first approximations of the unknown exchange and correlation (xc) energy functional
started to come out, that DFT became a practical tool. Since then, the use of DFT exploded,
and today it represents the most widely employed method for electronic-structure calcula-
tions, as confirmed by the presence of twelve DFT-based papers in the list of the hundred most
cited papers of all times (as of 2014), including two in the top-10 [6].

Finally, we have the class of methods that rely on the one-particle Green’s function of the
system, which fulfills the role of electron (and hole) space-time propagator. The Green’s
function is a non-local object — both in space and time — that provides direct access to many
important properties of the system, including the electron addition and removal energies.
Determining the Green’s function of the system is the goal of this approach; this can be done
via many-body perturbation theory (MBPT), a theory which grounds its roots on the definition
of the Green’s function as a series expansion in terms of the Coulomb interaction. Such
expression can be recast into a non-linear Dyson equation for the Green’s function, where
the complexity of the perturbative expansion is moved into a dynamical effective interaction
called self-energy. Computing the self-energy — again, by converging a series of Coulomb-like
integrals —is not an easier task; however, in 1965, Hedin introduced a closed set of equations
that connect the Green’s function and the self-energy to other three quantities — namely the
screened interaction, the electric polarizability, and the vertex function — and whose solution
can be obtained in self-consistent manner [7]. The famous GW approximation results from
the first loop over Hedin’s equations, and represents one of the most successful applications
of Green’s function theory for the study of the properties of materials.
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Chemical Accuracy

unoccupied ¢ (r’) l O exact exchange and exact partial correlation
occupied Y (r) exact exchange and compatible correlation
7(r) meta-generalized gradient approximation
Vn(r) generalized gradient approximation

n(r) T O local spin density approximation

Hartree World

Figure 1.1: Jacob’s ladder for density-functional approximations; figure taken from Ref. [10].

If we put aside the wave function-based methods — here the improvements consist in a better
sampling of the wave function which usually involves the rigorous, yet computationally ineffi-
cient, increase of the size of the basis set — current research in electronic-structure methods
aims to improve the capabilities of DFT and Green’s function-based approaches. In Green’s
function theory, this often involves: (i) a more suitable choice for the one-electron states
used within the definition of, e.g., G [8], and (ii) better expressions for the quantities involved
in the Hedin’s loop — by improving, e.g., the approximation on the vertex yielding the GW
approximation (I' = §6) [9]. In DFT instead, the improvements usually affect the xc functional.
The Jacob’s ladder of density-functional approximations depicts the gap that separates the
Hartree world (zeroth-order approximation) from the heavenly chemical accuracy, and where
the current types of approximation sit [10]. Starting from the local-density approximation, the
accuracy grows when additional features are included in the functional. In this way, one goes
from GGA and meta-GGA, which include the derivatives of the density (and sometimes the
kinetic-energy densities), to non-local approaches where the exchange and, ultimately, the
correlation, are expressed in terms of the one-particle wave functions rather than the density.
With the increasing accuracy, also the computational costs grow, thus it is the compromise of
the two best fitting a given calculation that defines the optimal approximation.

Besides the quality of the approximations used, another important aspect regards which
properties (and with what effort) can be predicted by either of the two approaches. While
DFT is the ideal approach for the computation of ground-state densities and energies (and
derived quantities), with respect to spectral properties, Green’s function theory is naturally
more suitable, since it provides almost directly the photoemission and absorption spectra

4



1.3. Koopmans spectral functionals

of materials. Although these properties are determined, in principle, by the ground-state
density, the explicit expression in terms of p is not known (and it is not guaranteed to exist!),
which explains why it is so difficult to extract the information about the spectral properties
in a DFT framework. The Kohn-Sham (KS) mapping defines an auxiliary system of non-
interacting electrons that shares the same ground-state density of the real system. However,
the interpretation of the KS eigenvalues as quasiparticle energies is not supported by the
theory (except for the highest-occupied energy level which matches the actual ionization
potential), and usually one has to relax the constraints imposed by KS-DFT in order to capture
the physics of charged and neutral excitations. Part of the problem comes from the fact that the
interaction “felt” by an electron is represented by the (dynamical and non-local) self-energy,
whereas the KS effective potential is a local and static object which is uncapable of tracing the
interactions resulting at different spaces and times.

Designing an approach whose effective interaction embodies part of these features while
preserving the computational feasibility of DFT, represents then one of the possible strategies
to tackle spectral properties of materials, and it is where Koopmans spectral functionals find
their way in the landscape of electronic-structure methods.

1.3 Koopmans spectral functionals

Koopmans spectral functionals represent a novel approach for the calculation of charged
excitations, grounding on a DFT-based framework. The goal of Koopmans functionals, is that
of defining a mean-field approach where single-particle states fulfill the role of quasiparticles.
In this context, the eigenvalues of the effective one-particle Hamiltonian provide the peaks
of the direct, and inverse, photoemission spectra. All this is done in the formalism of energy
functionals, where one can take advantage of the variational principle to determine the
ground-state of the system. Behind the construction of Koopmans functionals there is the
exact property of the ground-state energy of being a piecewise-linear function with respect
to the number of electrons [11]. Such property is generally not satisfied by standard density-
functional approximations which exhibit an unnatural non-linear trend, creating a discrepancy
between total and differential energy differences. The idea behind Koopmans functionals is
that of imposing the piecewise-linearity condition, but in a more restrictive form: this is not
simply applied to the energy as a function of the number of electrons, but it is actually extended
to the occupations of all the orbitals in the system. The imposition of such generalization
of the piecewise-linearity condition defines a framework that restores the correspondence
between total energy differences and energy derivatives, with the latter corresponding to the
eigenvalues of an effective Hamiltonian. In other words, it brings to an approach where the
Koopmans theorem [12] is satisfied.

Any Koopmans functional starts from some simple density-functional approximation (usually
local or semi-local functionals), and makes it compliant with the aforementioned generalized
piecewise-linearity condition. Inevitably, this brings to a functional which depends explicitly
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on the individual orbital densities, and breaks the invariance of the energy with respect to
unitary transformations. Notwithstanding the inevitable increase of complexity with respect
to standard density-functionals, the orbital-density-dependence brings about some features
typical of the dynamical self-energy, and hints at the interpretation of Koopmans potentials as
approximated many-body potentials [13].

In the past years, Koopmans functionals have been applied successfully for the calculation
of spectral properties of finite systems. Among the most relevant applications of Koopmans
functionals, we recall the predictions of the photoemission spectra of the DNA and RNA
molecules [14], and of liquid water [15]. The reduced computational cost, when related to
other spectral approaches, goes along with the high accuracy, comparable to that of state-of-
the-art MBPT methods [16]. In extended systems, Koopmans functionals confirmed their high
predictive power [17, 18, 19], as showed also in this thesis, establishing themselves among the
best methods for the calculations of photoemission properties of materials.

1.4 Objectives

The goal of this thesis is to consolidate, both conceptually and technically, the applications
of Koopmans spectral functionals in extended systems. Among the difficulties affecting
calculations in extended systems, is the requirement of a set of localized orbitals in order to
have effective Koopmans corrections. A localized representation of the orbitals opposes the
Bloch-wave form of the one-electron states propagating in a periodic system, and hinders the
validity of Bloch’s theorem. Indeed, because of the orbital-density-dependent character of
Koopmans functionals, the potentials built on localized - thus non-periodic — orbital-densities
are also non-periodic over the system’s primitive cell, and generally break the translation
symmetry of the system. In a scenario where Bloch’s theorem does not apply, the description
of the quasiparticle spectrum via a band structure picture is not possible.

For a crystalline material, the set of translations along all the vectors of the underlying Bravais
lattice represent a symmetry group. As a consequence, the band structure —i.e. the k-resolved
description of the energy spectrum — is a natural way of representing the one-particle excitation
energies, and constitutes an actual observable that can be measured by means of an angle-
resolved photoemission (ARPES) experiment [20]. A computational experiment must be
able to provide this information, that is why in this thesis we address the problem of the
validity of Bloch’s theorem in the framework of Koopmans functionals (and, more generally, of
orbital-density-dependent functionals).

Besides the proof-of-concept, the computation of the band structure requires to develop
an unfolding technique, able to reconstruct the k-dispersion relation of the energy from a
supercell calculation (the latter, is still necessary in order to ensure the localization of the
orbitals). Part of the work of this thesis, was then devoted to the development of an unfolding
method. Additionally, a lot of effort was put to improve the computational code to perform
calculations with Koopmans functionals.
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1.5 Organization of the thesis
The thesis is organized as follows.

In Chapter 2, we describe the theoretical background underlying electronic-structure cal-
culations, with a particular focus on spectral properties. We start from DFT and briefly
discuss the main aspects of the theory, pointing out the limitations affecting this approach
both at an exact level and in standard approximations. We then move to non-local methods,
where we highlight the advantages of embodying the exact exchange in the expression for the
exchange-correlation functional. Finally, we discuss the main features of Green’s function-
based methods, with a particular emphasis on the dynamical nature of the effective electronic
interaction.

In Chapter 3, we introduce Koopmans functionals. Starting from the idea behind the gen-
eralized piecewise-linearity condition, we describe how Koopmans corrections are realized
and how the ground-state of orbital-density-dependent functionals is determined. A specific
section is devoted to the recent definition of the Koopmans Hamiltonian, an important aspect
that turned out to be very useful to show the compliance of Koopmans functionals with Bloch’s
theorem. In the second part of the chapter, we discuss the connection between Koopmans
functionals and many-body perturbation theory.

Chapter 4 is devoted to the central result of this thesis, i.e. the validity of Bloch’s theorem in
orbital-density-dependent functionals. We start the chapter describing the importance of
having a set of localized orbitals when performing calculations in extended systems. Then we
discuss Bloch’s theorem, and how this applies to standard density-functional approaches and
to orbital-density-dependent methods. Finally, we give an overview of a recent implementa-
tion of Koopmans functionals, which exploits the compliance with the translation symmetries
of the system to develop a primitive cell-based approach.

In Chapter 5, we discuss the band structure calculations performed on a set of benchmark
semiconductors and insulators. The chapter opens with a description of the unfolding method
and of the workflow to run calculations with Koopmans functionals. A small section is also
dedicated to the finite-size corrections used when performing calculations on charged cells.
In the second part, we report and discuss the results obtained with the two implementations
of Koopmans functionals.

In Chapter 6, we introduce a new application that we considered recently, i.e. the impurity
energy levels in semiconductors rising upon the presence of point defects. We outline the
strategies that we devised to tackle the problem, and we report the preliminary results that we
obtained for the arsenic-antisite defect in gallium arsenide.

The thesis is closed by a section of Conclusions, where we summarize the main messages of
this thesis, and give an overview of the possible future developments.






¥4 Theoretical background

In this chapter, we give an overview of the main methods — and the theory behind — used
nowadays in computational physics to evaluate the electronic structure of materials. In
particular, the focus will be on spectral properties, and on the possibilities and limitations
that the discussed approaches have both at an exact level and in practical applications. The
leitmotiv of this chapter is the nature of the effective interaction felt by an electron, as a
consequence of the interplay with the rest of the system. Starting from standard density-
functional theory, Section 2.1, we discuss the physical meaning of the Kohn-Sham auxiliary
system characterized by a static and local potential; we also go through some fundamental
properties of the exact energy functional and their validity within the context of current (local
and semi-local) approximations. In Section 2.2, we consider non-local hybrid functionals
which embody part of the Fock exchange in the effective potential. Finally, in Section 2.3, we
point out the main features of Green’s function-based methods bringing about the concept of
self-energy, a non-local and dynamical potential that, ultimately, accounts for all the electronic
correlations via a single-particle picture. In Section 2.4, we summarize the key messages of
the chapter.



Chapter 2. Theoretical background

2.1 Density-functional theory

Density-functional theory is the most popular and widely used method for electronic structure
calculations [6]. The secret behind the success of this theory lies in the dramatically reduced
computational complexity of the many-electron problem: rather than describing the electrons
in terms of the wave function ¥ (see Eq. (1.2)) — characterized, for a N-electron system, by
3N degrees of freedom — all the many-electron quantities are expressed as functionals of the
total electronic density p(r). As a consequence, regardless the number of electrons in the
system, the number of degrees of freedom reduces to three. On the other hand, we lose track
of the individual electronic coordinates and we embrace a description where the electrons
are considered as a whole, which sometimes makes more difficult to understand the nature
of the interaction — as well as the possible errors (e.g. the self-interaction error discussed in
Section 2.1.5) — embodied by actual functionals.

While the founding pillars of DFT are the two Hohenberg-Kohn theorems, it is thanks to the
Kohn-Sham auxiliary system that we an effective way to tackle the problem,; this is discussed
in Section 2.1.1. In Section 2.1.2, we introduce local and semi-local approximations to the
unknown exchange-correlation energy functional, which paved the way to electronic structure
calculations. The piecewise-linearity of the ground-state energy, the derivative discontinuity
and the band gap problem in DFT are discussed in Sections 2.1.3 and 2.1.4. Finally, in Sec-
tion 2.1.5, we analyze the main errors of density-functional approximations and how to some
possible ways to overcome them.

2.1.1 HKtheorem and the KS mapping

The work of Hohenberg and Kohn, published in 1964 [5], shows that the electronic energy is a
unique functional of the total density and has the property of being variational. By referring to
Eq. (1.2), we define {V'} as the set of all the possible local one-particle potentials (considered
non-equivalent only if they differ by more than a constant), and {¥} and {p} as the set of all
the ground-state (IN-body) wave functions and densities, respectively. In the first part of their
theorem, HK show that there exists an invertible map connecting the elements of {V} to the
elements of {¥} and, even more importantly, to those of {p}:

(V== {¥}—{p}. 2.1)

While the original proof of the theorem was restricted to non-degenerate ground states, the
generalization to degenerate states can be found in Ref. [21]. Making use of the result above, in
the second part of the theorem, HK define for a fixed potential V € {V'} the following functional:

Elp] = (P[pl| T + Vee + VI¥[p])

(2.2)
=FHK[p]+fdrv(r)p(r),

10
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where FX[p] is a universal functional of the density, in the sense that it does not depend on
the external potential V, and is unambiguously defined only by the number of electrons in
the system. Thanks to the Rayleigh-Ritz principle, the energy correspondent to the density
p, connected to V via the map (2.1), is a lower bound for the functional E[p]. The ground
state energy of an electronic system can then be found by searching, over all the possible
v-representable1 densities, the one that minimizes the functional of Eq. (2.2).

HK theorem provides a framework for the search of the ground state of many-electron systems,
but it does not show how to build the map (2.1) or give an explicit definition of the functional
FHX[p]. In 1965, Kohn and Sham (KS) assumed the existence of a single-particle, local, mean-
field approach sharing the same ground-state density of the real system [24]. They started
defining the density from a set of one-particle orthonormal orbitals ¢; (r) as

occ

p(r) =Y i r)pi(r), 2.3)
i

and introduced a new quantity called exchange-correlation energy, Ex., embodying all the
“non-explicit” part of the electronic interactions:

Elpl = Tolpl + Enlpl + Exclp] + Vipl; (2.4)
by comparison with Eq. (2.2), we see that

Exclpl = Tlp] = Tolp]l + Veelpl — Enlpl, (2.5)

where Tj is the non-interacting kinetic energy
Tolp) = Y_(pil = V2121, (2.6)
i

and Ey is the Hartree energy

fd dr ,p(r)p(r) ©.7)

r—r|

By means of the HK variational principle, one can find the stationary points of the energy
functional upon variation with respect to the one-particle orbitals ¢; (while enforcing the
orthonormality constraint on the orbitals). As a result, we find the following set of equations
that, together with Eq. (2.3), take the name of KS equations:

2

\Y
3 +vu(lpl, r) + vxc([pl, 1) + v(1) | Pi(r) = €;¢p;(r). (2.8)

The sum of the three potentials vy ([p], r) + vxc([p], r) + v(r) yields the effective potential veg(r),

I These are all the densities that correspond to some element of {V'}; an extension of the theorem to densities
that are not v-representable, but simply N-representable, which means that they correspond to some N-particle
antisymmetric wave function, has been showed later by Levy [22] and Lieb [23].

11
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where vy is the functional derivative of the Hartree energy, also known as Hartree potential,

OEulp) f , o

)= = |a , 2.9

va(lpl, 1) 5p(r) - (2.9)
and vy is the functional derivative of the exchange-correlation energy, also know as xc poten-

tial,
5Exc [P]
)= . 2.10
Uxe([p], 1) Bp(r) (2.10)

An important feature of Eq. (2.8) is the dependency of the Hamiltonian — through the density p
- on its own eigenvectors, which makes the KS equations almost an eigenvalue problem. The
stationary points of the energy functional, i.e. the ground state of the system, can be found
via a self-consistent field solution of the KS equations, and it is only at self-consistency that:
(i) the effective potential ves(r) becomes the KS potential vgs(r), and (ii) the KS equations
become an actual eigenvalue problem.

Here we point out that, as a consequence of HK theorem, the electronic ground-state density
determines univocally also the many-body Hamiltonian of the system. The sets of eigenvalues
and eigenvectors are also in a one-to-one correspondence with the density, and thus are all the
properties that can be derived from them (including excited-state properties). The main issue
then, is to find a way to calculate those quantities once the density is known, which means to
determine the explicit expression for the map connecting the properties of the system to its
ground-state density. The KS mapping provides a way to obtain the real ground-state density
only, by looking at an auxiliary system of non-interacting electrons. Other than the electronic
density, there is no theorem that proves that the properties of the KS system (orbital energies,
wave functions, total energies, ...) have any actual physical meaning [25]. The only other
exception is represented by the highest-occupied (HO) energy level, eyo, which corresponds to
the opposite of the ionization potential (IP), E(IN — 1) — E(N), of the real system. This has been
shown by Perdew et al. [11] to be a consequence of the property of the ground-state energy of
being a piecewise-linear function of the number of electrons (see discussion in Section 2.1.3).
But, in a more straightforward way, can also be proven by looking at the behavior of the density
far from the system: as shown by Almbladh and von Barth [26], as |r| — oo, the ground-state
density decays asymptotically as

p(r) ~ e 2V 2K (2.11)

where p represents the chemical potential which corresponds to the opposite of the ionization
potential. Since the density of the KS system matches that of the real system, also the asymp-
totic behavior must be identical. One concludes that the IPs of the KS and of the real system
are the same, and given that the IP of the KS system is equal to —epp, we finally obtain

eno=EIN)-E(N-1). (2.12)

Eq. (2.12) is known as IP-theorem, or DFT Koopmans’ theorem, to not be confused with the

12
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original Koopmans’ theorem [12], formulated within the framework of Hartree-Fock theory
(see Section 2.2.1). With respect to Hartree-Fock, where the connection between eigenvalues
and photoemission energies applies to the whole spectrum, in DFT this result regards only
the HO state; on the other hand, the silver lining is that Eq. (2.12) is approximation-free and
itis valid in the framework of exact DFT, while the original Koopmans’ theorem works only
for the Hartree-Fock system — where electronic correlation is totally absent — and the orbitals
relaxation, upon addition of holes or electrons, is neglected.

Some efforts have been done in order to give a rigorous justification for the interpretation of
the KS states as quasiparticles of the real system. It has been argued that the KS eigenvalues
might represent a first-order approximation to the vertical excitation energies [27] and, indeed,
it seems that close to the Fermi level the differences between the many-body self-energy and
the xc potential tend to be small (at least for the homogeneous electron gas) [28]. Similar
arguments could be used for KS and Dyson orbitals. Yet, no formal connection has been found
for the moment [29], and the only situation where the KS states provide vertical excitation
energies and Dyson orbitals is for non-interacting systems.

Janak’s theorem

An important result regarding the orbital energies has been proposed by Janak in 1978 [30],
and it is going to be used often throughout this work. In his paper, Janak showed that the
eigenvalues ¢; satisfy the following property:

dE
afi

where f; is the occupation number of the i-th orbital. While this is certainly valid for the HO

=g, (2.13)

state (see also Section 2.1.3), for the other orbitals it passes through the definition of an energy
functional which is not strictly equal to the HK one. In this generalized framework, the kinetic
energy functional differs from its original definition,

T=3 fitpil=V*/121s), (2.14)
i
and also the electronic density is redefined in order to include the occupation numbers,

pr) =Y filir)*. (2.15)

The f; are treated as parameters taking any values between 0 and 1, and it is only in the special
case where they follow the Fermi-Dirac distribution, that the density and the kinetic energy
recover the expressions of Egs. (2.3) and (2.6), respectively, and we find again the HK energy.
Therefore, with the exception of the HO orbital, Eq. (2.13) cannot be strictly considered a result
within the domain of DFT, yet it is useful when considering beyond-DFT approaches that want
to treat the electronic occupations as parameters.

13
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2.1.2 Local and semi-local approximations

The KS mapping defines a way to tackle the variational problem defined by HK, however,
in order to solve the KS equations, one needs to know the functional dependency of the xc
energy on the density. The exact expression is generally not known, thus approximations are
needed. The oldest approximation for the xc energy, already proposed by Kohn and Sham in
1965 [24], is the local-density approximation (LDA), which assumes that locally the energy of a
non-homogeneous system is equal to that of the homogeneous electron gas (HEG) computed
at a density p = p(r):

Exclpl = f drp(r)esC(p(r). (2.16)

HEG _

The xc energy density can be decomposed in its exchange and correlation parts, &£

e!EG + eHEG where the exchange term has the following analytical expression

1
3(3p)3
HEG
=—|—], 2.17
& (p) 1 ( - ) 2.17)
while the correlation term has been numerically computed by Ceperley and Alder [31], and
later parameterized in terms of the Wigner-Seitz radius rs by Perdew and Zunger [32]:

£HEG ) = —0.1423/ (1 +1.0529 /75 +0.3334r5) for ryz1 2.18)
0.03111In(rs) —0.048 + 0.002r¢In(rg) —0.01167s for rg<1

The success of LDA, even for non-homogeneous systems, is probably due to the fact that some
important exact constraints are satisfied like, e.g., the sum rule on the exchange-correlation
hole. Still the local nature of the approximation, makes it neglect the effects of the spatial
variations of the density around any point r. Hence, the obvious next step to improve LDA is
to account for the first-order spatial variations, i.e. the gradient, of the density. Generalized-
gradient approximations (GGAs) are then given defined as

EGp] = f dreSSA (p(r), Vp(r). 2.19)

The most famous and used GGA functional is the Perdew-Burke-Ernzerhof (PBE) functional
[33], which is also the base functional used for all the calculations in this thesis. Following the
same strategy, one could continue to add higher-order derivatives of the density; meta-GGA
functionals include also second-order gradients, as well as other semi-local quantities such
as the kinetic energy densities and thus sit on a higher rung in Jacob’s ladder [10]. Among all
the different recipes, here we mention the Strongly-Constrained and Appropriately-Normed
(SCAN) functional [34], that with its 17 exact constraints fulfilled is one of the most accurate
semi-local approximations.

14
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2.1.3 Piecewise-linearity of the ground-state energy

In 1982, Perdew et al. [11] discovered a fundamental property of the exact ground-state energy
of an electronic system, which represents one of the main concepts driving the formulation
of Koopmans-compliant functionals. As a function of the number of electrons, the energy is
piecewise-linear (see Fig. 2.1), which means that: (i) it is linear between integer points, and (ii)
its first derivative has a discontinuity when passing through an integer number of electrons.

The first part of the proof involves a generalization of the energy functional to fractional
particle numbers. Let us consider a density p(r) that integrates to N = M + 6, where M is an
integer number and § is a real number between 0 and 1. Such a density cannot correspond to
a pure state, therefore one needs to resort to density matrices mixing integer-particle states:

p=2 a;|¥)(¥il with Y a;=1, (2.20)
i i

where, in this picture, ¥; is a i-particle wave function and «; are mixing parameters. In
order to define the energy functional, one must search over all the density operators p giving
the density p(r); the expectation value of the Hamiltonian, showed in Eq. (2.4), becomes
an ensemble average where the external potential reduces to the same expression given in
Eq. (2.4), while the universal functional is defined as

F¥X[p] = min tr{p (T+ Vee)}. (2.21)
p—p(r)
For simplicity, one normally considers a statistical mixture involving only the M- and the
(M + 1)-electron density operators and the energy minimization problem reduces to

Eo=  min  min [(1-8)(YulHIVa) +6 Yyl HIW i), (2.22)
p(r) RSV SYES
[drp(r)=M+6
where ap; = 1—-6 and ap+1 = 8, as a consequence of the normalization condition on the
mixing parameters and of the normalization to M +§ of the density?. The minimum is trivially
obtained for ¥,; and ¥ ;4 being the ground states of the M- and (M + 1)-electron systems.
The solution of Eq. (2.22) yields

Ey=(1-8)EyN+0Epn+1, (2.23)

which shows that the ground-state energy is a linear function of N,for M < N< M +1.

The second part of the proof consists of proving that the derivative of E(IV), i.e. the chemical
potential u(N), has discontinuous jumps when passing through an integer N. The demonstra-
tion, by reductio ad absurdum, comes once more from Ref. [11]. Let us consider two atoms
from different chemical species, X and Y, such that y(Y) < u(X). When they are far apart, the

2Thanks to the convexity of the energy with respect to the mixing parameters, the same result is obtained when
starting from the more general ensemble average given in Eq. (2.21).
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ground-state energy

1 1 1 >
N-1 N N+1

electron number

Figure 2.1: Ground-state energy as a function of the number of electrons.

two atoms do not interact and the total energy is simply given by the sum of the energies of X
and Y. If we now imagine a small fraction of an electron 6 N moving from X (6 Nx = —-6N <0)
to Y (6 Ny =6 N > 0), the net change of energy will be

(u(Y)—-u(X)I6N <O0. (2.24)

Therefore, if u(INV) were a continuous function of N, for any pair of atoms a small fluctuation in
the density would lead to more energetically favorable state where both the atoms are ionized.
The discontinuity of the chemical potential, when passing through an integer N, solves this
paradox; by using Eq. (2.23), we conclude that

EM)-EM-1) for M-1<N<M
U(N) = (2.25)
EM+1)—-EM) for M<N<M+1

where the first line gives the (opposite) ionization potential, (M), introduced earlier, and the
quantity in the second line is the (opposite) electron affinity (EA), A(M). Finally, we point
out that among all the elements largest EA (chlorine) is 3.62 eV and it is still smaller than the
lowest IP (caesium), 3.89 eV, which makes Eq. (2.24) never true for neutral atoms.

2.1.4 Derivative discontinuity and band gap problem

In Section 2.1.3, we saw that the derivative of the ground-state energy with respect to the
number of electrons, is discontinuous at integer points. By considering the functional depen-
dence of the energy on the total density, we can obtain useful insights about the nature of
such derivative discontinuity. The HK variational principle, used in Section 2.1.1 to derive the
KS equations, can be employed differently by varying the energy with respect to the density
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(rather than the KS orbitals):

L (E[p] - ,u/ drp(r)) =0, (2.26)
6p(r)

where the orthonormality constraint on the one-electron wave functions has been replaced by

the condition of normalization to N of the total density. Eq. (2.26) tells us that the Lagrange

multiplier ¢ matches the functional derivative of the energy calculated on the ground-state

density py. Let us consider now, the following difference between ground-state energies

(corresponding to a given potential v)

E,(N+6)—E,(N)=Eylpn+s] — Evipn]
0E,
:fd" 5 ([rp)] (on+s(r) —pN(P)
P oy 2.27)
Zfd"ﬂ(PN+5(r)—pN(r))

:‘LL(S,

where the notation E, is used to emphasize the fact that the external potential v is fixed. Since
dE/dN is the definition of the chemical potential, we conclude that the Lagrange multiplier y,
i.e. the functional derivative 6 E, [p]/6 p(r)3 is the chemical potential, and thus suffers from
the same discontinuity expressed by Eq. (2.25).

The discontinuity of the chemical potential (see Eq. (2.25)) is known as the band gap of the
system
Eg:/vtN’_lJNJr =1-A. (228)

From the perspective of the energy functional, the derivative discontinuity is made of the
kinetic and xc terms only

B = (5E[p] _ OElp] )
# \6p) Inis 800 Iy 5)lomp,
_(6To[p] _ 6Tylp] )
L 8p() Inis 8p() Incs)lpep, 2.29)
N (5Exc [p] _ O0Exclpl )
6p(r) Inrs 0P In_5)lp=p,
= Ao+ Axe

whereas the Hartree energy and the external potential are continuous functionals of the
density and do not contribute to the derivative discontinuity. For non-interacting systems, like
the KS one, only Ag survives. The KS energy is given by the sum of all the eigenvalues times

3NB: the functional derivative considered here, is in the domain of ground-state densities of different particle-
numbers, corresponding to the same external potential v; rather than moving in the HK set of densities at fixed
number of electrons, the domain is that of the ensemble ground-state densities (for a specific v) defined in
Section 2.1.3.
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their occupation f; (in ground-state calculations all the occupation numbers are equal to 1,
and it is the occupation of the HO state only to change with the total number of particles), i.e.

Elpl =} fiei
=2 fi il = V212 + Oxslpi) (2.30)
i
= To[P]+fdrUKs(r)P(r)-

The non-kinetic part of the KS energy is then an explicit functional of the density, thus itis a
continuous functional of p . Consequently, A in Eq. (2.29) can be replaced with the KS band
gap, Egs = €Ly — €Ho, With €1y and eyp being, respectively, the lowest-unoccupied (LU) and
highest-occupied KS orbital energies:

Eg=Ey> + Axe, (2.31)

which explains why the KS band gap — even at an exact level — systematically underestimates
the band gap of the system.

When approximations to the xc functional are considered, the interpretation of Eq. (2.31) can
become quite tricky. Exchange-correlation functionals having an explicit dependence on the
density - like most local and semi-local approximations — are continuous and do not exhibit
any derivative discontinuity: for such functionals the differential band gap (2.31) is simply
given by the KS band gap. Eq. (2.28) shows that the differential band gap and the integer band
gap — defined as the difference between IP and EA — represent the same object, however, it
is well known that for finite systems there is generally a strong mismatch between these two
quantities. The root of this apparent paradox lies in the implicit assumption that the energy
is a piecewise-linear function of the number of electrons, feature that is not possessed by
standard approximations. While a more detailed discussion regarding the missing PWL is
addressed in Section 2.1.5, here we simply mention that the non-linear behavior at fractional
number of electrons introduces a new error term in the relation between the integer and the
differential band gaps:

Eignt = Eger + Astraight = Egs + Astraight; (2.32)

where the last equality applies only to functionals lacking of discontinuity in the xc potential.
Astraight gauges the amount of error due to the deviation from the linear behavior at fractional
number of electrons. It is known that in extended systems, local functionals are affected by
a delocalization error that makes them linear at non-integer number of electrons, thus the
Astraight €rror is completely absent [35]; however, in this case, although the total and differential
energy differences are consistent, the huge error in the band gap is reflected by the fact that
the relative positions of total energies at N and N * 1 are completely miscalculated. This is to
stress that having a correct piecewise-linear behavior does not only imply a linear trend at
fractional number of electrons, but also a correct evaluation of the energies at integer numbers.
Finally, we point out that Eq. (2.32) is meant to emphasize the differences between integer and

18



2.1. Density-functional theory

differential band gaps calculated at the same level of approximation, and it does not provide
any explanation regarding the underestimation of the real band gap by local functionals.

To summarize, the existence of a derivative discontinuity in the xc functional proves the
mismatch between the KS band gap and that of the real system. In principle, the band gap
could be calculated via its differential expression (2.31), which requires a correct estimation
of both Egs and Axc. It has been argued that local functionals could address accurately the
first term, but they miss completely the derivative discontinuity and, therefore, strongly
underestimate the band gap. Alternatively, one could calculate the band gap via its integer
expression, I — A; while this approach should be equivalent to the previous one, the deviation
from PWL of DFAs introduces an error Agyaight which creates a discrepancy between total and
differential energy differences. In finite systems, as long as the HO orbitals are localized, the
integer band gap is in much closer agreement with the experiments, but it involves ground-
state calculations at different particle numbers which, ultimately, one would like to avoid.

2.1.5 Errorsin DFT

In the previous sections, we discussed some properties of the exact energy functional and of
the KS system, with particular regards to some physical quantities of the real system that can -
or cannot — be addressed by the KS non-interacting system. Here, we focus more on the errors
due to approximations to the exchange-correlation functional.

One of the main problems affecting density-functional approximations (DFAs) is the so called
self-interaction error (SIE). While in a many-body system a precise mathematical definition of
the SIE in terms of the density (or of the orbital densities) has not been found yet, in the one-
particle limit, the SIE is given by the interaction of the only electron with its own electrostatic
potential. The prototypical system that unveils prominently the SIE present in DFAs is the H,
molecule, where errors of more than 50 kcal/mol are found in the dissociation limit for LDA,
as well as for all the GGA functionals [36]. While the chemical bond is usually well described,
when stretching the molecule, local functionals tend to progressively overestimate the binding
energy and, in the dissociation limit, they split the electron between the two isolated hydrogen
atoms, with an energy much lower than E . In reality, this problem has a two-fold degenerate
solution represented by the electron sitting either on the 1s orbital of the first hydrogen atom,
or on the 1s orbital of the second hydrogen atom. Also, any linear combination of these two
configurations represents a solution to the problem, therefore, the situation with half electron
on each hydrogen atom is not, in principle, incorrect; the problem is that, in local functionals,
the energy of this configuration is much lower than the one where the “full” electron is located
on one of the two atoms. This error is a clear manifestation of the electronic self-interaction —
inclined to lift up the energy — which becomes evident especially in systems with fractional
number of electrons and is minimized when the electron is split between the two atoms (which
going against the principle where “nature prefers to locate an integer number of electrons on
each object”, cit. J. P. Perdew [37]).
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The SIE does not affect only the dissociation molecules, but it is also responsible for other
major failures of DFAs, including the underestimation of ionization potentials and barriers of
chemical reactions, the dissociation energies of molecular ions, and the energies of charge-
transfer processes. While a few of these errors can be avoided by breaking some symmetries
of the system — e.g., the prediction of the dissociation energy of H, from local functionals,
improves dramatically when the spin-symmetry is broken and the electron is constrained
to “fully” sit on one of the two atoms — it is desirable to discover functionals with a reduced
amount of SIE, in order to improve the predictive power of DFAs. The first and most famous
correction to the SIE, was proposed by Perdew and Zunger (PZ) in 1981 [32], who pointed out
that for an orbital of density p; (r) we should find

Eulpi] + Exclpi] = 0. (2.33)

The exact functional satisfies Eq. (2.33) for one-particle systems, while DFAs show some
residual spurious interactions. PZ suggested to remove the Hartree and xc energies of each
orbital from the total energy; their self-interaction-corrected (SIC) functional reads as

E"l{pit = EP™(p] = 3 Binxclpil, (2.34)

where EP¥A[p] is some approximated density-functional and p;(r) is the density of the i-
th orbital. The PZ-SIC makes any local or semi-local functional exact in the one-particle
limit, it restores the correct long-range behavior of the effective potential* and improves
the description of the xc hole at fractional number of electrons [38] (see Appendix A for
further discussion about the xc hole). As a general trend, PZ-SIC improves the prediction of
dissociation energies and curves [39], and of barrier heights of chemical reactions [40]; on the
other hand, many other properties, including atomization energies, IPs and EAs, bond lengths
[40], and formation enthalpies [41], are worsened upon the application of the PZ correction to
functionals other than LDA. This is a hint of the fact that, a (partial) correction of the SIE does
not necessarily yield more accurate results. Appropriate scaling of the PZ-SIC can improve the
results with respect to the standard PZ functional [42], but also to the base local (or semi-local)
functional, at the price of losing some exact properties (long-range electrostatic potential,
sum rule of the xc hole) [39] and worsening the description at fractional electron number.

The idea suggested by PZ of removing the SIE orbital-by-orbital, relies on the independent-
particle picture and does not account for the whole self-interaction present in the system.
Indeed, the expression of the many-electron self-interaction error (IN-SIE) in terms of the
density has not been found yet and, although PZ-SIC reduces the SIE also in many-electron
systems, it has been found that functionals that are not modified by the PZ-SIC - thus are

4An electron which is far enough from the system, should “feel” an electrostatic potential that goes like —1/7,
as aresult of the attraction of the N nuclei screened by the other N — 1 electrons. In a neutral system, given the
compensation at large distances between the Hartree (IN/r) and lattice (—N/r) potentials, the xc potential should
decay as —1/r. This is not the case of, e.g., LDA where the xc potential decays exponentially and the long-range
behavior is solely determined by the Hartree and lattice terms, as if the electron was still feeling its own interaction
(further proof of the spurious self-interaction present in LDA).
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ground-state energy
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Figure 2.2: Ground-state energy at the different levels of approximation. The black line
represents the exact piecewise-linear trend, the red line shows the convex behavior of a local
(or semi-local) functional such as PBE, and the green curve shows the concave behavior (on
each segment connecting consecutive integer points) of the HF energy. The PBE (HF) energy
at integer numbers of electrons is placed below (above) the correspondent exact energy, not
because of a general underestimation (overestimation), but rather to highlight the fact that
they never overlap perfectly with the exact ground-state energy. The PZ energy also is above
the exact energy and normally has a concave behavior similar to HE though often it shows an
S-like trend with a slightly convex part followed by a change of curvature at fractional number
of electrons [44].

one-electron self-interaction-free — are still affected by the N-SIE [36, 43].

The failure in the description of the dissociation of the H2+ molecule, as well as that of other
molecules, can be understood also in terms of another error affecting DFAs. In Section 2.1.3,
we saw that the ground-state energy is a PWL function of the number of electrons; local and
semi-local functionals instead display a non-linear convex behavior at fractional occupations,
as shown in Fig. 2.2. As a consequence of the convexity, the approximated ground-state energy
fulfills the property

EB(N-1)+(1-6)N1<O0E(N-1)+(1—-98)E(N) for 0<s0<1, (2.35)

which shows that - for a (semi-)local functional — splitting an electron is always energetically
convenient. This explains why, in the H;” molecule, local functionals gain energy from plac-
ing half electron on each hydrogen atom in the limit of large interatomic distances and, in
general, fail to describe the dissociation of molecules [44]. The exact correction of the SIE in
the one-electron limit, restores the PWL of the energy for 0 < N < 1, and allows describing
correctly systems with a fraction of an electron; however, it does not equally implicate a better
description at fractional particle numbers also in many-electron systems. On the other hand,
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those methods that are in closer agreement with the PWL behavior provide a better descrip-
tion of the dissociation of molecules and, in general, of systems with fractional number of
electrons. This observation has encouraged Ruzsinszky and collaborators, to define as nearly
many-electron SIE-free, functionals that are piecewise linear at any particle numbers [45].

Another important failure affecting DFAs, though not related to the missing piecewise-linearity,
is given by the error in describing static correlations. In systems presenting spin-degenerate
ground states, densities with integer and fractional number of electrons in each spin channel
can be energetically equivalent, and require the total energy to satisfy a constancy condition
[46, 47]. In local and semi-local functionals — but also in non-local methods like Hartree-Fock
and hybrid functionals (see Section 2.2) — the lack of this constancy condition brings to a
systematic overestimation of the energy for spin-densities with fractional number of electrons.
The static correlation error explains the overestimation of dissociation energies of molecules
like H,, and normally its magnitude increases with the number of bonds in the system.

With respect to charged excitations, the PWL plays a key role for the correct prediction of the
ionization energies. From Janak’s theorem (Eq. (2.13)), and by means of the Aufbau principle,
one can easily show that the left derivative of the energy with respect to the number of particles
is ego. The convex non-linear behavior of local functionals, creates a discrepancy between
total and differential energy differences — with the latter matching eyo — which explains the
systematic underestimation of IPs from local and semi-local functionals.

2.2 Non-local potentials

The KS potential represents the variationally best local and static approximation to the elec-
tronic self-energy [48], and allows to determine some of the collective properties of the system
(ground-state density, total energy, etc.). With a few exceptions, the single-particle properties
of the KS system do not have any physical meaning and, in particular, the KS eigenvalues
do not seem to have any link with the ionization energies of the real system. This lack of
connection between the KS system and the quasiparticle properties can be traced back to the
local nature of the KS effective potential, which cannot mimic the whole complexity of the
interaction — known to be non-local and frequency-dependent — between a (quasi-)electron
and the rest of the system. In this section, we analyze the consequences of replacing the local
KS potential (or at least a part of it) with some non-local operator, which normally increases
the complexity of the calculations, but also improves the accuracy of the predictions.

Starting with the prototypical non-local approach, the Hartree-Fock system, discussed in
Section 2.2.1, which represents one of the first effective methods to solve the Schrodinger
equation of a many-electron system, we will move on to more complex approaches that
involve appropriate mixing of the non-local Fock exchange with some local exchange and
correlation density-functionals. This hybrid functionals are discussed in Section 2.2.2, and
represent one of the state-of-the-art methods for electronic structure calculations.
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2.2. Non-local potentials

2.2.1 Hartree-Fock system and Koopmans’ theorem

In 1928, D. R. Hartree proposed a method, that he called self-consistent field, to solve the
Schrédinger equation of an atom [3], starting from a wave function given by the simple product
of one-electron orbitals. Two years later, J. C. Slater and V. A. Fock pointed out, independently,
that the wave function used by Hartree did not satisfy the antisymmetry property of fermions
[49, 4]. By defining the trial wave function as a Slater determinant, Fock derived the equations
that characterize the well-known Hartree-Fock (HF) method. In the following, we show the
main steps of the derivation.

Given the set of N single-electron orbitals {¢p;}, we define the many-body wave function as
a Slater determinant (once again, for simplicity, we consider a spin unpolarised system and
omit the spin indices):

¢1(ry)  pa(ry) -+ Pn(r)
1 |P1(r2)  pa(r2) -+ Pn(r2)
VNT| S
¢1(rn)  da(rn) -+ dN(rN)

\P(rlr-n)rN): (2.36)

while the expectation value of the electronic Hamiltonian over ¥ defines the HF energy
functional EFF[W]. Thanks to the Rayleigh-Ritz variational principle, the energy minimum can
be found by deriving the HF functional with respect to the one-electron wave functions. When
the orthonormality constraint on the {¢;} is imposed, the minimization problem reduces to
the set of well-known Hartree-Fock equations:

2

\Y
S +vu(lpl, r) —vx(lyl,r)+v(r) | ¢i(r) =€;¢;, (2.37)

where vy is the Hartree potential defined in Eq. (2.9), v is the external potential, and vy is the
(Fock) exchange potential defined as the gradient of the exchange energy:

O (NPE )P (r i (r)

1
Ex= 5;jfdrdr P (2.38)
and OE (r,r);(r")
A 3 _ X _ [’}/ r;r i r
(oxlyli) (r) = 567 (1) —fdr ERTETT (2.39)

with y(r, r') being the density matrix, y(r,7") = ¥ DI (P; (r'). The presence of the density
matrix makes the Fock potential a non-local® — thus, non-multiplicative — operator, therefore
its explicit expression can be given only when considering the action on some wave function.
In this sense, the notation vx([y], r) used in Eq. (2.37), is not strictly correct, whereas one

5In the sense that the action of the exchange potential on the wave function ¢(r) at the point r = r/, depends
on the values of ¢(r) at all the points r; this is not the case of, e.g., the Hartree potential (Eq. (2.9)), whose action
on ¢(r) at r = r’ depends only on the value of ¢p(r) at r = r’.
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should refer to Eq. (2.39), for a proper definition of the Fock potential. As for the KS system
(see Section 2.1.1), the HF equations do not represent an eigenvalue problem, since all the
equations are coupled through the density (and in this case also the density matrix). The
self-consistent field method devised by Hartree, allows to find a solution to Eq. (2.37) in an
iterative way, where at each step the eigenvectors of the effective Hamiltonian define the
density matrix (and thus the Hamiltonian) at the following step; the minimization problem is
solved when the self-consistent field method reaches convergence, that is when there are no
differences in the eigenvectors (or eigenvalues) between two consecutive steps. The power of
this method, is that it is not restricted to the HF theory, but to all those systems that have a
similar coupling between the operator and its (quasi-)eigenvectors, the KS system being an
example.

As mentioned at the beginning of this section, in its initial formulation, Hartree did not account
for the principle indistinguishability of particles, and the wave function was a simple product
of the single-electron orbitals. The equations obtained by Hartree differ from those in (2.37)
by the Fock term only (from which the name “Hartree” for the other Coulomb integral), while
the exchange potential appears only when the many-body wave function is turned into an
antisymmetric linear combination of all the possible permutations of the N single-electron
orbitals. The exchange interaction, then, is a pure result of the quantum nature of particles,
and it has a crucial impact on the physical properties of the system, the most important being
the self-interaction freedom. In fact, if we look at the explicit expression of the HF energy in
terms of the one-electron orbitals,

1

—fo|

£ 1901 = ¥ @ilnlgs) #5001 || 0001 - (0003 || 0100)) a0

i —fo|

—where fiy embodies the non-interacting part of the Hamiltonian — the self-Hartree and self-
exchange terms of each orbital (corresponding to i = j in the second sum) cancel each other
out. This particular feature of the Fock exchange of restoring an exact property of the system
inspired the formulation of the so-called hybrid functionals, discussed in the next section.

The Hartree-Fock system is endowed with another important property, regarding its eigen-
values. Differently from what happens in the KS system where, generally, eigenvalues and
eigenvectors do not have any particular physical meaning, the HF system benefits from a
theorem formulated by T. Koopmans in 1934 [12], that identifies the eigenvalues with the
ionization energies of the system. With the assumption that the orbitals do not change when
an electron is added to — or removed from - the system, Eq. (2.40) allows to obtain the following
expression for the energy difference between the N- and (N — 1)-particle systems

viti )= (0i0i| o0 )|. - an

rzl rzl

EN_EN—1_<(P,|fl | . N(<
i - i 0<Pz)+Z <P<P]
J

where the i-th orbital has been emptied. Finally, from Eq. (2.37) we can identify the right-hand
side of Eq. (2.41) with the eigenvalue ¢;. In the same way, one can obtain an analogous result
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for the empty states and complete what is known as Koopmans’ theorem:

EN-EN"l=¢;

EN*I_EN =¢,.

(2.42)

We point out that, while in most of the textbooks Koopmans’ theorem is proven for the eigen-
states of the HF Hamiltonian, the same result applies to any other equivalent representation
yielding the ground-state density matrix. This can be easily obtained by starting from the HF
equations, written for a given set of orbitals differing from the canonical ones and applying the
same derivation discussed before. Provided that the energies ElN *1 correspond to the system
where the i-th orbital of the new basis has been emptied/filled, Koopmans’ theorem for a
non-diagonal representation reads as

EN-ENT1=Ay

(2.43)

where A;; are the diagonal elements of the matrix of Lagrange multipliers.

The biggest drawback of HF theory is the total neglect of electronic correlations, with the
exception of the exchange energy. Although resorting to the exact Hamiltonian, the wave
function used is a single Slater determinant, which is far from being a complete set of wave
functions and loses track of most of the interactions between electrons. Thanks to its free-
dom from the SIE, HF theory provides a better qualitative description of processes involving
fractional number of electrons, such as the dissociation of molecules [45]; on the other hand,
the lack of correlation brings to a much larger static correlation error with respect to local
density-functionals [46], and to a concave deviation from the piecewise-linearity (see Fig. 2.2)
when the orbitals are allowed to relax [50]. This latter behavior, in particular, is associated with
a localization error, that is the tendency to overlocalize the orbitals (especially in extended
systems) [35], and it is responsible for the systematic overestimation of ionization potentials
(with a mean absolute error above 0.6 eV [16]) and underestimation of electron affinities, with
a consequent strong overestimation of band gaps.

The accuracy of HF is drastically improved by quantum chemistry multireference methods,
that recover part of the electronic correlation by realizing wave functions that combine sev-
eral Slater determinants. The most well-known are the configuration interaction (CI) and
coupled cluster (CC) methods, that augment - linearly and exponentially, respectively — the
HF wave function with Slater determinants containing single and double (CISD, CCSD), or
triple (CCSD(T)) excitations. CI and CC are among the most accurate methods for electronic-
structure calculations, and are often taken as a reference for other approaches; however,
their poor scaling properties — CCSD scales like ©(N®) and CCSD(T) like @(N7) - limit the
applications to relatively small molecular systems. For this reason, less complex methods that
rather go towards the computational simplicity of DFT are often preferred: hybrid functionals
take advantage of some of the features of HE by mixing the Fock exchange with contributions
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from local or semi-local functionals, and proved to be one of the best compromises between
computational complexity and accuracy for the calculation of excited-state properties.

2.2.2 Hybrid functionals

The Hartree-Fock exchange is exact in single-reference methods: for many-body wave func-
tions that can be represented via a Slater determinant, Eq. (2.39) represents the exact exchange
energy. Inevitably, this stimulated the idea of using the HF exchange to model the exchange
part of the xc energy in DFT. Its non-local nature pushes the exact exchange out of the bound-
aries of Kohn-Sham density-functional theory, which requires potentials that are local in space,
and therefore demands for alternative approaches, such as the optimized effective potential
method or the generalized Kohn-Sham scheme (discussed later in this section). Because of
some cancellation of (self-interaction) errors that normally occurs when using consistent
exchange and correlation functionals [41], the straight replacement of the local approximate
exchange energy with the exact exchange, usually worsens the quality of the results. However,
an appropriate mixing of the HF and local, or semi-local, exchange energies can dramatically
improve the performance of standard density-functional approximations.

By means of the adiabatic connection formula, A. D. Becke introduced a rigorous way to
include the exact exchange in the definition of the xc energy [51]. Following his reasoning, let
us consider the collection of many-body wave functions {¥,}, all yielding the ground-state
density p of the real system, with A representing the coupling parameter that gauges the
strength of electronic interaction (A = 0 corresponds to the non-interacting system, A =1 to
the fully interacting one); then, the exact xc energy can be defined as (see also Appendix A)

1 1
Ere = fo Ay = fo AN (¥ | Veel ¥ 1) — Extlp). (2.44)

Becke noticed that, in the non-interacting limit, the wave function reduces to the Kohn-
Sham Slater determinant — like HE KS theory is, indeed, a single-reference method — and
Exc,0 becomes the exact exchange energy of the KS system. On the other hand, when A
approaches 1, we find that E , is the xc energy of the fully interacting system, that can be
approximated with, e.g., local or semi-local functionals. The complete A dependence of Ex 3
is, of course, unknown and approximations are normally needed: Becke’s “half-and-half”
hybrid resulted from the linear interpolation of the Exco and Exc,; points, where the upper
bound was approximated by the LSDA xc energy, and showed a significant improvement with
respect to HF and LSDA [51].

Thereafter, Perdew, Ernzerhof and Burke considered a more general polynomial interpolation
and, by comparison with Mollet-Plesset perturbation expansion, they estimated the general
optimal power expansion at the fourth order [52]. This gave birth to the mixing of PBE and
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exact exchange defining the well-known PBEO hybrid functional
PBEO _ 3 .PBE , | ,HF , .-PBE
Bt = LB+ DB+ (2.45)

Among the several recipes available in the literature, here we mention another commonly
used hybrid, namely the Becke, 3-parameter, Lee-Yang-Parr (B3LYP) xc functional [53, 54],
that reads as

EBWYP — (1 — ) EBSPA + o EFF + ay AEBBS + (1 — ay) EXSPA 4 a EDYP, (2.46)

where AEB8 is Becke’s gradient correction and EL'Y is the Lee-Yang-Parr correlation functional
[55]. The optimal values for the three semi-empirical parameters are ay = 0.20, ay = 0.72,
a. = 0.81, and were obtained by fitting several thermodynamic quantities on a set of atoms
and molecules.

As mentioned earlier in this section, the inclusion of the HF exchange energy within the
expression for the xc functional does not go along with the KS formulation. The exact exchange
is orbital-dependent — in the sense that it depends explicitly on the orbitals, rather than the
total density — and its gradient provides an operator that violates the condition of locality of
the KS mapping. Nevertheless, since any set of KS orbitals is uniquely defined by some ground-
state density, HK theorem implies that the HF exchange energy calculated on those orbitals
is a functional — although implicit — of the total density. The optimized effective potential
(OEP) method [56, 57] defines a set of integral equations — which is nothing more than a
linearized Sham-Schliiter equation [58] — that allow to calculate the functional derivative of
the exchange energy (with respect to the total density), and finds the best variational local
potential corresponding to some non-local scheme. The effective Hamiltonian is then KS-like
with the potential determined by the equation of the OEP method. Thanks to their local
nature, OEPs are much simpler both conceptually and computationally, and they normally
predict properties in close agreement with their orbital-dependent analogous [59]. Yet, solving
the integral equations to determine the optimal local potential, is a rather complicate task
and sometimes it can be more convenient to address the problem by considering the explicit
orbital dependence.

A different approach that instead retains the non-locality of the exact exchange potential and
actually benefits from it, is the generalized Kohn-Sham (GKS) scheme [60]. Differently from
KS theory, which treats exactly only the non-interacting part of the system — namely, Ty, Eyg
and Vex — and piles up all the rest in the exchange-correlation energy, in the GKS scheme
part of the electronic correlation (usually the exchange) is included in the functional S[{¢;}],
whose explicit dependence on the one-electron orbitals allows to incorporate quantities such
as the Fock exchange (as well as other expressions including a fraction of it, such as the
aforementioned PBEO and B3LYP functionals). The total energy reads as

Elp] = FS[p] +/drp(r)v(r)+RS[p], (2.47)
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where FS[p] is the functional minimizing S[{¢);}], provided that the orbitals {¢);} yield the
density p, while the remainder functional RS[p] embodies the rest of the correlation. Upon
application of the variational principle, with the usual Lagrange multipliers ensuring the
orthogonality of the orbitals, we obtain the following set of GKS equations:

(OSHpi + v(r) + v (1) i (r) = €1 (1), (2.48)

where (05¢;)(r) = 8S[{p;}1/6¢;(r), and vE(r) = 5RS[p]/8p(r). Depending on the choice of
the functional S[{¢;}], different schemes can be obtained: for instance, when S[{¢;}] is simply
given by the (non-interacting) kinetic energy Ty the standard KS equations are obtained, while
the inclusion of the Hartree and Fock energies provides the so-called Hartree-Fock Kohn-Sham
scheme [60].

In Section 2.1.4 we saw that in KS-DFT, even for the exact functional, the KS band gap does not
capture all the contributions to the real band gap, whereas one needs to calculate explicitly
also the discontinuity of the xc potential. Actually, this issue affects any scheme characterized
by alocal effective potential, therefore, also the eigenvalues resulting from the OEP method
—which is, in effect, a KS scheme resulting from an orbital-dependent functional — do not
embody any part of Ay.. However, differently from local functionals for which Ay, is identically
zero, orbital-dependent functionals generally have a derivative discontinuity that can be, in
principle, summed up to the KS-OEP band gap. One of the advantages of generalized Kohn-
Sham schemes is that part of the derivative discontinuity is embodied in the eigenvalues. As
shown by Seidl et al., thanks to the explicit orbital-dependence of the exact exchange, the
derivative discontinuity of the exchange energy enters in the difference between the HO-
LU GKS eigenvalues [60]. Since the exchange part of the derivative discontinuity is often
dominant, the GKS band gap normally matches quite well with the differential band gap. This
has been showed, e.g., in Ref. [61], where the comparison between the GKS eigenvalues and
OEP derivatives —i.e., the sum of OEP-KS eigenvalues and the xc energy derivatives — showed a
good agreement for IP, EA and band gap for both Hartree-Fock and the MCY3 hybrid functional,
with the latter reproducing accurately also the experimental values thanks to its almost exact
piecewise-linear nature. The good agreement with the experiment, not only for the calculated
band gaps, but also for IPs and EAs, is an indicator of the physical connection between GKS
eigenvalues corresponding to frontier orbitals and first ionization energies [62]. Besides, the
relative position of other quasiparticle energies with respect to the HO and LU levels - i.e.,
the bandwidth in crystalline materials — generally, is qualitatively the same between local,
semi-local, and hybrid functionals, other more advanced approaches such as the GW method
discussed in Section 2.3.1 and, ultimately, the experiment. This means that a method that
opens the band gap, by shifting correctly the absolute position of both the HO and LU levels,
often predicts also the rest of the spectrum with good accuracy.

In the last decade a class of hybrid functionals involving a screened version of the exact
exchange via a spatial separation of active and inactive regions, has achieved resounding
success, especially when dealing with extended periodic systems. The idea behind these so-
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called range-separated hybrids (RSH), is based on the fact that local and semi-local functionals
model quite well the short-range part of the Coulomb interaction, whereas they miss the
long-range contribution to the xc energy. On the other hand, the non-local character of
orbital-dependent functionals allows to capture more effectively the long-range interactions.
Therefore, it was suggested to separate the Coulomb interaction in a short- and a long-range

contributions as
1 erfylr—r') N erfc(ylr—r'))

= , 2.49
lr—r'| lr—r'| lr—r’| ( )

with erf(x) being the error function and embodying the long-range (LR) component, and
erfc(x) = 1 —erf(x) the complementary error function for the short-range (SR) part; the pa-
rameter y determines the spatial extension of the two regions. A well-known RSH, is the
Heyd-Scuseria-Ernzerhov (HSE) functional [63], which generalizes the PBEO functional in the
following way:

ESSE = aBSR(p) + (1 - @ By PP R () + B PP R () + ERBE, (2.50)

where EEF'SR()/), EEBE’SR (y) and E;PEMR(y), represent the short-range HF exchange and the
short- and long-range components of the PBE exchange energy, respectively. The functional
HSEO06 is characterized by the same choice of PBEO for the mixing parameter, a = 1/4, and
the value of 0.2 for the range-separation parameter y, while for y = 0 HSE retrieves the PBE0O
functional.

One of the issues with hybrid functionals is the fact that results can be strongly affected
by the values of the mixing parameters. Just like the energy, the mixing parameters are
functionals of the density rather than simple numbers, and the choice of a global value cannot
be effective for all the systems. Hybrid functionals, whose parameters are determined semi-
empirically via fitting of experimental results, can be rather accurate for specific properties
in a range of materials, but the failure to describe other physical features is inevitable. For
this reason, recent works analyzed the possibility of having system-dependent parameters
that are determined from first-principles, either via the imposition of exact constraints, or
by analogy with higher-level theories. The compliance with the DFT version of Koopmans’
theorem, introduced in Section 2.1.1, is one of the exact constraints that helped to develop
accurate RSHs for the prediction of band gaps both in molecules and solids. In this case the
range-separation parameter y is determined via the minimization of the deviation of the GKS
frontier eigenvalues from the corresponding ground-state energy differences [64, 65]:

J) = e ) + EIN=-1;9) - EN; )| + [eX55 () + EIN;y) = EN + ;)] (2.51)

sometimes replaced by a least squares deviation, rather than a linear one. From a practical

GKS
N+1

than the — more correct — HO eigenvalue of the (N + 1)-electron system: as long as the miss-

point of view, € can be taken to be the LU eigenvalue of the N-electron system, rather

ing derivative discontinuity in the GKS eigenvalues is small, such approximation is reliable.
Besides, the balance of local and non-local components resulting from this Koopmans’ con-
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dition, yielded functionals with an improved PWL character. Moreover, such condition has
been successfully employed also in global hybrids (lacking of range-separation), to determine
the intra-gap levels of point defects — including interstitial and substitutional defects, and
polaronic distortions — in extended systems [66, 67].

Another aspect, especially important for band gap calculations, is the asymptotic behavior
of the Coulomb potential. As mentioned in Section 2.1.5, due to the cancellation, at large
distances, of the Hartree and external potentials, the xc potential should decay as —1/r (in
the gas phase), whereas local potentials display an exponential decay. The full HF exchange
potential has precisely this asymptotic behavior, therefore, the mixing parameters are often
chosen in a way that makes the prefactor of the HF term equal to one in the long-range limit.
In extended systems, screening effects become significant, and the mixing parameters of the
hybrid functional are chosen to satisfy the renormalized asymptotic behavior —1/(er) [68],
with € representing the scalar dielectric constant of the material. A further step in this direction
was made by Skone and collaborators, who pointed the similarities between the expression of
the exchange-correlation potential coming from a generic hybrid functional, and the electron
self-energy in the static GW approximation [69]. The identification of the mixing parameters
with the dielectric constant has been applied to both global [66, 69] and range-separated
[70, 71] hybrids giving rise to the so-called dielectric-dependent hybrid (DDH) functionals.
Sometimes this has been also combined with the Koopmans’ condition to determine the other
parameters tuning the long- and short-range mixing of local and exact exchange [68], showing
an accuracy comparable to state-of-the-art many-body perturbation theory methods.

Finally, we mention that in extended periodic systems, in order to have meaningful mixing pa-
rameters, it is of pivotal importance to overcome (or avoid) the delocalization error mentioned
in Section 2.1.4. Due to the delocalized nature of the electronic states, the energy displays a
wrong piecewise-linear behavior where each linear segment has a slope that strongly over-
estimates the exact one. Eq. (2.51) is then trivially solved for any value of y. GKS electrons
must then “sit” on localized orbitals, and this has been realized by employing potential probes
that force the localization of the highest-occupied state [67, 72], or by replacing the natural
(delocalized) Bloch-like representation of the electronic states with a localized set of orbitals,
namely the Wannier functions [73]. The latter approach has been adopted also within the
framework of Koopmans spectral functionals and, as discussed in detail in the following
chapters, it is fundamental to have meaningful corrections of local and semi-local functionals.

2.3 Green’s function methods

In the last part of this chapter, we take a further step forward in the description of the effective
interactions experienced by the (quasi-)electrons, and consider approaches that account not
only for the static — although non-local - components of the electronic correlation, but also
for its dynamical part. The prototypical tool for treating the interaction of a many-electron
system via the quasiparticle picture is the Green’s function, which takes the place of the many-
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2.3. Green’s function methods

body wave function and the total electronic density as the system’s descriptor. The problem of
solving the electronic Hamiltonian of Eq. (1.2), is mapped into the determination of the Green’s
function of the system, whose solution can be found perturbatively by means of many-body
perturbation theory. In the following we will give a brief overview of MBPT and of one of its
renowned applications, the GW approximation, to highlight the key features that are relevant
within this dissertation, while for a more detailed description we refer to the huge variety of
textbooks and reviews available in the literature. In particular, the concepts discussed in this
section are mainly taken from Refs. [25, 74, 75, 76]

Before introducing the Green’s function, we want to point out the origin of the presence of
a dynamical component — totally absent in the time-independent many-body Schrédinger
equation (1.2) —in the description of the effective electronic interaction. Following Ref. [25],
let us imagine to split the problem into two sub-systems: a small part, representing the system
that we want to solve — e.g. an electron® — and a remainder part, i.e. the bath, whose interaction
with the small part needs to be accounted for. The eigenvalue problem reads as

H, Hg_
( S S b) (1//5) —w (Ws) (2.52)
Hp-s Hp J\yp Y
where Hg and Hj, represent the bare Hamiltonians of the (small) system and the bath, re-

spectively, while Hg_j;, and Hj,_g model the coupling between the two. It is straightforward to
recast Eq. (2.52) into the following non-linear problem for v s:

(Hs + Hs_p(w— Hp) " Hy_g) ws = wys, (2.53)

which is called quasiparticle equation. The second term between the brackets on the left-hand
side, represents the self-energy, X (w), of the system, which is a frequency-dependent operator
that embodies the effective interaction between the system and the bath, i.e. between the
quasi-electron and the rest of the system. We observe that, when there is no interaction
between the bath and the system (Hs_j, = Hp_s = 0), the self-energy is zero, the frequency-
dependence disappears, and Eq. (2.53) turns into a standard eigenvalue problem. It becomes
clear then, that the frequency-dependence is a direct consequence of the coupling of the
system with the bath; despite the static character of Eq.(1.2), the price to pay in order to
describe the interacting many-electron system from a single-particle point of view, is to
introduce an effective field, the self-energy, that accounts for the whole interaction via an
additional parameter, the frequency.

Although the expectation value of any observable is a functional of the density (thanks to HK
theorem), explicit expressions are often difficult (if not impossible) to find. Many of these
observables — and, particularly, spectral properties — have a more accessible form, at least in

6Here, as well as in other parts of this thesis, we often speak about electrons rather than quasi-electrons. Of
course, the concept of electron within an interacting system loses importance, and we may alternatively refer to it
when dealing with non-interacting systems, or when implicitly considering its quasiparticle version. We leave to
the reader the correct interpretation.
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Chapter 2. Theoretical background

principle, in terms of the Green’s function. The latter is an object which is non-local both
in space and time and is designed to capture more effectively the screening effects (i.e. the
response of the system) due to the presence of a perturbation, i.e. the potential generated by
an electron. Formally, a Green’s function is defined as

Glx, t;x', 1) = —i (P T (x, )" (', £)]1®), (2.54)

where ¥ represents the ground state of the N-electron system, T is the time-ordering operator,
and ¥/(x, 1) and ¥ (x, ') are the field operators that, respectively, annihilate a particle at the
point (x, t) and create an identical one at the point (x/, ). In this notation, x generally em-
bodies spatial and spin coordinates, x = (r,0). Eq. (2.54) emphasizes the physical meaning of
the Green’s function: a correlation function (similar to Eq. (A.1)), that provides the probability
amplitude of finding a particle at (x, t) upon addition of a particle at (x', '). Besides, this is
done in the two temporal directions (thanks to the presence of the time-ordering operator),
which is totally equivalent to consider the propagation of both electrons and holes. The Green’s
function, then, traces the evolution of a particle accounting for the (temporal) response of the
system and how this affects the particle itself; dynamical correlation is directly encoded in the
Green’s function, which makes it an ideal descriptor of the dynamics of a particle within an
interacting system.

At equilibrium, the time dependence reduces to ¢ — ¢’ and, by Fourier transforming Eq. (2.54),
we obtain the Lehmann representation of the Green’s function

s () fre(x)
G(x,x’,w):z fk X ka

— : (2.55)
T 0= €~ insign(u—ex)

where the set of ¢4 represents the energy differences E(N) — Ex(N —1) and Ex(N + 1) — E(N)
between the N-particle ground state and the (N + 1)-particle excited states, u is the chemical
potential, 1 is a small real that ensures the convergence of the Fourier transform, and the
quantities at the numerator are the so-called Lehmann amplitudes:

o = WY NIy, er<p . 2.56)
(PP, ex>p

Eq. (2.55) is extremely relevant as it highlights immediately an important property of Green’s
functions, namely its poles correspond to the ionization energies of the system. Actually, much
more information about the spectral properties can be directly extracted from the Green'’s
function: its imaginary part provides the spectral function

1
Alx, X', w) = — Im(G(w)]] = Y D) fir0)b (@ —ep), (2.57)
k

a quantity that is strictly connected to the photoelectron current — the current of electrons
(holes) leaving the system with a certain kinetic energy, upon absorption (emission) of photons
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of frequency w — and contains, alone, all the information about the (direct and inverse)
photoemission spectrum. In the non-interacting limit, many-body wave functions can be
represented via single Slater determinants: the Lehmann amplitudes turn into one-electron
spin-orbitals and the spectral function, represented onto the basis of eigenvectors, is a diagonal
matrix whose elements are delta functions centered on the energies €. The trace of the
spectral function corresponds to a series of peaks with no width (infinite quasiparticle lifetime),
which portrays exactly the spectrum of a system of non-interacting electrons. As soon as the
interaction is switched on, the many-body wave functions cannot be represented anymore by
single Slater determinants, but rather by linear combinations of those; the number of non-zero
Lehmann amplitudes increases, with the latter losing their mutual orthogonality in order to
conserve the number of particles. The §-like peaks appearing in the spectral function group
together and form structures of finite width and height’ that, normally, connect continuously
to the isolated (non-interacting) d-peaks, as long as the switching-on of the interaction is
performed adiabatically. These structures represent the quasiparticles peaks, and are centered
around the poles of the Green’s function. The broadening is an effect that purely stems from the
electronic interaction and is directly connected to the finite quasiparticle lifetime. Additionally,
the spectral function can display other features resulting from the scattering of the excited
electron from the rest of the system, which redistributes the spectral weight of the quasiparticle
in smaller and more spread structures called satellites. This was to show that the knowledge
of the spectral function is sufficient to have a full description of photoemission spectra, an
important ingredient in the discussion that sees orbital-density-dependent potentials as
approximations to the spectral potential, and that will be recalled in Section 3.2.

Besides all its incredible properties, the exact form of the Green’s functions is, in general, not
known and even computing approximated versions of it can be quite a challenging task. If
one starts from the Hartree-Fock approximation, the Lehmann amplitudes are simply the HF
eigenvectors and the right-hand side of Eq. (2.55) corresponds to the spectral representation of
the operator (w— H HEy=1 The general Green’s function has an additional term which accounts
for the missing correlation and reads as

Glx,x', ) = [6(x— ) (@~ Ho(x)) - Z(x, &', )] ", (2.58)

which is known as Dyson equation for G, where Hy(x) in the local Hartree Hamiltonian, and
>(x, x',w) is the electronic self-energy which includes also the Fock exchange. The solution of
Eq. (2.58), or Eq. (2.55), can be mapped into the following non-linear eigenvalue problem

(Hp + Z(w)) fr(w) = o fx(w) (2.59)

whose eigenvectors coincide with the Lehmann amplitudes, while the eigenvalues give the
ionization energies €. The two provide numerator and denominator of Eq. (2.55) and therefore

7In a finite system, in principle, one can always distinguish the individual §-like spikes forming a broadened
peak; in the thermodynamic limit, the distance (which is proportional to the system size) between the individual
6-peaks becomes infinitesimal, and the whole structure takes an actual continuous shape.
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Figure 2.3: Hedin’s loop which includes, in addition to the Dyson equation for G, equations
for the self-energy (%), the polarizability (P), the screened interaction (W), and the vertex
function (I'). Picture taken from Ref. [77].

fully define the Green’s function. Eq. (2.59) is the quasiparticle equation, already introduced at
the beginning of this section (see Eq. (2.53)) and that we have now derived directly from the
Green’s function; moreover, this allows to highlight the role of effective dynamical interaction
taken over by the self-energy.

The Dyson equation (2.58) is a self-consistent equation for the interacting Green’s function.
The complexity of the problem is transferred to the self-energy: the latter can be expanded
in terms of the bare Coulomb interaction and of G, and at each perturbation order it gets
more “dressed” with the response and renormalization of the system. Hedin considered other
quantities — i.e., the polarizability P, the screened interaction W, and the vertex function
T', which contains further information about the electron-hole interaction — and discovered
a closed set of equations (see Fig. 2.3) providing a self-consistent scheme that determines
the Green’s function (as well as the other four quantities involved) of the system. Hedin’s
equations can be solved iteratively until one reaches, in principle, self-consistency, however
such approach is highly non-trivial and computationally expensive. In the following we will
see the simplest — yet very effective — and most used application of Hedin’s equations, yielding
the well-known GW approximation.

2.3.1 The GW approximation

A possible starting point for the solution of Hedin’s equations consists of setting to one the
vertex function (actually the vertex is a 3-point function and the approximation is I'(123) =
6(12)6(13)). One can use this approximation for I' to obtain an expression for, in order, the
polarizability, the screened interaction and, eventually, the self-energy. The latter takes the
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following form
sWix, x',w) = iGx, x', )W (X, x, ) (2.60)

giving the name to the GW approximation. Such a self-energy can be considered as a dynami-
cally screened generalization of Hartree-Fock theory, whose self-energy is given by the Fock
exchange term only and lacks completely of any correlation effects: X' = 3, = iGv, with v
representing the bare Coulomb potential. Once the form of the self-energy is determined, one
has still to deal with the non-linear problem of Eq. (2.59); often, this is done in a perturbative
way, by correcting the eigenvalues of Hy (often taken from some local DFA) with the diagonal
elements of the operator S(w) - Dxc. The self-energy — or, more precisely, G and W — depends
on the eigenvalues and different types of approximation can be used depending on how one
decides to update the quantities involved. With Gy W, one refers to the “one-shot” GW ap-
proximation, where the self-energy is not updated and the energies resulting from the first
iteration are interpreted as quasiparticles. Gy, is considered a state-of-the-art method for
band gap and band structure calculations in solids, as it opens correctly the KS-DFT band
gap and delivers accurate predictions, with a general small underestimation of the experi-
mental results. Alternatively, one could update both G and W with the energies obtained at
the previous step until reaching self-consistency; this self-consistent GW method, generally
improves total energies and bond lengths but, because of the breaking of some sum rules due

WRPAS

to the update of , it tends to overcorrect the Gy Wy eigenvalues decreasing the accuracy

of photoemission spectra [78].

Beyond-GW methods include corrections to the vertex function, which appear already at the
second iteration of Hedin’s equations. The use of vertex corrections is rather complex, due to
wide variety of effects that one can account for, or not, which strongly depend on how they
are employed in the Hedin’s loop. Self-consistency can also be counter-productive and cancel
some of the effects introduced by a non-trivial vertex function. Yet, when used correctly vertex
corrections can significantly improve the GW results and for extended systems, where the
system size makes it prohibitive to resort to quantum chemistry multi-reference methods, they
provide the most accurate predictions over a large scale of materials [9, 79]. In this dissertation,
GW results, with and without vertex corrections, will be often used as a reference to measure
the performance of Koopmans functionals.

8The Random Phase Approximation (RPA) is an approximation to the dielectric function — thus to W - result-
ing from the choice I'(123) = §(12)5(13). Essentially, WRPA 5 the screened interaction resulting from the GW
approximation.
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2.4 Summary

In this chapter, we discussed two radically different approaches that tackle the many-electron
problem: density-functional theory and many-body perturbation theory. In principle, both
methods offer an exact way to solve the electronic Hamiltonian (1.2), but, in practice, several
approximations are normally required. In DFT, all the observables are depicted via their
functional dependence upon the electronic ground-state density, while the whole complexity
of the problem is incorporated in the exchange-correlation functional. The KS auxiliary system
provides a practical way to obtain collective properties, such as total energies and densities,
but its non-interacting particles cannot give a reliable representation of the quasiparticles,
whereas the local and static nature of the KS potential makes it impossible to capture all the
features of the electronic effective interaction. Generalized KS schemes allow to overcome
the constraint of locality on the effective potential, and embrace the possibility of including
the Fock non-local exchange within the definition of the potential. The presence of a non-
local component brings to a better characterization of the interaction of an electron with the
rest of the system, and hybrid functionals considerably improve the prediction of band gaps
and higher-order ionization energies. Eventually, the interaction seen from a single-particle
point of view brings about dynamical correlation effects, that can be accounted for only by
dressing the effective potential with a frequency-dependence. MBPT'’s self-energy possesses
all these features and represents the exact effective interaction that an electron feels inside an
interacting many-electron system. Nevertheless, the problem of finding a good self-energy
is quite challenging and, ultimately, one would like to reduce the computational complexity
of state-of-the-art methods, such as the GW approximation, while keeping the same level of
accuracy (or even improving it).
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In this chapter, we describe in detail the theoretical framework of Koopmans functionals, a
particular class of orbital-density-dependent functionals that provide the excitation energies
of the system — upon electron addition or removal — with high level of accuracy. Section 3.1 is
devoted to the concepts of linearization and screening, the two fundamental aspects at the
foundation of any Koopmans-compliant functional; we also describe the variational procedure
characterizing an orbital-density-dependent approach, which differs substantially from that
of typical DFT methods. The connection between Koopmans functionals and many-body
perturbation theory is instead discussed in Section 3.2. The chapter is closed by a summary of
the key concepts, Section 3.3.

37



Chapter 3. Koopmans spectral functionals

3.1 Koopmans spectral functionals

In density-functional theory any observable, including the direct and inverse photoemission
spectra, is a functional of the ground-state electronic density. However, often the challenge is
to find a way to extract such information once the ground state of the system is determined.
Moreover, the existence of an implicit connection does not imply that any observable has an
explicit expression in terms of the density, and often we have to rely on different strategies to
compute some physical properties. As discussed in Chapter 2, computing spectral properties
at the DFT level is generally complicated, and even for the first ionization energies we have
to resort to GKS schemes or to the ASCF method'; in particular, for standard DFAs the latter
works only when the HO and LU orbital densities do not delocalize too much, and therefore it
inevitably fails in extended systems. Alternatively, we can resort to dynamical approaches —
such as MBPT - but this normally requires a high computational cost.

Koopmans spectral functionals take place in this framework targeting the electron addition
and removal energies, by means of a variational approach. As we shall see, this requires to
go beyond the boundaries of KS-DFT and to embody some features of the dynamical self-
energy, in order to better describe the quasiparticles. This is achieved via the imposition of a
state-dependent condition that shapes Koopmans functionals and makes them dependent
on the density of each individual orbital (rather than the total electronic density); effective
potentials resulting from such functionals inherit the same orbital-density-dependence (ODD)
and closely resemble a simplified version of the frequency-dependent self-energy.

The formalism of Koopmans functionals grounds on the three fundamental concepts: lin-
earization, screening, and localization. The first two aspects will be discussed in Section 3.1.1
and Section 3.1.3, respectively — and underlie the construction of any Koopmans functional;
the concept of localization is related to the nature of the orbital densities minimizing the
functional, and it is described in detail in Chapter 4. In Section 3.1.2, we define Koopmans
functionals, while Section 3.1.4 is devoted to the technicalities of the variational procedure
which, due to the ODD nature of the functional, is more complex than in a standard KS-DFT
framework. Finally, in Section 3.1.5, we give a definition of the Koopmans Hamiltonian.

3.1.1 Koopmans’ condition

In Sections 2.1.3 and 2.1.4, we discussed the connection between PWL and first ionization
energies. For a functional affected by deviation from PWL — we remark that this could mean
that the energy is non-linear at fractional number of electrons and/or the relative position of
the energies at integer numbers is not correct — the left and right energy derivatives do not
correspond to the IP and EA of the system. Derivatives require the knowledge of the energy
only in an arbitrary small neighborhood around an integer point, thus they allow to compute

1The ASCF method allows to compute the first ionization energies of the system from total energy differences;
it involves calculations on systems at different particle numbers - N, N -1, and N + 1 - whose ground-state energy
differences directly relate to IP and EA.
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the first ionization energies (and thereon the band gap) without involving calculations at
different particle numbers. Ideally, we would like such energy derivatives to be connected to
the eigenvalues of some effective one-particle Hamiltonian, namely

dE dE

EN_pN-1- ~— = =¢ (3.1a)
dN|y-s dfuols Ho
dE dE

ENtI_pN - ~— = = ey, (3.1b)
dN N+s deU s W

where fj0 and fiy are the occupations of the HO and LU orbitals, and we made use of Janak’s
theorem (2.13); s is any number between 0 and 1, and allows to include the property of PWL:
eno and ery are indeed independent from s, therefore the derivatives appearing in Egs. (3.1)
are constant for any value of s. KS-DFT fulfills only Eq. (3.1a), and only at an exact level, while
GKS schemes approximately satisfy also Eq. (3.1b) [60, 61, 64].

Ionization potentials and electron affinities are only the first-order ionization energies, and
for a method that aims to deliver all the electron and hole removal energies, Egs. (3.1) are
clearly not sufficient. In addition to being an exact property, the PWL facilitates the connection
between total energy differences and energy derivatives (and, ultimately, the eigenvalues).
The idea then, is to define a similar condition that generalizes Egs. (3.1), by extending them
to all the orbitals in the system, and ultimately dress the eigenvalues with the meaning of
quasiparticle energies. This generalized PWL [80, 81] condition reads as

dE
afi

where f; is the occupation of the i-th orbital. As we shall see in the following section, 1;
is the expectation value of the effective (Koopmans) Hamiltonian over the wave function
corresponding to the i-th orbital, and it is designed to match the energy difference EN — E lN -1

= A; = const, (3.2)

or EZN 1 _ EN where Efv 1 are the relaxed energies resulting from the removal of an electron
or a hole from the i-th orbital. Eq. (3.2) nearly resembles Janak’s result: in particular, in the
basis of the Hamiltonian’s eigenvectors, 1; becomes the eigenvalue ¢; and Eq. (3.2) takes the
form of Eq. (2.13). However, the two results should not be confused, as Janak’s theorem does
not assume any particular dependence on the occupations for the energy derivatives, whereas
the generalized PWL condition imposes that each 1; is independent on f;.

The generalized PWL can also be seen as an extension of Koopmans’ theorem. By integrating
Eq. (3.2) over f;, between 1 and s (where s can take any value between 0 and 1), we find for the
electron removal process

EN-ENT = 2,(1-9). (3.3)

When the electron is fully removed (s = 0), Eq. (3.3) turns into the main result of Koopmans’
theorem (2.43); the same outcome can be obtained for electron addition processes. The gen-
eralized PWL condition can then be seen as an extension of Koopmans’ theorem to fractional
number of particles and, therefore, it is also referred to as Koopmans’ condition.
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3.1.2 Koopmans functionals

Koopmans spectral functionals are designed to satisfy Eq. (3.2), and for this reason are also
called Koopmans-compliant (KC). The idea is to start from some density-functional approx-
imation — called from now on base functional, and generically indicated with EP*T — and
add a KC term which makes the whole expression compliant with the Koopmans’ condition.
Additionally, we will require that the base functional is not corrected at integer occupations,
whereas the KC term should correct the energy only at fractional occupations. Given the state-
dependent nature of Eq. (3.2), the corrective term can be split into different contributions (I1;),
one for each single-particle state, which brings to the first (coarse) definition of Koopmans
functionals [80, 81]:

EXC =P 4+ ; II,. (3.4)

By inserting the right-hand side of the expression above into Eq. (3.2), we obtain

dn; _ de™T
dfi dfi

where I1;, by construction, depends only on the occupation of the i-th orbital —i.e. dIl;/d f; =

+ /li, (3.5)

6. In this context, the occupation numbers are treated as parameters taking values between
0 and 1, and all the quantities should be defined accordingly: for the total density and the non-
interacting kinetic energy we should then consider Janak’s expressions, given by Egs. (2.14) and
(2.15). By integrating Eq. (3.5) between 0 and s, we find that the KC term I1; can be expressed
as

sdEDFT s ~DET
Hi(s)z—f —df,-mis:—f (@il PO Iy d fi + Ais
o df; 0

= {(EPTT(f; = ) - EPP(f; = 00} + Ays,

(3.6)

where 7PFT is the effective Hamiltonian resulting from the derivative of the base functional,
and in the second equality we used the non-canonical version of Janak’s theorem?. We also
used the fact that the initial hypothesis of zero correction at integer occupations: I1; (f; = 0) = 0.
Likewise, by using in Eq. (3.6) the fact that also for s = 1 the I1; term should be identically zero,
we find that A; is defined as

1 4 EDFT
Ai=| ———dfi=E°"'(fi=1)-E°"(fi=0), (3.7)
o dfi
which sets the energy derivatives to be equal to a difference of total energies calculated at the
level of the chosen base functional. The two latter equations provide the definition for the

Koopmans corrective terms, which leave the energy of the base functional unchanged at inte-

21t can be showed that Janak’s theorem applies also to sets of orbitals other than the eigenvectors, provided that
they yield the same ground-state density. In this case, the occupation numbers and the eigenvalues appearing
in Eq. (2.13) are replaced by the diagonal elements of the occupation number matrix and of the Hamiltonian,
respectively, represented on the set of non-canonical orbitals.
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Figure 3.1: Visualization of the effects of the KI correction on some local or semi-local density-
functional. The red curve represents the energy of some non-linear base functional (e.g. PBE)
as a function of the occupation of the i-th orbital, while the green curve gives the energy upon
the application of the KI correction. At a given value f; = s, Kl removes the non-linear term,
E(s) — E(0), and adds a linear term given by the total energy difference at f; =1 and f; =0 and
calculated at the level of the base functional.

ger occupations, and linearize it at fractional occupation numbers. A graphical representation
of the effects of the the Koopmans correction is given in Fig. 3.1.

The expression given in Eq. (3.6), with the choice (3.7) for A;, defines the so-called Koopmans
integral (KI) correction [82], since the energy derivative is set to be equal to the integral average
of all the values of the derivative at fractional occupations. It is worth to mention that this does
not represent the only possible choice for the value of A;: initial works about KC functionals
[80, 81, 82] were considering also the possibility to evaluate the energy derivatives at a specific
value fief of the occupation, e.g. fier = 1/2. The problem with this choice is that it requires
to guess the value of the optimal occupation number, which in general is system-dependent
and, even within a specific system, can vary between different orbitals. The KI correction
represents then the conventional way to construct Koopmans functionals, and shortly we will
see its application to local DFAs and to the PZ functional.

One of the difficulties with the expression for the I1; terms given in Egs. (3.6) and (3.7) is
that it requires, in principle, the knowledge of the values of the (self-consistent) energy EPF!

at any s between 0 and 1, which is something that we certainly want to avoid. A simplified
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version of the KI correction can be obtained by neglecting, in a first moment, the relaxation
effects following the change in the occupation of any orbitals. In this way, we can find an
expression where only the quantities computed for the N-particle system play a role. We recall
the expression for the total density given in Eq. (2.15), and we introduce the orbital densities
pi and the occupation-independent orbital densities n;:

pi(r) = fild:i ()2,

- (3.8)
ni(r) = p{’_l(r) =i ()17,

If the orbitals relaxation is ignored, the one-electron wave functions are left unchanged upon
the variation of any occupations. If a given orbital, initially occupied by f; electrons, is
suddenly emptied the total energy can then be written as

E(f;=0) = Elp/ =)= Elp-pi]; 3.9
analogously, if the same orbital gets completely filled, the resulting total energy is
E(fi=1) = Elp/='1 = Elp—p; + nil. (3.10)

The last two equations can be used in Eq. (3.6) to find an explicit expression of the unscreened
KI correction term, which reads as

1™ p,pi1 = E"[p—p;1 - E° [pl + f; (E° (o — pi + nil - E° T [p - pi1). (3.11)

and introduces a dependence on the orbital densities. The effects of the orbitals relaxation
are then accounted for by scaling the unscreened corrective terms via some scalar, orbital-
dependent screening parameters «;; we refer to Section 3.1.3 for a detailed description of the
methods to compute the screening parameters. By means of the unrelaxed KI correction and
of the scalar screening parameters, the fully-screened correction terms appearing in Eq. (3.4)
are approximated as ITX! = a; I, and we finally arrive to [82]

ENMipit) = EP M lpl + 3 ai T} [p, pil. (3.12)

The proper way of calling the functional in Eq. (3.12) is KI@DFA - e.g., if the base functional is
LDA or PBE, the corresponding KI-corrected functional should be called KI@RLDA, or KI@PBE.
However, if the base functional is a local or semi-local density-functional approximation, we
normally refer more generically to Eq. (3.12) as the “KI functional”.

Another prominent Koopmans functional is KIPZ, which results from the augmentation of a
local density-functional via the KIPZ correction:

EXP[{pi}] = EPMpl + 3 auTTF(p, py], (3.13)
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3.1. Koopmans spectral functionals

where the KIPZ unrelaxed correction is defined as®
% (p, p;1 =11 p, p;1 — fiEnixelnil, (3.14)

showing that, in addition to H‘;KI, the KIPZ correction contains also a PZ-like SIC term. As a
consequence of the presence of such term, KIPZ - differently from KI — modifies the energy
of the underlying DFT functional even at integer occupations. Indeed, the functional of
Eqg. (3.13) can be seen as a KI correction on top of the screened PZ functional, i.e. KI@aPZ.
Considering then aPZ as the base functional, KIPZ does not change the energy of aPZ at
integer occupations (as expected by any KI-like correction). In Appendix B, we detail this
interpretation of the KIPZ functional.

One of the main features that emerges in Koopmans functionals is the ODD character, also
present in the PZ functional. This is a consequence of the state-dependent nature of the Koop-
mans’ condition, which cannot be fulfilled by an explicit functional of the density, whereas
it requires the introduction of additional degrees of freedom: the orbital densities. Unfortu-
nately, the orbital-density-dependence makes the search of a variational ground state much
more complex, as it generally breaks the unitary invariance characterizing standard density-
functionals. Some of these issues will be addressed in Section 3.1.4.

3.1.3 Screening parameters

The effects due to the orbitals relaxation upon changes in the occupation numbers, must be
accounted for in order to have an effective Koopmans correction. While this would generally
require a complex treatment of the screening — e.g., by evaluating the convolution of the
inverse dielectric matrix with the Koopmans potential — here we consider a simplified, yet
effective, approach which accounts for the screening via some scalar and orbital-dependent
parameters, «;, yielding the following approximation for the fully screened KI correction

M ~ o, IV (3.15)

In the following, we discuss two methods to evaluate the screening parameters: via finite
energy differences, which requires to compute self-consistent energies at N + 1 electrons, and
from linear response theory, which relies on the N-particle system only, whereas it introduces
a second-order approximation for the IT; terms.

Finite differences

To support the forthcoming discussion, let us consider Fig. 3.2. In panels (a)-(b), the PBE,
unscreened KI (uKI), and a-screened KI (aKI) total energies and eigenvalues are plotted as

3 Although KIPZ was already introduced in Ref.[82], the following definition of the KIPZ functional was proposed
for the first time in Ref. [83]; in Appendix B, we show the equivalence between Eq. (3.14) and the former definition
of the KIPZ correction.
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total energy [Ha]

(a)

(c)

Figure 3.2: Total energies (a) and HO eigenvalues (b) calculated at the PBE level (red curve), and
from the screened (green curve) and unscreened (blue curve) KI functionals, with respect to the
occupation of the HO molecular orbital of the methane molecule; also for the two Koopmans
functionals, we considered variations in the occupation of the PBE highest-occupied KS orbital.
Panel (c) shows the KI differential IP (continuous line) and EA (dashed line) as functions of the
screening parameter: in particular for « = 0 and a = 1, the PBE and uKI values, respectively,
are retrieved.

functions of the orbital occupation. Unsurprisingly, the PBE energy shows a non-linear convex
behavior which is almost quadratic, as confirmed by the linear trend of the corresponding
eigenvalue. The unscreened Koopmans correction (i.e. @; = 1, Vi) significantly reduces the
convexity of the PBE energy, whereas it leaves unchanged — as expected - the energy at integer
occupations. At fractional occupations, uKI displays a non-negligible curvature, as confirmed
once again by panel (b), due to the neglect of the relaxation effects. The latter generally lower
the energy, therefore the lack of screening produces a uKI concave curve which overestimates
the fully screened KI energy (which is, by construction, a linear curve connecting the PBE
energies at f; = 0 and f; = 1). Ultimately, the red and blue curves represent the lower and
upper bounds, respectively, of the KI functional as a function of the screening parameter. As
shown in panel (c), the change of concavity of the energy curve indicates the existence of some
optimal «;, for which the left and right derivatives —i.e. N-particle IP and (/N — 1)-particle
EA — match. The idea behind this finite-differences method then, is to exploit this feature to
determine the values of the screening parameters.

From Eq. (3.2), the matching of the differential N-particle IP and (N —1)-particle EA, translates
into the condition
M= @) = A= . (3.16)
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Figure 3.3: In order to find the zero of the function 7(a) = /1{1':1 (@) — /1{1':0(04), the first step is
to consider a linear dependence of A; on «a, such as the straight line connecting the points
at @ = 0,1. Then, after determining the first guess a'), we can repeat the procedure defining
a straight line that connects 7(a") and, e.g., (1), and finding a new guess a®. For smooth
functions, the zero of 7(a) is numerically found when two consecutive estimations of @ provide
the same value within the chosen threshold.

We emphasize that the Koopmans’ condition (3.2) is fulfilled only by the fully-screened func-
tional; as also showed in Fig. 3.2, the unscreened KI functional is not strictly Koopmans-
compliant, while — at good level of approximation — the a-screened KI functional satisfies the
Koopmans’ condition for the optimal a values. In this sense, Eq. (3.16) can be seen as a way
to enforce the Koopmans’ condition on the a-screened Koopmans functional. The optimal
values of a are found by means of the secant method, described in Fig. 3.3. At each step, we
suppose a linear a-dependence of A; and Eq. (3.16) is solved by

(1) _ o0 M@y = 2;(0)

al i (n) :
Li(@™) = 2;(0)

(3.17)

The values of 1;(0) and of A; (aé")) can be computed from the expectation value of the DFT
and Koopmans Hamiltonians, respectively, over the i-th orbital (see also Section 3.1.4). With
regards to A; ((xg."“)), we can already assume the validity of the Koopmans’ condition and

express the energy as a linear function of f;:

KC

dE
EXC(f;) = EXC(fiep) +

(i = fre) = EXC(frep) + AT (f = frep), (3.18)
d‘fl ﬁef
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Figure 3.4: Convergence study of the screening parameters for the four valence orbitals of
the methane molecule, computed at the KI (left panel) and KIPZ (right panel) levels. The
dashed lines give a measure of the deviation from the PWL, i.e. AE; — A;. The orbitals used in
the KI calculation are the KS ones (two of which are almost identical) and the corresponding
screening parameters are converged already at the end of the first iteration; for KIPZ, the
screening parameters refer to the KIPZ variational orbitals (see Section 3.1.4) — all symmetri-
cally equivalent — and converge within the chosen threshold (1073) in two iterations, although
the first estimation provides results which agree with the fully converged ones within 0.02 eV.

where EXC refers to a generic Koopmans functional (KI, KIPZ). By matching the two expressions
obtained from Eq. (3.18) for fief =0 and fi.f = 1, we can write 1; as an energy difference, i.e.
Ai = EXC(f; = 1) — EXC(f; = 0), to arrive to the final expression for the screening parameters:

c .
g = g™ AAEf _<¢i|hDFAT|¢i>
’ L (il hKCIpy) — (i RPFT |y

(3.19)

where AEFC =EXC(N) - Ef.(C (N-1) or AE?C = Efc (N +1) - EXC(N), depending on the nature
(occupied or empty) of the orbital. We observe that, given the absence of KI correction at
integer electron numbers, AE §<c reduces to a DFT energy difference for the KI functional, and
to a aPZ energy difference for the KIPZ functional. Of course such procedure must be repeated
for all the orbitals in the system, unless one can expect distinct orbitals to yield similar results
(more details about the technicalities behind the calculation of the screening parameters are
given in Chapter 5).

Eq. (3.19) was introduced in Ref. [17]. Previous works were calculating the screening pa-
rameters using the same secant method — with the only technical difference that the linear
dependence on a was directly imposed on 7(«) (see caption of Fig. 3.3), rather than on A{izl ()
and A{izo(a) separately — and were not imposing Eq. (3.18). The two methods can be consid-
ered equivalent, as the only difference in the present approach is that it is possible to replace
some derivatives with a difference of total energies.
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3.1. Koopmans spectral functionals

To end this section, we mention that, although the dependence of 1; on « is generally un-
known, most of the times it displays an almost linear trend. As a consequence, the value of «
at the first iteration proved to be extremely close to the final solution (see Fig. 3.4), especially
if initialized with some good guess of a. In actual calculations then, we often consider the
screening parameters obtained after a single iteration, starting from the most reasonable phys-

ical guess, which for solids corresponds to the inverse of the dielectric constant, (x(o) 1

AEXC _ (p; | hPFT|ob;
a; :e_l - ! <(P | = |(P ) . (3.20)
(pil AXC|¢p;) — (p;| KPFT|¢p;)

Linear response

As the screening parameters account for the relaxation effects following a change in the orbitals
occupations (process that can be assimilated to the presence of some perturbing potential), it
is quite reasonable to assimilate them to the system’s response to some external perturbation.
Following this idea, Colonna and collaborators [84] found an alternative definition for the
screening parameters, which turns out to be exact up to a second-order expansion of the
Koopmans correction. Hereafter we report the demonstration showed in Ref. [84].

Let us consider the fully-relaxed KI correction given in Eq. (3.6), and express it as

the expression above closely resembles Eq. (3.11), however, it is important to highlight that
while Eq. (3.21) is exact as it does not make any assumption on the energies at different
occupations, the form of Eq. (3.11) results from the assumption of frozen-orbitals, which allows
to rewrite the energies in terms of the orbitals of the neutral system (e.g., E [pf" =01=F [o—pil).
If we consider now a second-order Taylor expansion for the DFT energy as a function of f;
around some reference occupation fif — essentially the expansion of Eq. (3.18) where we
include also the quadratic term — the KI correction takes the following form:

dEDFT 1 dZEDFT
HKI(f)_EDFT[pfl fref]_f f— _f2 -
Codf g, 2 df |,
dE DFT 1 dZEDFT
EP T (pl=let) = (fi = frop) ——| =5 (fi— fred)” +
dﬁ fref 2 61‘):2 fref
B DFT 1 dZEDFT
- EPFT o fimfet) 4 (1 = “e= 2
ﬁ{ o I+ (L= frep) — 5l =5 (1= fret) = fiz . (3.22)
dEDFT 1 dZEDFT
Bty fg S| lp2 TE }m (i~ fet?
Codfi Ay, 2 df? |, (i~ )
d2 DFET 3
fz(l f) T +@((fi_fref) )
i fi:fref
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At this point, by means of Janak’s and Hellmann-Feynman theorems, we can write the second-
order derivative of the energy as

d? EPFT de; digs
d—fz = ﬁ =Yil——— af lwi)
(3.23)
fdrd , 5v1<s([p],r) dp(r')
op(r’) dafi

where y; are the KS states, and the derivative of the KS potential yields the Hxc kernel,
fixe(r, "). The derivative of the density with respect to the orbital occupations is less trivial
and requires further manipulations; by recalling the definition of the density (2.15), we can
write the its derivative as

do(r) _ dn;(r)

, 0n;(r) dogs(r')

=n; -1 d
nl(r) +;f]f d 51/1(5(7‘/) dfl

By introducing the non-interacting density-density response function yo(r, r')* and adding an-
other chain of derivatives, Eq. (3.24) takes the form of a Dyson-like equation for the derivative
of the density:

(3.24)

dp(r) _
dafi

Ouks(r) dp(r'”)
op(r'") df;
dp(r')

df;

where the notation [y fiixc] indicates the contraction of the two quantities. Eq. (3.25) can be

,(r)+fdr dr'"yo(r,r)————
(3.25)

= ni(r)+fdr'[xofoc](r,r’)

recast in a linear expression (for the derivative of the density), by introducing the interacting
polarizability y (r, ') — solution of the Dyson equation y = o+ Yo fiixcX- Eventually, this allows
to express the density variations in terms of the dielectric matrix:

dp(r) r_

a5 (r)+fdr (¥ fixe (r, 70 (1)

:fdr’ {8(r=r") + [y faxc) (r, 7))} i (1) (3.26)
- f dr'e o, rn(r),

where we introduced €' = 1+ y fizxc. By putting together Egs. (3.22), (3.23) and (3.26), we
obtain the following expression — up to second-order — for the fully-relaxed KI correction

@) = %fi(l ) f drdr'le”! fiuxcl(r, rni(r)n;(r); (3.27)

4x0 gauges the neutral response of the system, namely the part of the response which does not involve any
dp(r)

changes in the particle number: i.e. yo(r,r’) = Sks ()

{fi}=const’
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Figure 3.5: Screening parameters for the four KS-PBE valence orbitals of CHs computed from
finite differences (blue) and from the linear-response method (orange).

a similar expression can be obtained for H‘;KI(Z), where the lack of relaxation effects reduces

the dielectric matrix to the identity — the second term on the right-hand side of Eq. (3.24)
indeed disappears, leaving only the contribution from the explicit derivative 0E/d f;. Finally,
by defining the screening parameter as the ratio between the relaxed and the unrelaxed KI
correction — as for Eq. (3.15) — we obtain the following second-order expression:

o [fdrdr'e™! fux) (r, ¥ ni(r)n; (r")

YT drdr fie(r, ryni(ryn; (r') (3:28)

We observe that, by approximating e ! (r, r’) to a constant, a; reduces to the inverse of the
dielectric constant, which further legitimizes the choice made in Eq. (3.20) for the 0-th order
screening parameter.

In practice, the screening parameter of Eq. (3.28) can be calculated resorting to the linear-
response approach of density-functional perturbation theory (DFPT) [84]. The knowledge
of the (interacting) density-density response function, y, allows to compute the integral on
the right-hand side of the first line of Eq. (3.26). The only limitation of this approach is that it
requires the knowledge of the second derivatives —i.e. the kernel - of the base functional: while
for KI corrections on top of standard DFAs, such as LDA or PBE, such derivatives are known
and already implemented in most of the electronic-structure codes, for KIPZ computing the
kernel is not a straightforward task and the DFPT approach — for the moment — does not
apply. To highlight the agreement with the finite-differences method, in Fig. 3.5 we compared
the screening parameters for the orbitals of the methane molecule: the effect of the small
differences observed is not significant for the final eigenvalues, which agree within 0.1 eV.
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3.1.4 Variational procedure

Similarly to PZ-SIC, Koopmans functionals are considered as an extension of standard DFT
functionals, for which we can assume the existence of a variational principle. Unfortunately,
the ODD nature of Koopmans functionals makes the minimization procedure more complex
than in density-functionals: the latter depend solely on the total density, therefore any sets
of orbitals connected by unitary transformations are energetically equivalent, while ODD
functionals break such unitary invariance — i.e. they generally yield different energies for
distinct representations, even when they span the same subspace. As a consequence, in
addition to the search for the optimal subspace p, the minimization of an ODD functional
requires scanning over all the representations that span p:

EXC = mﬁin%i}n{EKc[{pi}] +Y Aij(pilg) —6,-,~)}, (3.29)
isp ij

where EXC represents a generic Koopmans functional — we remark that the described proce-
dure applies to any ODD approach, including the PZ functional — and the Lagrange multipliers
A;j ensure the orthonormality of the set of one-electron wave functions {¢;}. The Euler-
Lagrange equations associated to the minimization problem of Eq. (3.29) are

R 10y = Y Aijl)), (3.30)
J

where fzfc is the ODD Hamiltonian associated to the i-th orbital, defined as

R . 6EKC A

RXC = g, g = 22 1T
opi 3.31)

= fLDFT[p] + aiﬁfc
and ﬁfc is the ODD potential

ST1EC[p, p ;]

0rC = 0*lp,pil = ) jéT' (3.32)

j 1

As aresult of the ODD nature of Koopmans functionals, the energy derivatives are also orbital-
density-dependent, which means that for each vector ¢; there is a different potential acting
on it. As showed in Section 3.1.5, this complication does not impede to define a unique —
although non-local - operator whose representation over the vectors {¢;} matches the matrix
of Lagrange multipliers introduced in Eq. (3.30).

Let us consider now a unitary transformation U within the subspace p, which maps the set of
orbitals {¢b;} into a new set {(,b’l.}. We express such transformation in the exponential form e,

with A being an anti-hermitian matrix [83]. Since we are interested in small energy variations,
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we can assume A to be very small and expand U at the first order
U=1+A, (3.33)
which brings to the following expression for the vectors in the new basis set

Pi(r) = Pi(r) + ) Ajipj (r),

, ! ) (3.34)

pir) = pi(r)+) (Aji<l>,- (1) = Ajjb; (r)</Ji(r)) .
j

The derivative of the energy with respect to any transformation that preserves the anti-
hermitian character of A (which, in turn, guarantees the unitarity of U) reads as

OEKC  QEDPFT  9(x, 1K)
= +
0Aj  0Aji dAjx

-y f 8 (XiT15°) 0p), (1) (3.35)
Opim(r)  0Ajk

f drdi (D) - v n)g;r).

Eq. (3.35) provides an important property holding at the stationary points of a Koopmans
functional, and actually of any PZ-like ODD functional, known as the Pederson condition
(85, 86]:

(@Kl OEC 1)) = (Dl 05 1)) (3.36)

The Pederson condition shows that the matrix of Lagrange multipliers is generally non-
hermitian, and becomes hermitian only for the stationary points of the Koopmans energy.

One of the drawbacks due to the lack of unitary invariance, is that it is not possible to resort
to the self-consistent diagonalization method used to minimize standard DFT functionals.
The ground state can be found via a direct minimization of the energy functional, which
is normally more computationally demanding than standard iterative approaches. Within
this framework, an effective strategy — which follows the ensemble-DFT approach for the
minimization of the free energy [87] — consists of splitting each iteration of the minimization
procedure in two steps: an outer loop, and an inner loop [83, 88, 89]. In the outer loop, the
orbitals fluctuations lie in the orthogonal space of p°, following the direction determined by,
e.g., steepest-descent or conjugate-gradient algorithms; this is essentially the outer minimum
of Eq. (3.29), and normally requires a re-orthonormalization of the orbitals at each iteration.
During the inner loop instead, the orbitals are optimized within the current subspace p, and
the search is constrained to the domain of unitary transformations; this step corresponds to
the inner minimum of Eq. (3.29). We remark that the whole procedure is usually performed in
the space of complex orbitals [90, 91].

SHere p is intended to be the subspace spanned by the orbitals at each iteration: e.g., at the n-th iteration, if
{({)E.")} is the latest set of orbitals computed, the subspace is p = p/» =¥ ; fl.(n) I(pg.n)) (cpi.m l.
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Another important peculiarity that concerns ODD functionals is the emergence of two special
representations: the variational (or minimizing) orbitals, which are those that minimize
the energy functional, and the canonical orbitals, which correspond to the eigenvectors of
the matrix of Lagrange multipliers (at the functional minimum). Such distinction becomes
necessary as a consequence of the breaking of the unitary invariance, whereas the energy
associated to the canonical orbitals (which are a rotation of the variational ones) is generally
higher than the variational energy. The situation is of course different from that of unitary-
invariant methods, where any set of orbitals yielding the ground-state density minimizes the
energy functional.

Moreover, the duality of variational and canonical orbitals introduces an ambiguity in the
choice of the quantities that should be interpreted as quasiparticle energies. On one hand, we
have that the Koopmans’ condition is realized by the orbitals used within the functional. This
means that, at the ground state, the Koopmans’ condition is satisfied (only) by the variational
orbitals. Then, to be consistent with Eq. (3.2), we should consider the diagonal elements of
the matrix of Lagrangian multipliers —i.e. the A; terms — as quasiparticle energies [44]. On the
other hand, since at the minimum A is hermitian, it is reasonable to interpret its eigenvalues
as quasiparticle energies. As highlighted by Stengel and Spaldin [88], in PZ functionals this
second choice is supported by the fact that: (i) the HO eigenvalue of the PZ Hamiltonian drives
the asymptotic decay of the density [see Eq. (2.11)], and therefore it has an actual physical
meaning, and (ii) the density of states (DOS) computed from the eigenvalues resembles more
closely the KS-DFT DOS, whose profile usually agrees very well with quasiparticle spectra. We
remark that, this is probably a consequence of the fact that the KS Hamiltonian embodies the
symmetries of the system, which is usually reflected by its eigenvalues (i.e. they possess the
right degeneracies). The same, in general, cannot be said for the diagonal elements of the
Lagrangian multipliers matrix which, eventually, can bring to a totally misleading spectrum.
An example supporting this argument is given by the methane molecule, where the Koopmans
(or PZ) variational orbitals are totally equivalent and have identical matrix elements, yielding
a single-peak spectrum. For all these reasons, in this thesis, as well as in other previous works
treating Koopmans functionals, we share the choice of Stengel and Spaldin and interpret the
eigenvalues of the Lagrangian multipliers matrix as quasiparticles.

Finally, we mention that, due to the lack of treatment in the theory of off-diagonal occupations
fij» we are constrained to remain in a diagonal representation of the occupation number ma-
trix. While this represents just a technical limitation in insulating systems, where the occupied
and empty manifolds are well separated, it prevents from applying Koopmans functionals to
metallic systems. A more detailed description of the problem is given in Appendix D.

About the minimization of the KI functional

With regard to the minimization procedure, the KI functional requires further discussion.
Although the KI correction does not modify the energy of the underlying base functional
at integer occupations, the energy derivatives — i.e. the orbital-dependent potentials — are
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generally different. In Appendix B, we report the full expression of the KI potential where, in
the limit of insulating systems at zero temperature, we obtain a scalar quantity [see Eq. (B.12)].
The KI correction then, does not modify the gradient with respect to fully-occupied orbital
densities, and its only effect is that of shifting downward the DFT eigenvalues. In other words,
the KI energy of the occupied manifold is unitary-invariant, and it does not allow to solve the
ambiguity in the choice of the variational orbitals. A way to avoid this issue was proposed in
Ref. [82], where the KI functional is defined as a KIPZ functional with an infinitesimal PZ-SIC
term, i.e.

ENM{pil = EN[{pil -y Y Exc[nil ~ with  y—0. (3.37)

1

The PZ-SIC term breaks the unitary-invariance of the energy without modifying significantly
the KI (or DFT) energy, and allows to determine a set of variational orbitals.

We highlight that this issue appears only for proper KI functionals, namely KI corrections on
top of local or semi-local DFAs, whereas for KIPZ there is no such ambiguity. Although KIPZ
can still be seen as a KI correction, its base functional is the PZ functional, which already
breaks the invariance with respect to unitary transformations and offers a way to determine
the set of variational orbitals. Eventually, the KI functional requires the stratagem of Eq. (3.37),
only if the base functional is unitary-invariant, and only at zero temperature — in fact, as soon
as the temperature raises, some of the orbitals get only partially occupied and non-scalar
contributions arise in the KI potential [see Egs. (B.6)-(B.11)].

3.1.5 The Koopmans Hamiltonian

In this section, we propose a definition of the Koopmans Hamiltonian (introduced for the
first time in Ref. [18]), which will turn out to be particularly useful when, in Chapter 4, we
will discuss the validity of the Bloch’s theorem in the context of ODD functionals. Below we
introduce a unique operator for the Koopmans potential, knowing that this readily extends to
the Koopmans Hamiltonian.

As we saw in Section 3.1.4, differently from standard DFT, where the gradient yields a unique
operator for any vectors in the Hilbert space, in ODD functionals the Euler-Lagrange equations
associated to the minimization problem (3.29) introduce — rather than one — a collection of

(local and hermitian) operators {f/fc},

each of which acts on a specific orbital ¢;. In other
words, the action of the Koopmans potential depends on the wave function to which it is ap-
plied. Notwithstanding this complication, it is possible to define a unique non-local operator,
thanks to the fact that for each operator ﬁfc only its action on the corresponding orbital ¢; is

considered; the Koopmans potential then reads as
i} =Y 05 1) (il (3.38)
i

where the expression on the right-hand side must be considered a whole object that cannot
be split: in particular, the quantity ﬁfc |¢p;) should be considered as a single entity, i.e. a
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vector |¢;), thus no operator, including the identity, can be inserted in between. This detail is
fundamental, as it guarantees that each ODD potential ﬁfc always acts on the orbital from
which it has been defined.

Let us consider the pair of states 1 and ¢ and compute the degree of hermiticity of 7*¢, defined
as the difference between the operator and its adjoint. By expressing the two vectors on the
basis vecotrs {¢;}, we obtain

@l 9°C = (0 O'1p) = Y @i by (19°C = (09 1)
jk
=Y aibe Y (D105 1) (Pildi) — (B jlpi) (pil O b)) (3.39)
jk i

=Y aj b (@105 kb — ;195 1) ).
ik

where {a;} and {by} are the coefficients of y and ¢, respectively, on the basis {¢;}, and on the
second line we used the fact that the potentials ﬁfc are hermitian. The right-hand side of
Eq. (3.39) is zero whenever the Pederson condition (3.36) is fulfilled. Therefore, as anticipated
in the previous section, the Pederson condition turns into a condition of hermiticity for the
Koopmans potential defined in Eq. (3.38). The same properties readily apply to the Koopmans
Hamiltonian

¢ =3 ¥ 10 (gl (3.40)

i
where fzfc =hPFT 4 o i ﬁfc are the ODD Hamiltonians defined in Eq. (3.31).

The operators in Egs. (3.38) and (3.40) are fully determined by the set of orbitals {¢;}, since
those define univocally the ODD potentials {f/fc}. In principle, at any step of the minimization
we can construct an operator as per Eq. (3.40), however, such operator would be generally
non-hermitian and become hermitian only at stationary points of the functional. As in KS-DFT,
the operators of Egs. (3.38) and (3.40) become, respectively, the Koopmans potential and the
Koopmans Hamiltonian only when constructed on the set of variational orbitals (i.e. at the
functional minimum).

For the sake of completeness, we remark that the Koopmans Hamiltonian of Eq. (3.40) could
be expressed in a completely equivalent way as

RC=Y B 1pd @) with BT = (il i), (3.41)
ij

where, in general, hfjc # (hﬁc) * and the equality holds when the Pederson condition is satisfied.
Knowing that all the arguments and properties discussed for the definition given in (3.40)
apply also to Eq. (3.41), in the following discussions we will adopt the expression of Eq. (3.40).
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3.2. Connection to MBPT

3.2 Connection to MBPT

In the previous section we introduced Koopmans spectral functionals, a class of orbital-
density-dependent functionals that aim to describe charged excitations. As we saw, the ODD
character makes the framework more intricated with respect to standard density-functional
approaches, mainly because of the lack of unitary-invariance. However, this feature is possibly
the reason for the success of Koopmans functionals, as it hints at a connection with frequency-
dependent MBPT approaches. In this section, we detail this aspect of the theory by analyzing
three fundamental results that lay the foundations for the bridge between ODD schemes —
and, particularly, Koopmans functionals — and MBPT.

3.2.1 The spectral potential

The first milestone is represented by the work of Gatti et al., who identified what are the
important features for the self-energy, if one is mainly interested in describing photoemission
spectra [92]. One has indeed to keep in mind that the Green’s function — or objects possibly
even more complex, such as the many-body wave function — generally carry much more
information than needed, and when targeting specific properties it might not be necessary to
resort to the Green’s function in its full complexity. In their work, Gatti and collaborators make
use of the Sham-Schliiter-like equation [58], to derive an expression for the so-called spectral
potential. Following their argument, we define p{G} as the part of the Green’s function G that
we want to predict, and introduce another Green’s function G which shares with G the same
part, namely p{é} = pi{G}. If V is the self-energy for G, from Eq. (2.58) we obtain the following
Dyson equation connecting G and G:

G=G+G(2-V)G. (3.42)

Assuming p{-} to be linear, the equation that follows from the fact that p is the same for the
two Green’s functions is
p{G(Z-V)G}=0o. (3.43)

When the targeted property is the static density p(r), G takes the form of the Green’s fucntion
of the KS system, and the self-energy 174 solving Eq. (3.43) is the xc potential. If we are interested
instead in spectral properites, we may aim for the trace of the imaginary part of G —i.e. the
spectral function A introduced in Eq. (2.57) —which, as discussed in Chapter 2, gives direct
access to photoemission spectra. By introducing the Green’s function Gsr, whose imaginary
part shares the same trace of the real G, the corresponding self-energy Vsr is given, from
Eq. (3.43) by

Vs (r, w) :fdrldrzdrg 7 Hr, r3,0)Im [Gsg(r3, 11, 0)2(11, T2, 0) G(12, T3, 0)], (3.44)

where we reasonably assumed Vgg to be a real and local - yet, frequency-dependent — function.
The quantity Vsg is called spectral potential and its existence is guaranteed by that of the inverse
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Chapter 3. Koopmans spectral functionals

of {(r,r",w) = Im|[Gsp(r,r,w)G(r',r,w)]|. Eq. (3.44) is a fundamental result which shows
that in order to predict the photoemission spectrum of the system, the effective electronic
interaction can be modeled in terms of a dynamic but local potential, meaning that the non-
local part of the self-energy that contributes to spectral properties can be transformed into a
frequency-dependence.

3.2.2 Orbital-density-dependent potentials

In Section 2.3, we saw that the Dyson equation for G can be remapped into the non-linear
eigenvalue problem
[0+ 2(@)] 1§ (@) = £4(@) pr (@)), (3.45)

where ¢ (w) are the Dyson orbitals appearing in the numerator of Eq. (2.55), and € (w) are the
poles of the Green’s function. A useful way of dealing with Eq. (3.45) consists in applying the
quasiparticle approximation, which rather than considering the full (continuous) frequency-
dependence, focuses on the solutions corresponding to a set of representative poles {w,}, for
which & (w;) = w,. Within the quasiparticle approximation, the w-dependence dissapears
and Eq. (3.45) takes the form

[0+ 0] ) = 0n ), (3.46)

where in = i(wn). As pointed out by Ferretti et al. [13], Eq. (3.46) closely resembles the
eigenvalue problem for an ODD Hamiltonian — compare to, e.g., Eq. (3.30) in its diagonal
form - and highlights the similarities between the ODD potentials and the quasiparticle
representation for the self-energy. Moreover, in a framework that retains only the relevant
information for the computation of spectral properties, the non-local part of the self-energy
can be dropped (as discussed in Section 3.2.1) and the correspondence with local ODD
potentials becomes perfect. Ultimately, these observations suggest that ODD local approaches
could provide effective approximations to many-body spectral potentials [13].

3.2.3 Physics of KIPZ

Backed by the evident correspondence between many-body self-energies and ODD potentials,
we now specify to the case of Koopmans potentials — particularly, in the KIPZ flavor — to
highlight what kind of physics is embodied in this method. Following the approach of Colonna
et al. [16], we consider a second-order approximation for the KIPZ functional: from the
definition given in Eq. (3.14), and the second-order expression for the KI correction terms of
Eq. (3.27), the relaxed second-order KIPZ correction reads as

KIPZ(2 KI(2
HE ():HE ()_fiEch[ni]

1 (3.47)
= Efl(l —fl) (nilFuxclni) _fiEch[ni]»
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where we adopted the notation of Ref. [16] to express double integrals —i.e. (1n;|Fxc|ni) =
[ drdr'n;(r)Pux(r,r)n;(r') — and we introduced the screened kernel Fpye = €7 figxc; as
usual in this thesis, we dropped the spin indeces to lighten the notation. The second-order
KIPZ ODD potentials are obtained by deriving Eq. (3.47) with respect to p;. While the full
derivation is given in Appendix B (there the details are given for the full Koopmans potentials,
whereas the simpler derivation for the expressions at the second-order is left to the reader),
here we just report the final expression:

1
v ) = = 2 il Frasel nid + (1= f) f dr' Pxe(r, ¥ ni(r')—
(3.48)
Epxc[ny] +fdr vaxe([ni], )1 (r) — vaxc([n;], 7).

In the following, we consider two special cases: we first neglect both xc terms (Hartree-only
approximation) and the screening effects, i.e. Fuxc = fiixe, and then we account again for the
screening (still within the Hartree-only approximation) [16].

Unscreened Hartree-only approximation

Recalling that fiy(r,r') = 1/|r — r'|, the second-order KIPZ potential reduces to

S GOEE % (il fuln) + (1= f;) f dr' fu(r,rn;i(r')-

Eyln;] +fdr va([n], r)n;(r) —va((n;il, r) (3.49)

=—Enlnl+ (1 - fHva(n;l, r) — Euln;l + 2Eg(n;] — va((n;l, r)

=— fiva([n;l,r).

We can easily show that the matrix elements of this approximated KIPZ potential are very
similar to those of the Fock exchange, pointing out the equivalence between the second-order
unscreened Hartree-only KIPZ and the HF Hamiltonians. To prove it, let us write down the
expression for the matrix elements of the Fock exchange: given its unitary-invariance we
can represent Jx on any basis of the occupied subspace p, and we choose the representation
of the KIPZ variational orbitals, {¢;}. On this representation the density matrix takes the
formy(r,r') =Y fk(p;;(r' )i (r) (we are neglecting, for simplicity, the off-diagonal elements
entering the expression of y). As mentioned already, and discussed in detail in Section 4.1, the
Koopmans variational orbitals are usually very localized in space - thus, they have a minimal
overlap — which allows to neglect the off-diagonal elements:

;PN i (')

lr—r'|

b1 Dxlepi) = —kafdrdr’
k

rd L O Pi(r)n;(r') (3.50)
N_fif rar |r—r'|
~ = fi(nilfulni) 6ij,
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Chapter 3. Koopmans spectral functionals

~uKIPZ(2)

which match with the matrix elements of 7; . We highlight that within this approximation

the KIPZ and PZ potentials are equal (for fully occupied states), meaning that the argument
above applies also to the PZ functional.

Hartree-only approximation with static RPA screening

Let us account now for screening effects (still within the Hartree-only approximation) in the
form of RPA statically screened interaction W = e};II)A fu- Eq. (3.48) gets then approximated as

1
v () » ~5 (milWing) + (1= fi) f dr' W(r,r')ni(r) + Eulni] — vu(Ini),r),  (3.51)
and the matrix elements over any pair of (localized) orbitals (¢;, ¢ j) are given by
1
(bl 0§KIPZ(Z)|¢i> ~ { (5 - fi) (nilWin;) — Enln;] }5ij- (3.52)
We consider now the Coulomb-hole with screened-exchange (COHSEX) self-energy, represent-

ing a static GW approximation. By neglecting as usual the spin coordinates (irrelevant for the
purposes of the present discussion), the COHSEX self-energy is given by

1
O, ) = S [Wr ) = fulr, )80 =)+ [—yGr W, )] (3.53)
S ZESH ’ ) Z?EX ’

As for the Fock exchange, the COHSEX self-energy is invariant under unitary transformation,
and its matrix elements over the variational orbitals benefit from the same approximations
used to derive Egs. (3.50) and (3.52):

(r)
(@, |zC°H|¢>,>——(eRPA 1) f drdr ’%mﬂ

'l
(€Rpa I)Z[d dr’

1 (NG (" (rdr(r)
ni(ryn;(r')

Y]
r—r] (3.54)
RPA 1)fd dr’

= {E(nﬂwmi)_EH[ni]}aijy

r—r Y
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3.2. Connection to MBPT

for the Coulomb term — where we made use of 6(r — r') = (r|r’) and of the completeness
relation over the basis set {¢p;} — and

(P12 )pyy = — f drdr’ ¢ (r)p;ryr, rYW(r,r"

= —kafdrdr' dF () PLr (W (r, ")
% (3.55)

~ —fifdrdr' n; (Nn;(rYWr,r'é;;
=—finilWln;)éij,
for the exchange term.

Finally, by putting together Egs. (3.53) to (3.55), we obtain the matrix elements for the COHSEX
self-energy

~ 1
(¢j1ZOM K9y ~ {(5 - ﬁ) (nilWln;) - Enln;] }«5,- N (3.56)
that perfectly match those of the KIPZ potential, given in Eq. (3.52).

The two cases discussed above highlight the connection between KIPZ ODD potentials and
many-body self-energies. In particular, already at the second order of expansion and neglect-
ing all the exchange-correlation terms, KIPZ embodies the physics of static and non-local
self-energies, such as the Hartree-Fock potential and the screened Hartree-Fock self-energy,
also called COHSEX. In line with what was stated in Refs. [92, 13], Koopmans functionals
account for non-local interactions by means of local and orbital-dependent potentials, and
thus map the non-local part of the interaction into an approximated frequency-dependence.
By overcoming the Hartree-only approximation and, ultimately, including higher orders of
perturbation, it is reasonable to assume that also dynamical effects might be accounted for. Al-
though the correspondence between full Koopmans potentials and diagrammatic expansions
of the self-energy is non-trivial — mainly due to the presence of the xc kernel — a qualitative
analysis brought to the conclusion that, eventually, Koopmans potentials might embody vertex
corrections to the GV self-energy [16].

59



Chapter 3. Koopmans spectral functionals

3.3 Summary

In this chapter we introduced the framework of Koopmans spectral functionals, a variational
approach which assigns to the orbital energies the meaning of electron addition and removal
energies. The construction of Koopmans functionals grounds on a generalization of the
piecewise-linearity condition, which extends to all the orbitals of the system and introduces an
explicit orbital-density-dependence. The complications brought about by the ODD character
—which include the breaking of unitary-invariance and the appearance of a duality in the set
of orbitals minimizing the energy and diagonalizing the Hamiltonian — hint at a connection
with many-body perturbation theory: indeed, the orbital-density-dependence is passed down
to the Koopmans potential giving it a form that resembles a local but frequency-dependent
self-energy. Such connection possibly explains the success of Koopmans functionals for
the prediction of spectral properties, and sets the stage for the interpretation of Koopmans
functionals as a method to provide effective approximations to spectral potentials.
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Koopmans functionals
for periodic systems

In the previous chapter we described the general framework of Koopmans functionals, without
focusing on the specific issues that arise when passing from finite to extended systems. Here,
we address the issues that are particularly relevant when dealing with infinitely periodic
systems, where the need for a localized set of orbitals brings about the apparent breaking of
the translation symmetries of the system. The chapter is organized as follows: in Section 4.1,
we bring up the importance of having localized sets of variational orbitals in Koopmans
functionals and Wannier functions are introduced; in Section 4.2, we discuss the validity of
Bloch’s theorem in the framework of ODD functionals, which represents one of the main
results of this thesis; finally, Section 4.3 is devoted to the formulation of Koopmans functionals
in periodic boundary conditions. As usual, we close with a small section that summarizes the
content of the chapter.

Some extracts of this chapter have been published in scientific journals [18, 19].
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Chapter 4. Koopmans functionals for periodic systems

4.1 The importance of localization

Two important aspects underlie the forthcoming discussion about the localization in Koop-
mans functionals: (i) the discussion at the end of Section 2.1.4, and (ii) the nature of the KI
correction [see Eq. (3.11)]. The effects of the orbitals localization on the derivative discontinu-
ity and on the PWL were already touched upon, whereas the impact that such effects can have
in infinitely periodic systems, and how this affects Koopmans corrections is the topic of this
section.

As usual, we start from standard DFT. It is known that local and semi-local DFAs tend to spread
the orbitals as much as possible over the whole system’s extension. This is a consequence
of the self-interaction error or, equivalently, the deviation from the PWL that affects such
approximations, to the point that it has been suggested by Mori-Sanchez et al. to interpret the
failures of local functionals in terms of a delocalization error [35]. The orbitals delocalization
modifies the way the energy deviates from the exact PWL behavior!: for finite systems — the
limited extension of the system does not let the orbitals to delocalize too much - the energy
profile is the one showed in the red curve of Fig. 2.2, where the energies at integer points are
quite correct, while at fractional occupations we observe a mistaken non-linear convex trend;
by increasing the size of the system, the orbitals delocalization increases and the non-linear
trend progressively turns into a linear one, while the relative position of the energies at integer
numbers of electrons decreases. Such behavior is a natural consequence of the convexity of
approximated energy functionals: if we consider a periodic system made of M repetitions of
the unit cell, each of which contains N electrons, and we imagine adding a fraction § of an
electron, Eq. (2.35) shows that local functionals will split the electron — equally, in order to
preserve the translation symmetry of the system — among the different unit cells. The total
ground-state energy of the system then reads as [35, 93]

EPPANM + 6) = MEP™ (N + %)

EDPFA (4.1)

= MEPA(N) + 6
(N +0 =%

2
+@(5—).
N+6 M

When approaching the thermodynamic limit (M — oo), the dependence of the energy on

& becomes more and more linear; moreover, thanks to Janak’s theorem?, Eq. (4.1) shows

10Once more, we remark that a correct PWL consists of two equally important features: (i) the linear trend at
fractional occupations, and (ii) the correct estimation of the energies on either side of each linear segment, namely
the energies at integer numbers of electrons. The fulfillment of the first requirement only, brings to a curve which
is, indeed, piecewise-linear, but without the correct slope of the linear segments; in this sense, we consider such a
curve to be deviating from the (exact) PWL behavior.

2The aufbau principle tells us that the change in the ground-state energy due to a variation in the number of
particles, is equivalent to the one coming from a variation in the occupation of the HO orbital; the Janak’s theorem
for the HO orbital can then be rewritten as a derivative with respect to the total number of particles:

dE _ dE _
dN dfyo

EHO-
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Figure 4.1: A study taken from Ref. [17], where the authors compared the performance of
PBE, KI, and KIPZ for the calculation of the IP of the alkane chain, C,, H»,, at different lengths,
and of polyethylene (infinite limit). The KI and KIPZ IPs are taken as the negative of the
HO eigenvalue, while for PBE both eyo and the ASCF value were considered. At the PBE
level, while the opposite of eyjp strongly underestimates the IP at any lengths, the ASCF value
provides accurate predictions at small lengths and, because of the orbital delocalization,
it gets progressively worse when the size of the system increases. We remark that, at the
thermodynamic limit, the ASCF value recovers the negative of the KS HO eigenvalue. On the
other hand, both the Koopmans flavors perfectly agree with coupled-cluster and experimental
results (red triangles and star), even at the infinite limit, where the orbitals are represented by
(maximally localized) Wannier functions.

that the derivative of the energy equals the KS highest-occupied eigenvalue, which strongly
underestimates the IP of the system. To summarize, when dealing with infinitely extended
systems, the energy of local and semi-local density-functionals shows a linear trend that, at
a first sight, might resemble the exact PWL behavior; however, it turns out that, differently
from what happens in small finite systems where the orbitals remain localized and ASCF-
like calculations provide an accurate prediction of ionization energies, here the separation
between energies at integer points is strongly underestimated, meaning that not only energy
derivatives, but also total energy differences (where an electron was removed from, or added
to, a delocalized KS orbital), are poor a approximation to the ionization energies of the system.

The failure of local and semi-local DFAs to describe delocalized states becomes crucial when
Koopmans corrections are introduced. As we mentioned repeatedly, the KI correction lin-
earizes the energy of the base functional at fractional occupations, and it retains it at integer
points. Therefore, for a functional that is already linear, the Hg.q terms of Eq. (3.6), or Eq. (3.11),
are identically zero. In order to have effective Koopmans corrections in extended systems, it
is necessary to switch to a localized representation of the electronic states, where the energy
does not vary linearly with respect to a change in the orbital occupations. Rather than consid-
ering the Bloch-like KS states, Koopmans functionals resort to sets of localized orbitals — e.g.,
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Chapter 4. Koopmans functionals for periodic systems

Wannier functions — where the constrained ASCF energy differences related to variations in
the filling of such orbitals yield, presumably, good results (as shown in Fig. 4.1).

The advantage of using localized orbitals has driven many DFT-based methods that aimed to
describe excited-state properties of periodic systems — some of those introduce corrections
that closely resemble the KI functional. To mention a few we find: the transition-state method
proposed by Anisimov and collaborators, which generalizes Slater’s 1/2-method by improving
the definition of the ionization energies — rather than taking the values of the energy curva-
ture, 0¢;/0f;, at half occupation, these are computed self-consistently via constrained DFT
calculations — and by replacing the KS Bloch states, for which the applied corrections vanish in
extended systems, with Wannier functions [94, 95]; the range-separated dielectric-dependent
hybrid functionals developed by Wing et al., where the optimal value of the range-separation
parameter is determined by imposing the Koopmans condition on the Wannier functions,
rather than on the delocalized KS states [73]; the Wannier-Koopmans method developed in
the group of L.-W. Wang, which augments the LDA Hamiltonian with Wannier-based ASCEF-
like terms [96, 97, 98, 99, 100, 101]; similar corrections are used also in the localized orbital
scaling correction (LOSC) scheme developed by W. Yang and collaborators, who make use of
Wannier-like orbitalets (orbitals obtained by finding the optimal compromise between the
localization in space and in energy) [102, 103, 104].

Also in PZ-SIC functionals, the orbitals localization plays a fundamental role: the density of a
delocalized orbital is locally very small, and the correspondent self-Hxc energy tends rapidly
to zero. This explains why PZ corrections vanish in the limit of infinitely extended systems,
and provides further evidence for the disappearance of Koopmans corrections:

4.2
~ EPPT[p] — PP (o] + f; (EPFT (] — EPT[p]) = 0. (4.2)

The minimization of the PZ energy naturally brings to a set of localized orbitals® — closely
resembling Foster-Boys orbitals [106, 107] in finite systems, and maximally localized Wannier
functions [108, 109] in extended periodic systems [17] — for which the magnitude of Ep[p;]
increases, and the system reaches a more energetically favorable configuration (the self-Hxc
terms are preceded by the negative sign, thus the energy is minimized by maximizing such
terms). In this sense, the Pederson condition, which provides the energy minima within a
particular subspace, is also interpreted as a localization condition. Given the equivalence
between Koopmans’ and PZ’s gradients — we remind that KIPZ is the KI correction applied to a
screened PZ functional, while KI can be seen as a KIPZ functional with a vanishigly small PZ
term — the minimization of Koopmans functionals benefits from the same “natural” predispo-
sition to localize orbitals and, ultimately, allows to have effective Koopmans corrections also
in extended systems.

3We point out that, in order to localize the orbitals, SIC schemes often require the initial guess to be already
localized, whereas starting from delocalized orbitals might bring to local minima where the orbitals are still
delocalized [105].
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4.1.1 Wannier functions

When dealing with periodic systems, the most natural choice for a set of localized orbitals
is represented by Wannier functions (WFs) [110]. The reason is that WFs possess important
properties that carry all the information about the translation symmetries of the system.
Moreover, WFs are strictly connected to Bloch functions (BFs), as they reciprocally play the
role of Fourier transforms of the other, which makes them the dual representation of Bloch
states®*.

Given the set {1} of BFs, where k are the crystal vectors living within the (first) Brillouin zone
(BZ) of the system, the most general definition for a Wannier function w,g, corresponding to
the Bravais lattice (BL) vector R and with band index n, is

1 .
|wnr) = ﬁLdk e_lkRZUI(TILCr)l Wk (4.3)
m

where Q = 873/V is the volume of the BZ. The U},f}l are unitary matrices mixing BFs with the
same crystal momentum, and their presence is a consequence of the gauge freedom that
characterizes the definition of WFs. In fact, for a given set of BFs, an infinite set of WFs — one
for each U® — can be defined. Such arbitrariness needs to be resolved in order to arrive to
an unambiguous definition of WFs: the well-known Marzari-Vanderbilt localization criterion
[108], provides a solution to this problem by means of a minimization procedure, and it will
be further discussed at the end of the section. As a consequence of the orthogonality of the
Bloch states, also WFs turn out to be orthogonal, i.e.

(WnRIWmR') =6 nmORR- (4.4)
It follows from Eq. (4.3), that WFs fulfill the translation property
wur(r+R) = wyp-p (1), (4.5)

for any pair of BL vectors (R, R'), where w,g(r) = (rlw,g) is the real-space projection of the
Wannier function. In order to highlight the importance of property (4.5), let us consider, for
simplicity, a simple 1-band case (the band index is dropped), and show that an orthonormal
set of one-particle wave functions satisfying such property, can be expressed in terms of the
BFs as in Eq. (4.3). To prove it, let us assume that the set of orbitals {wg} is orthonormal and
satisfies Eq. (4.5); since the Bloch states represent a basis for the Hilbert space, we can express
wg as a linear combination of BFs,

wg(r) = éfgdk C(R, )y (r). (4.6)

4To be exact, there is an arbitrary component in the definition which prevents WFs from having a one-to-one
correspondence with BFs; this concept will be further discussed in the section.
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By imposing Eq. (4.5), we obtain the following condition for the coefficients:
C(R+R' k)= C(R ke 'FF, 4.7)

valid for any pair of BL vectors (R, R'), and for any k in the BZ. By choosing R = 0, we can
factor out the R-dependence of the coefficients

C(R k) = C(k)e R (4.8)

and, finally, the orthonormality of {wg} forces the coefficients to be unitary, i.e. |C(k) 2=1,
from which we conclude that
C(k) = ') (4.9)

for some function ¢(k), which represents the aforemonetioned gauge freedom of WFs — for
1-band systems the matrix U® reduces to e!#®,

To conlcude this part, we point out that thanks to property (4.5), Wannier functions contain all
the information about the translation symmetries of the system, as much as BFs do. Essentially,
while for the latter this information is owned by each function independently, in the case of
Wannier functions is only by considering the whole set of functions that one can gather the
information about the translation symmetries of the system.

Maximally localized Wannier functions

As mentioned earlier, the definition of Wannier functions is not univocal, as for a given set of
BFs, WFs are defined up to a unitary transformation (block-diagonal, over k). The Marzari-
Vanderbilt localization criterion is one of the most successful methods to solve such ambiguity,
since it brings to a set of maximally localized Wannier functions (MLWFs) [108], which have
proved to be extremely useful to interpolate the electronic bands, and to compute many
physical properties [109] — including the electric polarization, the orbital magnetization, and
the electron-phonon coupling — otherwise difficult to handle with a delocalized set of orbitals.

(k) which minimizes the variance of the

The method aims to find the unitary transformation U
position operator:

min 3 (%) w, = (Y, | (4.10)

where (-),, indicates the expectation value over wyo — given the translation property (4.5),
it is enough to evaluate the spread functional of Eq. (4.10) over a single lattice vector, e.g.,
R = 0. MI.WFs are then an extension of Foster-Boys molecular orbitals (defined by the same
localization procedure) [106, 107] to periodic systems, and represent a very good guess for the
PZ and Koopmans variational orbitals. Indeed, as discussed before, such variational orbitals
result from the maximization of the Hxc self-interaction terms which, for local or semi-local
approximations, are usually dominated by the self-Hartree energy. The maximization of the
Hartree self-interaction represents an alternative localization scheme yielding orbitals that
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4.2. Bloch’s theorem in ODD functionals

are very similar to MLWFs [109]. Ultimately, all these observations justify the use of ML.WFs
either as a non-self-consistent guess for the variational orbitals, or as a starting point for the
minimization, when performing calculations of Koopmans functionals in periodic systems.

To end this section, we point out that MLWFs are only one of the infinite choices for a set of
localized orbitals, even in periodic systems. The previous argument highlights the importance
of having a set of (maximally) localized orbitals but, in principle, does not impose any par-
ticular constraint, such as the translation property (4.5). However, Wannier-like orbitals are
compliant the translation symmetries of the system and, as we shall see in the next section,
they play a fundamental role in the fulfillment of Bloch’s theorem in ODD functionals.

4.2 Bloch’s theorem in ODD functionals

The need for a set of localized orbitals brings about a fundamental problem in periodic
systems: a localized orbital density does not have the periodicity of the primitive cell, which
means that the potential built on such density — such as any ODD potential present in the
Koopmans Hamiltonian — breaks the translation symmetry of the system. The periodicity of
the effective potential is required by Bloch’s theorem, whereas the lack of this feature prevents
from describing the one-particle spectrum via a band structure picture (which represents an
actual physical observable that can be gauged via, e.g., the ARPES experiment). In this section
— representing the central result of this thesis — we show that rather than focusing on the
individual non-periodic ODD potentials, the object to consider is the Koopmans Hamiltonian
(or the Koopmans potential) introduced in Section 3.1.5; as long as the localized orbitals keep
a Wannier-like form®, the Koopmans Hamiltonian is periodic and fulfills Bloch’s theorem.

We start introducing Bloch’s theorem in a general framework (Section 4.2.1), and then we
discuss its validity in the case of standard density-functionals (Section 4.2.2), and of orbital-
density-dependent approaches (Section 4.2.3).

4.2.1 Bloch’s theorem

For any approach relying on the independent-particle approximation, Bloch’s theorem rep-
resents a fundamental result which reduces enormously the complexity of the electronic
Hamiltonian of a periodic system. As a consequence of Bloch’s theorem, and more generally of
group theory, the irreducible representations — labeled by the crystal vectors k — of the system’s
translation group allow for a block-diagonal representation of the Hamiltonian, which brings
to a band structure description of the energy spectrum. The only requirement of Bloch’s theo-
rem then, is the commutativity of the Hamiltonian with a (closed) set of symmetry operations,
which, in a crystal, correspond to the translation group of the underlying BL: {Tg}.

SWith Wannier-like form, we mean that the orbitals fulfill the translation property (4.5), and therefore are in
effect Wannier functions.
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Chapter 4. Koopmans functionals for periodic systems

In a local mean-field approach, the commutativity of the Hamiltonian with the set of transla-
tion operators, reduces to the periodicity of the effective local potential, veg(r), over the BL
vectors R. The Hamiltonian can then be co-diagonalized with the set of operators {Tg}, and
the resulting eigenvectors take the form of Bloch functions

Vo) = e ®Tu(r)  with  w,e(r+ R) = un(r), (4.11)

where the BFs are eigenvectors of the translation operators with eigenvalue e’*”. On the
basis of BFs, the Hamiltonian takes a block-diagonal form where each block corresponds to a
specific k-vector and solves the eigenvalue problem

(V+ik)?

Hp (P upk(r) = epgunk(r)  with  Hg(r) = s Veft(T). (4.12)

The eigenvalues ¢, of the Hamiltonian acquire a new quantum number k, which labels the
irreps of the translation group and gives rise to the band structure description of the spectrum.

4.2.2 Validity in standard DFT

For local and semi-local approximations of the xc functional, the KS potential is made of a
term that does not depend (explicitly) on the total density - the external potential, v(r) —and
a part whose spatial dependence is totally determined by p(r) — namely the Hartree and xc
potentials, vixc[p](r). In a crystalline material, v(r) is given by the electrostatic potential of
the nuclei which has, by construction, the periodicity of the BL; on the other hand, the Hxc
potential is periodic only if the density is. If we exclude exotic ground states — like those with
charge-density waves, where the periodicity of the density is not commensurate with that of
the lattice — the density p(r) resulting from the energy minimization is periodic, which makes
the Hxc — and, thus, the KS effective potential — periodic and compliant with Bloch’s theorem.

When performing standard primitive cell (PC) calculations®, the periodicity of the density is
assumed a priori and the KS states are defined as BFs: Bloch’s theorem is trivially satisfied, and
the band structure results effortlessly from the calculation. The same system can be simulated
without imposing the translation symmetry, via a supercell (SC) calculation’: in this case,
unless the system lowers its energy by breaking the translation symmetry, the periodicity of
the density emerges naturally during the energy minimization, and Bloch’s theorem still holds.
However, we point out that in this case, although a band structure description does exist, the
KS orbitals are not constrained to be BFs and an unfolding method (like the one discussed in
Section 5.1.1) that reconstructs the connection between the energy eigenvalues and the points
of the PC’s BZ, is required.

6The primitive cell is the smallest possible unit cell; when speaking of primitive cell calculations, we implicitly
assume a sufficient sampling of the BZ that allows to model the thermodynamic bulk limit of the material.

7In this thesis, for supercell calculations, we always refer to calculations over unit cells with a bigger periodicity
of the PC, where the sampling of the BZ consists of a single point (I'-point-only sampling); the defined supercell
demarcates the whole (simulated) system’s volume, and usually demands for a higher computational cost with
respect to PC calculations (the latter indeed takes full advantage of Bloch’s theorem).
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4.2. Bloch’s theorem in ODD functionals

4.2.3 Validity in ODD functionals

At odds with DFT, where the total density is the only quantity entering the Hamiltonian,
Koopmans functionals (and their Hamiltonians) depend on the set of variational orbital
densities, and therefore the periodicity (over the primitive cell) of the total density alone is not
sufficient to obtain a periodic potential. In this case a more stringent condition is needed, and
in the following we show that this extra condition is given by the Wannier-like character of the
variational orbitals. If the variational orbitals satisfy Eq. (4.5), the Koopmans potential (3.38)
turns out to have the periodicity of the PC and, therefore, the Koopmans Hamiltonian (3.40)
fulfills the hypothesis of Bloch’s theorem [18].

Below, we show the compliance of the Koopmans Hamiltonian with Bloch’s theorem, where
the only assumption is the Wannier nature of the variational orbitals (which actually implies
the periodicity of the total density). Since the Koopmans potential is a combination of several
PZ-like terms, for simplicity here we give the mathematical proof for the PZ potential and
for a 1-band system, while we refer to Appendix C for the full derivation for the KI and KIPZ
Hamiltonians. Definitions (3.40) and (3.41) are readily extended to the PZ potential, which on
the set of variational WFs {wg} reads as

0% =" 0pf lwr) (whl (4.13a)
R
0P =3 vpe lwg) (Wl (4.13b)
RR
where pgr(r) = frlwgr(r)[?, 05° = —duxclprl®, and vps, = (Wrl D/ |wr). To further show the

equivalence between the two definitions, we will prove that in both cases the PZ potential
commutes with all the translation operators:

A

[0Y%, Tr] =0 VR eBL. (4.14)

In the following steps, we make use of the properties of the translation operators, whose action
over any function w(r) is given by Tg : ¥ (r) — w(r + R). In Dirac’s notation, the action of the
translation operators is defined on the positional kets |r) as

Trlry=Ir-Ry, (4.15)
which is, indeed, consistent with the previous definition:

Try (r) = (r| Trly)
_ f dar' (r|Trlr'y (F'ly) (4.16)

=fdr' (rir =Ry =y +R).

8We remark that, since the ODD PZ (but also Koopmans) potentials are given by Hxc self-interaction terms,
they are local in space, i.e. (r| ﬁgzlr’) = ﬁgz(r)ﬁ(r -r’.
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Chapter 4. Koopmans functionals for periodic systems

Case A: 07 = Y p 037 |wg) (wrl

As shown in Appendix C, the occupation number of the Wannier functions are independent
from the lattice vector, i.e. fr = fo. By definition, the Wannier orbital densities pr(r) =
Jolwr(r) |2 fulfill the same translation property (4.5) as wg(r):

pr(r+R) = pp_p(r). 4.17)

The crucial step is to show that also the ODD potentials Dy [pr] satisfy the same property.
Let us consider the self-Hartree potential first:

pR(r)
onllpl, 1O :f dm

|r— r’I (4.18)

fd ,PR-R' (")
v

lr—r'|

=vu(lpr-r1,1),

where V is the supercell volume, and we made use of Eq. (4.17). For the self-xc potentials
Dxc[pr] the situation is even simpler; at LDA and GGA levels, the xc functional is generally
given by Eq. (2.19), hence the xc potential v*([pg], 1) = %(pR(r), Vpg(r)) inherits the full
r-dependence from the density. It is straightforward then, to show that vx.([pg],r + R') =
Vxc([pr-r'], 1), which finally yields the following property for the PZ ODD potential terms

VR'(r+R) = vpl o (r); (4.19)
Eq. (4.19) is sufficient to prove the final argument:
A APZ
ly) = Z TrOR lwr) (Wr )
=Y [ dr Trir) <r|z>§;,z|wR/>fdr’ (wrlr'y (r'|y)
RI
=Y [ drir-Ryvii(r) er(r)fdr’ wy (ry ')
Rl

=Y | dr|ryvg (r+ Rwp(r+R) f ar' wy_p(ry(' + R) (4.20)
RI

—Z dr |r) vp g (P wr- R(r)fdr’ (wr—glr") (r'| Trly)

fdr Ir) <rI(Z D R|WR’—R><LUR’—R|) Trly) (R ~R—R)
= 0" Trly),

where we used the fact that {R} is a closed set. The result above applies to any state |y) and,
therefore, proves the validity of Eq. (4.14).
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CaseB: 0" = Y p p Ve, |WRY (wr|

In this case, the property that allows to prove the commutativity of the PZ potential regards
the matrix elements of the PZ potential. From Eq. (4.19), it follows that

PZ ~PZ
UR+R”,R’ = (LUR+R”|V IwR’>

zfdr w;m,,(r)vg,z(r)wlgr(r)
:[dr w;(r)Ug,Z_R,,(r)er_Ru(r) (4-21)
= (wg| 0"\ wr—p)

Pz

= VRer_RH.

This can then be used to prove the commutativity of the PZ potential defined as in Eq. (4.13b):

TR i)PZ |1I/> = Z UE;/ZRH TR | WR’> <wR”|1//)

R!’RI/
_ Pz
=Y o, f dr |1 = B) wp (r) (we [)
R!,RH
=2 vfpszd" ") wr-r(r) (wr'ly)  (R'~R—R)
R!’RI/
_ Pz
=Y f dr |r) (rlwp) (W ly)
R ,R"
= Y v p_glwr) (wrrlw) (R"-R— R") (4.22)
R/yRH
= Z Uﬁ%R/r|WR’>fdr w;rr+R(r)’(//(r)
R!,RI/
_ Pz
= Z VR',R”|wR'><wR”|fdr |r—R)1,V(I‘)
R/)RH
= o f dr Trir) (rly)
= 0P Trlyy,

where, also here, we used the closure of {R}, together with the properties of the translation
operators.

The extension to the whole PZ Hamiltonian is trivial, since the remainder partis the DFT Hamil-
tonian which commutes already with all the translation operators. Although the Koopmans
Hamiltonian is more complex than the PZ one discussed here, it is made of orbital-density-
dependent potentials of the very same nature of the PZ ones, alongside scalar terms — meaning
that they do not depend on r — or terms that depend only on the total density p. The latter
are trivially periodic on the primitive cell because of the periodicity of the total density (see
Appendix C for a detailed derivation). The proof given above thus readily applies also to the
Koopmans Hamiltonian (3.40) — and actually to any PZ-like ODD approach — which then
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Chapter 4. Koopmans functionals for periodic systems

fulfills the hypotesis of Bloch’s theorem, i.e.
[Tr, K*¢] = 0. (4.23)

Itis important to stress that Eq. (4.23) proves the existence of a band structure description of the
quasiparticle spectrum resulting from the Koopmans Hamiltonian, however, the computation
of the self-interaction terms on the localized orbitals still requires to deal with non-periodic
orbital densities. The standard approach then requires calculations in a supercell, where the
information about the k-dependence of the eigenenergies is not given explicitly. An unfolding
method that allows to reconstruct this information is needed, and in the following chapter we
will describe the strategy used in this work

To summarize, we have shown that when the variational orbitals are Wannier functions [i.e.
they satisfy Eq. (4.5)] the potential K€ defined in Eq. (3.40) is periodic over the PC, making the
Koopmans Hamiltonian Bloch-compliant. As an aside, the Wannier-like nature of the orbitals
and the Bloch-compliance of Koopmans functionals also makes it possible to develop a PC
implementation of Koopmans functionals, for direct access to the band structure without
the need of supercell calculations and of an unfolding procedure [19]; a brief overview of
this implementation is given in the following section. As we already mentioned above, the
assumption of having Wannier-like variational orbitals is justified by the observation that the
minimization of Koopmans and PZ functionals in extended systems leads to orbitals with
these properties. While this has occurred in all the systems so far considered, it is important
to remark that the lack of the Wannier-like character in the variational orbitals would prevent
from applying the Bloch’s theorem and implies the actual breaking of the translation symmetry
of the system. Such situations are presumably as sporadic as when in standard DFT the
periodicity of the ground-state density is not commensurate to that of the lattice potential and
they should not be confused with special system-dependent gauge invariances that Koopmans
functionals might have. Despite the non-unitary invariance of the functionals, there is indeed
no guarantee for the uniqueness of the set of variational orbitals and we cannot exclude a
priori that there might exist some gauges for which the translation symmetry of the lattice is
broken. Eventually, in ODD functionals, the assumption of a Wannier-like character for the
variational orbitals can be considered equivalent to the hypotesis of periodicity for the total
density made in standard density-functional approaches.

4.3 Koopmans functionals in periodic boundary conditions

In the previous section, we saw that the Wannier translation property guarantees the compli-
ance of Koopmans Hamiltonians with Bloch’s theorem, despite the non-periodic character of
the variational orbitals. Here, we show that this feature can be further exploited to arrive to a
primitive cell formulation of Koopmans functionals [19]. This requires to “fold” into the PC
the expressions for the ODD terms, and to compute the screening parameters without relying
on the supercell method. In particular, this second requirement prevents us from using the
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4.3. Koopmans functionals in periodic boundary conditions

finite-differences method to compute «;, which inevitably relies on supercell calculations. On
the other hand, the linear response approach does not require to compute the energy at differ-
ent numbers of electrons, and below we show that it can be actually performed fully in the PC.
For the moment, this formalism is restricted to the KI functional only and, as for the linear
response method, it relies on a second-order approximation of the Koopmans corrections.

As displayed by Eq. (3.31), the Koopmans Hamiltonian is made of the DFT Hamiltonian,
trivially periodic over the PC, and an ODD term. In Section 5.1.1, we show that the matrix
elements of (any part of) the k-space Hamiltonian are obtained by Fourier transforming the
matrix elements in the Wannier representation [see Eq. (5.3)]:

VAL (k) =" e B (woo 0" w,r) = Y. e R (winol 05plwnr) - (4.24)
R R

The idea then is to find a way to compute within the primitive unit cell, the SC integrals over
the Wannier functions. Below we show that, with the only hypothesis of the Wannier character
for the variational orbitals, this can be done by combining integrals over the PC with sums
over the k-points. While we refer to Ref. [19] (and to the supplementary material therein) for a
more complete description of the whole formalism and its actual implementation, here we
report the most important steps.

We start with the expression for the Wannier orbital densities p,g(r) (in this context we use
the notation pj;, rather than n;, to refer to the fully-occupied orbital densities):

Pnr(r) = lWpr(r)?

=YY e e K R ()i (1) k'~ k) — q
k Kk

=3 Y e R (D)W q ()
k q

=YY e 4Rk gt (1) RO () (4.25)
k q

= =M

ei""{e_i”'R Yok, (r) Unk+q(T) }
k

_ iq-r .-nR

=) e pg (r),

where we used Eq. (4.11) to explicit the periodic part of BFs, and where the “tilde” over v .
(or uy,g) serves to remind that the WFs are defined up to a unitary transformation of BFs. The
quantity pZR(r) =e 4Ry, iy, (r) ik q(r) is clearly periodic over the PC, in this way we
made explicit the periodic part of the Wannier orbital densities (similarly to what is done for
BFs). A similar expression can be obtained for the off-diagonal (or mixed) orbital densities,

Wi war(r) =Y 7o " () with  pj"R(r) = e‘i"'R% e R (M) ingsq(r),
q

(4.26)
where the quantities pZmR (r) are again periodic over the PC.
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The next step is to write down the expressions for the matrix elements of the KI potential. In
order to do that, we recall the second-order expression for the KI corrective terms given in
Eq. (3.27), and derive it with respect to p o to obtain the second-order unrelaxed KI potential

1
Vo 2 = ~3 fs . drdr’ puo(r) fuxc(r, ¥ ppo(r) (4.27)

where we specified to occupied states (f;,0 = 1), knowing that the following arguments readily
apply to the potentials for the empty states as well. Also, here we considered just the potential
corresponding to the Wannier function wy since any other potential can be easily obtained
via Eq. (4.19). We remark that the KI potential for the occupied states is fully scalar (for a
detailed discussion see Appendix B). In order to determine the expression for ngl(z) we first

compute the self-Hartree and self-xc potentials

vi(lpnol, 1) = fsc dr' fu(r,rpne

[ ar g g
7 JsC Ir—r’l 1

=L

lq r -iG-r'
qu+Ge

sc Il‘ r |
o . (4.28)
_ZZ el(q+G) r'-r) pnO et(q+G)r
sc Ir -r a+G
. . Vi
— elar elG-r no
; % |q+ G|2 pq+G

— Z iqr Uno (r),
q

where with G we refer to the reciprocal lattice vectors, and we made use of the property
Unk(—G) = Upk+, which readily extends to the Fourier transforms of p qo(r) and, ultimately,
of Uﬁ?q(r)g. The quantity vﬁ?q(r) represents the periodic part of the self-Hartree potential
associated to a WE and from Eq. (4.28) we see that its Fourier transform is the product of
the Fourier transforms of the Coulomb kernel and of pf;o(r). In the same way we compute
the self-xc potentials (we recall that for local or semi-local DFAs the xc kernel is local, i.e.
fre(r, ) = fic(lp], )8 (r — 1)), that read as

Uxc([pnol, 1) = -/;C dr' Jre(r, r’)Pno(T/)

= ;ei""fm([p], rpp’r) (4.29)

0
=Y €T (1),
q

where the periodic part in this case is vj; q(r) JfxeUpl, r)pZO(r).

9This property follows from the fact that the periodic part of a BF fulfills Uprg(r) = e”iGT

is a consequence of a fundamental invariance of BFs, i.e. V.. = V-

uy.(r), which, in turn,
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By putting together Egs. (4.27) to (4.29), we can obtain the final expression for the KI potential,
namely

1
Un'® = =3 |L_dr prar){vntlpunl, 1)+ vsc(lpral 1}

iq- 0 0
= [ ar Y ey et i
SC q q

:fscdr ;ei"'rpzo(r)Ze"’ " Ve q (1)

_ i(q+q)- r n0 N !
"L dre () Vfiye g (1) @+q —k+G) (4.30)
i(k+G+G'+G")-r
—ZZZZP +GVH k- +G’+G”f dre
co 10 ek sc )
0(k)6(G+G'+G")

where we used the property v} The matrix elements of the KI potential

ch -q-G = ( ch q+G)
are then trivially given by

<wmo|ﬁ5;|wnR>={ZZp YeWineqic)” }6mn63,o. (4.31)
9 G

where we see that, thanks to the Wannier character of the variational orbitals and to the
properties of Koopmans potentials, the integrals over the SC can be written as sums over
the k-points and the reciprocal lattice vectors {G} of the PC - rather than as sums over the
reciprocal lattice vectors of the SC.

To conclude this discussion, we show that also the screening parameters can be easily com-
puted with the linear response method applied within the PC. This is readily obtained by
considering that, at the second order, the ratio between the relaxed and unrelaxed KI cor-
rective terms — which yields «; as showed in Eq. (3.28) —is equal to the ratio between the KI
potentials. While the unrelaxed potential is given by Eq. (4.30), the relaxed one requires to
introduce the screened kernel Fxc = € ! fix. Eventually, this brings to a very similar expres-
sion to Eq. (4.30), with the only caveat that the density term is now mapped into a quantity
that accounts for the response of the system:

piRr) — ppRa) +2ppR(r) = A+ fiae )R (). (4.32)
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and the screening parameter can finally be expressed as

rKI(2
Vo @ Z‘i ZGAP(/]+G ch q+G)
Ano =1+ =1+ (4.33)
UuKI(Z) Z Z )*
no q+~G pq+G HXC q+G

Eqgs. (4.24), (4.31) and (4.33) represent the foundation for the PC implementation of Koopmans
functionals [19].
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4.4 Summary

In this chapter we discussed the applicability of Koopmans spectral functionals in extended
periodic systems. First, we pointed out the consequences of having a localized set of orbitals —
a crucial aspect to produce non-trivial Koopmans corrections — but that inevitably brings to
non-periodic potentials, whose compliance with Bloch’s theorem is not straightforward. In
the second part, we showed that by assuming a Wannier character for the variational orbitals,
the ODD potentials inherit some important properties that guarantee the commutativity of
the Koopmans Hamiltonian with the translation symmetries of the system. Thanks to this
result, the hypothesis of Bloch’s theorem is satisfied and the band structure description of the
energy spectrum is recovered. As an aside, this suggests that the condition of the Wannier-like
character for the variational orbitals is an actual manifestation of the translation symmetry in
the context of ODD functionals, and can be considered as an equivalent of the less constraining
requirement of periodicity of the total density valid for standard density-functionals. Finally,
we discussed how the Bloch-compliance of Koopmans functionals can be exploited to realize
a formulation of Koopmans functionals that does not require to compute any quantity in the
supercell.
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Band structures of semiconductors
and insulators

In this chapter we discuss the details of practical calculations, and the results obtained for a
set of reference insulating materials. Thanks to the validity of Bloch’s theorem, discussed in
Chapter 4, it is possible to obtain electronic band structures — within the primitive cell’s BZ -
either from a supercell approach, by means of an unfolding method, or from the primitive cell
implementation described in Section 4.3. The computational details of the calculations, in-
cluding the description of the unfolding method and of the Koopmans workflow, are discussed
in Section 5.1, while in Section 5.2 we report the obtained results.

Some extracts of this chapter, as well as the reported results, have been published in scientific
journals [18, 19].
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5.1 Calculations with Koopmans functionals

Electronic-structure calculations using Koopmans spectral functionals are performed follow-
ing two different approaches, based on the two strategies to compute the screening parameters
discussed in Section 3.1.3: the first makes use of the finite energy differences strategy and
relies on the SC method to model the system deprived of a particle, the second resorts to linear
response theory and takes full advantage of the system’s symmetries by exploiting the Wannier-
like nature of the variational orbitals. The two approaches have different implementations —
called KCP and KCW — and different workflows, which will be further discussed in Section 5.1.2.

The former represents the original approach used to perform the first calculations in crystalline
materials [17], although, in that case, the quasiparticle energies were computed only at the
I'-point of the SC (no information about the k-dispersion in the PC). By means of an unfolding
technique — which, once again seizes on the fact that the variational orbitals are WFs, to
reconstruct the k-dependence of the Koopmans Hamiltonian — here we show, for the very first
time, band structures calculations from Koopmans functionals along any path in the BZ [18]
(from now on, when speaking of the BZ, we will implicitly refer to the PC’s BZ, since for the SC
we always consider a I'-only sampling of the BZ). We remark that this approach is the most
complete one as it offers the possibility to perform calculations for any Koopmans functionals,
and it contains a direct energy minimization algorithm that allows to compute the variational
orbitals in a self-consistent way.

The second approach came out more recently [19] and relies on a second-order approximation
of the I1; terms which, for the moment, has been developed only for the KI functional. Also
it does not include any variational procedure, which means that the variational orbitals are
selected in a non-self-consistent way. On the bright side, the linear response approach does
not require to compute the self-consistent energies of the system with an additional electron
or hole - the screening parameters are computed directly on the neutral system via density-
functional perturbation theory (DFPT) — which makes the calculations much simpler and
computationally feasible with respect to the SC approach. Although most of the work carried
out in this thesis was performed using the SC approach, in this chapter we will describe also
the PC implementation and show some results obtained with this method.

A big part of this thesis was dedicated to the development of some parts of the computational
code, to reach a stable implementation working for periodic systems, together with an opti-
mization of the entire workflow required to perform calculations of Koopmans functionals in
crystalline materials. In the following sections we give a detailed description of these aspects.

5.1.1 Unfolding and interpolation method

When simulating a bulk crystalline material, the infinite system is usually studied with Born-
von Karman (BvK) boundary conditions, which introduce a discretization of the k-points
inside the BZ. Equivalently, one can study explicitly the BvK supercell containing the N
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1 N2 ’ Trys, QY30 ’
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Figure 5.1: Schematic representation of a two-dimensional 2-band model showing the con-
nection between the PC and SC Wannier representations. In the primitive picture with a
4 x 4 sampling of the BZ, the WFs are identified with the pair of labels {n, R} (red labels): the
cell index R taking four values and the band index n taking two values. In the 4 x 4 SC with
I'-sampling of the BZ, the eight WFs are labeled by only one quantum number (black labels),
i.e. the SC band index a running over the eight states.

periodic replicas of the primitive cell but, as was already mentioned, in this case one no longer
has direct access to the band structure of the primitive cell.

In order to recover this band structure, several methods have been developed [111, 112, 113,
114, 115, 116, 117]; our approach follows the same strategy of [112] and exploits the Wannier
nature of the variational orbitals. By means of the transformation linking WFs and BFs [see
Eq. (4.3)], the matrix elements of the k-space Hamiltonian are obtained from those given by
the Wannier-like variational orbitals via a (double) Fourier transform:

KC ! —ik-R ik'-R’ 7 KC
B, k) = Y e R e (w gl by w lwnr)
R,R’'

. 1 Dl
— Z e—lk~Relk ‘R hlfncn(R’ R,),
R,R’

(5.1)

where we introduced the matrix elements h5$ (R, R") = (wy, RIEEIC?, |w,r). If the Koopmans
Hamiltonian is compliant with the translation symmetries of the system, the matrix elements
satisfy the property

hye (R, R') = (Wil Ay | Wnr')
= (Wil 15, plwnr—R) (5.2)

=h¥C 0,R' -R) = XS (R - R),

n

that, if used in Eq. (5.1), yields a block-diagonal matrix (as expected from Bloch’s theorem)

RYC ke, k") = XS (k)5 (k- K (5.3)

n
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with
REC (k) = Y e F R (w0l XS wpp) = Y e R RXC (R), (5.4)
R R

The diagonalization of the Hamiltonian with matrix elements defined by Eq. (5.4), yields the
quasiparticle energies €, at any k-point.

In the SC approach the Brillouin zone is sampled with a single point; as a consequence, the SC
Hamiltonian in the Wannier representation loses the information about the lattice vectors {R}
and its matrix elements are labeled by the SC index only. In order to reconstruct the k-space
Hamiltonian of Eq. (5.4), one must reconstruct the composite index {n, R} of each WF from
its supercell-picture index « (see Fig. 5.1). An effective way to do this is to first choose a
reference PC and define the orbitals with the centers inside it as the “R = 0 Wannier functions”.
The second step consists of comparing all the other WFs in the supercell with those in the
reference cell. If the Wannier translation property holds, we are able to connect each WF to its
reference function wy, and lattice vector R, defined as the distance between the centers of
the two functions. If the system has more functions sharing the same center, one can look at
the second-order moments ({(x?), (y?), (z%)) to have a more detailed signature of WFs and, if
needed, can move towards higher-order spatial moments until the character of each Wannier
function is unequivocally defined [118].

As argued in Ref. [112], Eq. (5.4) not only applies to the points belonging to the k-mesh
commensurate with the chosen supercell, but it is also an excellent interpolator. So, in
order to calculate the band structure along any path in the Brillouin zone, we obtain the
matrix elements of the k-space Hamiltonian by simply applying Eq. (5.4) to any arbitrary
k-point. In doing so, two approximations are applied to the matrix elements. To highlight
such approximations — and, especially, justify the fact that they have a negligible effect — let us
consider a point k' which does not belong to the original sampling {k} of the BZ. In Eq. (5.4),
the k-points must be commensurate! with the set of lattice vectors {R} which the sum runs
over, therefore, in order to compute the matrix elements hX5, (k') we should, in principle, sum
over a set {R'} which is commensurate to a sampling of the BZ that includes the point k’. When
interpolating the matrix elements of the k-space Hamiltonian, we apply then a zero-padding
technique [119], where the contributions coming from the bigger lattice {R'} are neglected:

KC 7./ ik'-R' 7. KC
hmn(k):Zel <Wm0|hnRr|wnR’>V/
R’

ik-R 7 KC ik-R 7 KC
:Zel (Wmolhy, gl WnR) i + Z e' (wm0|hnRI|wnR’>V/ (5.5)
R R'#R

ik-R 7 KC
= 2 e’ (Wmolhy, gl WnRY
R

where V and V' are the volumes of the lattices {R} and {R’}. In the last step the terms corre-
sponding to lattice vectors not belonging to the original lattice —i.e. R’ # R —are neglected, and

1A regular sampling of the BZ, made of N1 x N» x N3 k-points generates a system consisting of N7 x N» x N3
repetitions of the unit cell, each of which is identified by a lattice vector R; a set {k} which samples (regularly) the
BZ is said to be commensurate to {R} (and viceversa) if the latter is the direct lattice with PBC set by {k}.
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5.1. Calculations with Koopmans functionals

the integral to evaluate the matrix elements hXC (R) is calculated over the volume V (rather
than V’). The accuracy of the approximation is higher the smaller the contribution from these
terms, i.e. the more localized the variational orbitals are, or the larger the supercell becomes.
A poorly interpolated band structure is usually symptom of a significant contribution from
the matrix elements corresponding to larger R-vectors, or of a non-negligible integral coming
from the region V’\ V in the calculation of the matrix elements h - (R). Ultimately, the effects
of such approximations are reduced by increasing the size of the supercell.

Smooth interpolation method

As a consequence of what was just discussed, when reconstructing the band structure from
a supercell calculation, one faces a trade-off: on one hand, a sufficiently large SC must be
used to minimize the errors associated with neglecting long-range matrix elements of the
Hamiltonian. But on the other hand, increasing the size of the SC dramatically increases the
computational costs. In this scenario, one can exploit the fact that the Koopmans potential is
a small, slowly varying correction on top of the original DFT Hamiltonian. If one decomposes
the right-hand side of Eq. (5.4) in its DFT and KC components,

¢ (R) — K2ET(R) + v5C (R), (5.6)

it is reasonable to assume that the major source of error comes from the interpolation of
hPFL(R). This allows to improve the interpolation of the band structure by rewriting Eq. (5.4)
as

where the set of vectors {R'} now corresponds to a much larger supercell or, equivalently, it
comes from a calculation with a denser k-points grid. This represents a significant saving in
computational costs because the Koopmans calculation can be then performed on smaller
supercells than would otherwise be necessary.

In order to have a consistent representation between (a) the DFT Hamiltonian defined on a
very dense grid, and (b) the KC potential on a coarser grid, it is important to have the same set
of WFs for the two calculations. As long as this is fulfilled, the Koopmans Hamiltonian can be
factorized as shown in Eq. (5.7) and the DFT part can be obtained starting from a k-points
grid dense enough to reliably interpolate the band structure.

We stress that this method has the one goal of improving the interpolation of the band structure.
The convergence of other results, such as total energies and eigenvalues on the k-points grid
commensurate with the supercell, is typically achieved with relatively small supercells. The
technique depicted above does not affect any of these quantities and only improves the results
for the electronic eigenvalues at k-points not included in the original Monkhorst-Pack grid.
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5.1.2 Computational codes

The workflow to perform a full calculation of Koopmans functionals is rather complex, and
follows different steps, each of which requires several calculations. The computation of the
screening parameters is the most time-consuming part for both the implementations, as
it requires multiple constrained self-consistent SC calculations in the finite-differences ap-
proach, and DFPT calculations involving double loops over the plane waves and the k-points
in the linear response approach. Recently, efforts have been made to increase the computa-
tional efficiency by defining new strategies for the calculation of the screening parameters:
a machine-learning-based approach developed by Schubert et al. [120], which exploits the
correlation between the shape of the (variational) orbital densities and the corresponding «;,
has showed very promising results and could represent a breakthrough for KC calculations.

While the workflow for finite systems is simpler, though very similar, to the one for solids,
here we specify to the latter case. For both the approaches, the entire procedure consists of
three main steps: (i) the initialization, consisting of a standard DFT calculation followed by a
Wannierization of the KS states, in order to obtain MILWFs that are either used as a non-self-
consistent guess for the variational orbitals or as initial guess for the energy minimization; (ii)
the computation of the screening parameters; (iii) the final Koopmans calculation followed, in
the SC approach, by the unfolding procedure described in Section 5.1.1. Many efforts have
been put into the automatization of the Koopmans workflow, which is now fully handled by a
Python package [121], based on the atomic simulation environment (ASE) [122]. Below, we
describe in detail the various steps of the workflow for the two approaches, while a schematic
representation is showed in Fig. 5.2.

KCP code and finite-differences workflow

The finite-differences approach is based on the KCP implementation of Koopmans functionals,
where KCP stands for Koopmans-CP. This name stems from the fact that the Koopmans code
was originally implemented (for technical reasons) within an old version of the Car-Parrinello
(CP) code of the QuaNTUM ESPRESSO (QE) distribution [123, 124], although no part related
to the proper CP molecular dynamics technique is normally used. XCP allows performing
spin-polarized calculations with both the KI and KIPZ functionals; also, it contains a direct
energy minimization algorithm — this is based on the conjugate-gradient and steepest-descent
techniques, coupled with an implementation of the Gram-Schmidt orthogonalization method
—which is used to determine self-consistently the variational orbitals of the system. Besides,
the ODD character of the energy gradient makes the minimization procedure much heavier
with respect to standard DFT codes in terms of computational time and memory, due to the
need to compute and store all the different orbital-dependent potentials. KCP is a I'-only code,
which means that all the calculations are performed using the SC method. This is actually
convenient in Koopmans functionals, where large unit cells are needed to reach a sufficient
orbitals’ localization (see discussion in Section 4.1), and represents the only way to compute
the screening parameters by means of the finite-differences method.
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Figure 5.2: Schematic representation of the workflows for the (a) SC-based finite-differences
approach and the (b) PC-based linear response approach, using PBE as base DFT functional.

A standard workflow for periodic systems using the finite-differences approach starts from
a DFT calculation using the LDA or PBE functional, followed by a Wannierization of the KS
states. The KS-DFT calculation is carried out with the plane-waves (PW) code of QE, whereas
the Wannier functions minimizing the spread functional of Eq. (4.10) —i.e. the MLWFs — are
obtained from the Wannier90 code [125]. The computed WFs are then used to initialize the
first Koopmans calculation using a set of trial screening parameters {ag.o)}, which are usually
taken as the inverse of the dielectric constant (see Section 3.1.3). In the past, the initial KS-DFT
calculation and the WFs were computed in an identical SC setup (same supercell and same
energy cutoff) used then in KCP, in order to be consistent? with the input wave functions
expected by the KCP code. The problem with this strategy is that the resulting MLWFs would
generally break the translation property (4.5) with respect to the PC’s lattice vectors. The
I'-only calculations reported in Ref. [17] were not affected by this issue, whereas it became
crucial in this work to find a way around it in order to recover the compliance with Bloch’s
theorem and be able to compute PC band structures. That was done by computing the MLWFs
starting from a PC calculation with a sampling of the BZ commensurate to the SC used later
on — in this way the resulting WFs would satisfy Eq. (4.5) by construction — and then unfolding
such WFs from the PC to the SC. The procedure to extend the WFs from the PC to the SC was
implemented within a private version of the QE pw2wannier90 code.

Once the initialization step is concluded, two different directions can be taken: a non-self-
consistent road, where the computed MLWFs are taken as variational orbitals with no further

2We remark that the philosophy of QE is that of expressing any wave function 1(r) (as well as the other quantities
of interest, such as the potentials, kinetic energy, etc.) as a linear combination of PWs, meaning that y is described
in terms of its Fourier components, {1/(G)}. Since the set of G-vectors is fully defined by the geometry of the cell
and by the energy cutoff, the G-vectors, and so the Fourier components of v, are different between PC and SC.
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optimization, or a self-consistent road, where the MLWFs are the starting point for the energy
minimization which brings to the actual self-consistent variational orbitals. For KI calculations,
where the ground-state density is the same of the underlying DFT functional - this corresponds
also to the density given by the computed WFs — the default strategy is represented by the
first option (followed also in this thesis); alternatively, given the interpretation of the KI
functional as a KIPZ functional with a vanishingly small PZ term (see paragraph at the end
of Section 3.1.4), the self-consistent variational orbitals can be obtained via an inner loop
only minimization of the energy functional (no outer loop since we do not need to update
the total density). For KIPZ calculations, since also the ground-state density changes, the
variational orbitals are normally computed self-consistently via a combined outer-inner loop
minimization. In this thesis we often report also results obtained from a perturbative KIPZ
(pKIPZ) approach: essentially, this consists of a KIPZ calculation where the variational orbitals,
as well as the screening parameters, are taken from a prior KI calculation.

After the variational orbitals have been obtained, the orbital-dependent screening parameters
are computed. As discussed in Section 3.1.3, these are obtained performing constrained self-
consistent calculations where the selected orbital is each time kept frozen, and its occupation
is set to zero (for occupied states) or to one (for empty states). This allows to calculate the
energy difference AEf.(C appearing in Eq. (3.20) which, together with the expectation values of
the DFT and Koopmans Hamiltonians over the frozen orbital, represent all the ingredients
needed to compute «;. We point out that in this phase, finite-size corrections are introduced in
order to account for the spurious interactions between the periodic replicas of the introduced
electric charge. Details about this aspect are given in Section 5.1.3.

Finally, we perform a conclusive Koopmans calculation with the computed screening parame-
ters. The resulting Hamiltonian is then unfolded to the PC and interpolated along a chosen
path in the BZ; its eigenvalues provide the band structure of the system.

KCW code and DFPT workflow

The KCW code (standing for Koopmans-Compliant Wannier method) contains a primitive cell
implementation of Koopmans functionals (only for the KI functional, for the moment), where
the screening parameters are computed from DFPT for a second-order approximation of the
Koopmans correction terms [19]. As for the standard KI workflow in the finite-differences
approach, MIWFs are taken as a guess for the variational orbitals. The workflow then is pretty
much the same of the one depicted for the finite-differences approach, with the only caveat of
the different method for the computation of {a;}. Also, the absence of a “PC to SC transition”
prevents the need for an unfolding technique to extend the WFs to the SC first, and to unfold
the Koopmans Hamiltonian back to the PC after.

Since the release of the version 7.1 of QE (June 2022), KCW is officially part of the QE package
suite. On the other hand, XCP, as well as the Python package handling the workflows, are part
of a private repository which will be soon released [121].
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5.1. Calculations with Koopmans functionals

5.1.3 Finite-size corrections

In periodic boundary conditions, calculations performed on charged systems require ac-
counting for the spurious interactions between the introduced electric charge and its periodic
replicas. Given the slow decay of the Coulomb potential, the size of the cell required to kill such
self-interactions is usually impracticable — even though, for quasi-metallic systems the dielec-
tric screening of the material often damps sufficiently the electrostatic potential generated by
alocalized charge — and demands for a different treatment of these finite-size effects. Several
methods have been developed in the past years to tackle this problem [126, 127, 128, 129, 130];
here we followed the strategy proposed by Makov and Payne (MP), who computed the electro-
static energy of a point charge in a cubic system [131]:

2
= ppbe(ry 4 19, 2799

TR O(L™), (5.8)

where EPP¢, is the electrostatic energy of the point-charge in periodic boundary conditions
embodying the interaction with the replicas, L is the side of the cubic cell, g is the charge, and
Q is the quadrupole moment - if the introduced charge has a density p.(r), the quadrupole is
defined as Q = [ drp.(r)r?. In this context a represents the Madelung constant which is given
for any cubic lattice; here, a is calculated during the Koopmans workflow via a technique
resembling the Ewald summation, which allows to compute a MP-like first-order correction
also for non-cubic systems. In a dielectric medium, the natural extension of Eq. (5.8) includes
the dielectric constant and reads as (a generalization to non-isotropic systems can be found in

Ref. [132])

g’a 2mqQ
R
2¢L  3el3

E=EP**(L) + +O(L7). (5.9)
Within the Koopmans workflow, the only part of the calculation that involves a system with
anet charge is during the computation of the screening parameters, by means of the finite-
differences method. The energy differences obtained by emptying (filling) an occupied (empty)
variational orbital are then corrected a posterioriin the following way:

q’a
E(N)-E;(N-1) — E(N)-E;(N-1)— —
2eL
2, (5.10)
E;(N+1)-EN) — E,-(N+1)—E(N)+62]€—L,

where the quadrupole term of Eq. (5.8) has been excluded due to technical reasons (these are
linked to the difficulty to compute the quadrupole moment for a generic variational orbital).
When it was possible, the corrections of Eq. (5.10) were tested on the systems considered in this
thesis. Few examples of convergence studies for the first-order MP corrections are showed in
Fig. 5.3: the corrected and uncorrected energy differences, resulting from the emptying of one
of the occupied Wannier-like variational orbitals, were compared at increasing system’s sizes
for LiE C, and Si. The difficulty of this study lies in the necessity of keeping the same Wannier
function when passing from one SC to another, in order to have a meaningful comparison
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Figure 5.3: The bare (in red) and corrected (in green) [as in Eq. (5.9)] energy differences are
compared at different sizes for three prototypical systems: (a) a wide band gap insulator, i.e.
lithium fluoride, (b) a medium band gap semiconductor, i.e. diamond, and (c) a small band
gap material, i.e. silicon. The energies were computed at the PBE level, and for each system
the orbitals frozen were taken from the valence band.

between the energies at different system’s sizes. For LiF and C, we observe a consistency
between the corrected and uncorrected extrapolated energies at infinite distances; as expected,
the MP-corrected energies converge much more rapidly and justify the use of such corrections
as long as the considered orbitals are sufficiently localized. On the other hand, for systems
with a very small band gap like Si, the MP corrections poorly fail: this is not surprising, as in
these situations the assumption of MP of treating the added electron or hole as a point charge
is not sufficient to model the (Wannier-like) density of the corresponding electronic state. On
the bright side, for such systems, the screening of the material naturally damps the Coulomb
potential, and the residual energy coming from the interaction between the periodic replicas
is not very significant and can be neglected.
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5.2 Results and discussions

In this section we report the results obtained for a set of benchmark semiconductors and
insulators using the two approaches described in the previous section. The base DFT func-
tionals used in these calculations are PBE, for the finite-differences approach, and LDA, for
the linear response approach. As for QE’s implementation of DFT, we take advantage of the
pseudopotential method to model the electron-ion interactions: more specifically, we used
the optimized norm-conserving Vanderbilt pseudopotentials [133, 134] taken from the SG15
[135] and DOJO [136] libraries. For the elemental compounds, the energy cutoffs have been
chosen from the convergence studies provided by the standard solid state pseudopotentials
precision protocol [137], while for the five binary compounds the cutoff was chosen by con-
verging the KS-DFT band gap within 5 meV. Unless specified otherwise, the employed k-point
Monkhorst-Pack grids to sample the BZ (thus the sizes of the SCs used in the finite-differences
approach) were 4 x 4 x 4.

The band structure of Si, C, BN, Ge, GaAs, MgO, and LiE computed with the finite-differences
approach, are showed in Section 5.2.1, whereas in Section 5.2.2 we report the band structure
of GaAs and ZnO as obtained from the linear response approach. All the materials have been
modeled using their stable experimental structure under standard conditions of temperature
and pressure: cubic rock-salt for MgO and LiE hexagonal wurtzite for ZnO, and diamond (or
zincblende) for all the rest. Experimental values for the lattice constants have been taken from
Ref. [138] or from the inorganic crystal structure database (ICSD) [139].

5.2.1 Finite differences

In order to avoid ambiguity in the choice of MIWFs mixing different subspaces, we relied on
the projected density-of-states to select the “physically motivated” initial projections. For
covalent semiconductors like Si, C, Ge and GaAs, where the s and p orbitals contribute more
or less equally in the energy range corresponding to the valence bands, the natural choice
is that of sp® orbitals. In the case of GaAs and Ge, where d semicore states are present, the
Wannierization procedure gave rise to two sets of well distinguished groups of MLWFs (d-like
and sp3-bonding orbitals); however, for Ge we observed an unphysical mixing of the two types
of orbitals. In this case, the two subsets of isolated valence bands were Wannierized separately
in order to preserve the natural atomic character of the orbitals and to not mix Bloch functions
corresponding to bands well separated in energy. This selection of the WFs follows also that
of orbitalets used by Li et al. [102], where the optimal orbitals are chosen via a localization
procedure both in space and energy. A similar situation is observed in BN, MgO and LiF: s and
p atomic orbitals contribute to separate ranges of energy and, for this reason, the hybridized
choice sp® was considered “less” physical. In all cases, the KIPZ minimization reshapes the
orbitals while maintaining the same atomic-like character.
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Figure 5.4: Band structure of Si, C, and BN: the red dots represent the PBE band structure calcu-
lated explicitly, while the blue lines are the interpolated PBE bands obtained with Wannier90;
the green lines give the interpolated KI and KIPZ bands. The zero of the energy was set at the
PBE Fermi level. At the bottom we report the initial atomic projectors for the Wannierization.
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Figure 5.5: As per Fig. 5.4, here we show the band structures of Ge and GaAs obtained from the
KI and KIPZ functionals.

We report in Figs. 5.4 to 5.6 the band structures for bulk Si, C-diamond, BN, Ge, GaAs, MgO, and
LiE The Koopmans correction is very smooth with respect to k, thereby applying an almost
constant shift (different for each group of bands) to the KS-DFT bands. As a consequence, the
major contribution to the dispersion of the energy in k-space comes from the DFT part; in
order to distinguish between possible variations due to a flawed interpolation or effectively
caused by the KC correction, we report also the interpolated DFT band structure. This has been
obtained using the Wannier90 code, that applies the same interpolation method explained in
Section 5.1.1 to the DFT Hamiltonian only.
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Figure 5.6: As per Fig. 5.4, here we show the band structures of MgO and LiF obtained from
the KI and KIPZ functionals.
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PBE QSGW KI pKIPZ KIPZ Exp-ZPR ZPR

Si 0.55 1.24 1.23 1.22 1.24 1.22 —-0.05

Ge 0.06 0.81 0.88 0.85 0.88 0.78 —-0.04

GaAs 0.50 1.61 1.58 1.54 1.55 1.57 —-0.05

C 4.16 5.90 6.84 6.87 6.94 5.86 —-0.36

BN 4.52 6.59 7.25 7.09 7.15 6.62 -0.42

MgO 4.73 8.30 8.87 8.68 9.04 8.47 [79] —0.64
LiF 9.15 14.50 15.58 15.13 15.36 15.35[79] —1.15[140]

Table 5.1: Fundamental band gaps (in eV) as obtained from the three Koopmans flavours
mentioned above, using the finite-differences approach. The values for Ge and GaAs are
corrected by 0.1 eV due to spin-orbit coupling. The QSGW values are taken from Refs. [9, 79].
If not specified otherwise, the experimental band gaps and the corresponding corrections due
to zero-point renormalization (ZPR) are taken, respectively, from Refs. [138] and [141].

The calculated band gaps are reported in Table 5.1, where we see that in most of the cases
the agreement with the experiment is remarkable. In the case of diamond, all the Koopmans
flavours significantly overestimate the gap by about 1 eV. The reason might be related to the
high degree of localization of the variational orbitals (see Table 5.2) that generally results in
larger Koopmans corrections. We observe that, with respect to the other covalent semicon-
ductors, the shift of the conduction bands of diamond is much larger. Using a different type
of orbitals, e.g. starting from separate s- and p-like WFs, reduces the band gap, thanks to the
smaller localization of the orbitals; however, this requires further study and justification, and
it is not considered in this work. This case also unveils one of the limitations of the Koopmans
approach: while the occupied variational orbitals are unambiguously defined as those that
minimize the total energy, for the empty orbitals no analogous criterion exists. Here, the use
of MLWFs represents a reasonable but nevertheless heuristic choice.

For Si, Ge, GaAs and BN the agreement with previously published Koopmans results [17] is
within 0.1 eV. In the other cases the disagreement is probably due to the differences in the
WFs used. We remark that, in Ref. [17], the whole procedure took place entirely within a
supercell approach: the MLWFs were obtained from supercell I'-sampling calculations where

occupied empty

Si 6.219 2.980

Ge 5.757 3.120

GaAs 6.068 3.093

C 9.344 5.925
BN 8.407 / 7.714 4.681 /5.313

Table 5.2: Hartree self-energies (in eV) of the (occupied and empty) MLWFs for the four
covalent semiconductors and for BN.
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PBE QsGw KI KIPZ Exp
Si
Iy =T, 11.96 12.04 11.96 12.09 12.5(6)
X4y — Ty, 2.84 2.99 2.84 2.86 2.9
Liy =T, 6.96 7.18 6.96 7.04 6.8(2)
L, — T, 9.63 9.79 9.63 9.74 9.3(4)
I, — Tise 2.56 3.35 3.24 3.26 3.35(1)
I, — T, 3.33 4.08 4.00 4.01 4.15(1)
I, — Xic 0.69 1.44 1.36 1.37 1.13
I, — Lic 1.51 2.27 2.18 2.19 2.04(6)
I, — Lac 3.33 4.24 3.99 4.00 3.9(1)
GaAs
(e 14.9 17.6 16.9 17.7 18.9
LiF
(E1s(Li)) 40.8 - 46.2 47.1 49.8
(€25(F)) 19.5 - 20.2 21.0 23.9

Table 5.3: In the upper part we report the energy differences (in eV) for Si at special symmetry
points in the BZ, wrt to the top of the valence band (", ). The results from GW calculations
and the experimental values are taken, respectively, from Refs. [142] and [138]. The central part
of the table contains the average position of the d-bands of GaAs; in this case the experimental
and theoretical (self-consistent GW) values are taken from Ref. [79]. At the bottom we report
the position of the 1s bands of Li and 2s bands of F in LiF; experimental values are taken from
Ref. [143].

the additional degrees of freedom can give rise to qualitatively different Wannier functions.
In fact, while in the supercell approach there is no constraint on the unitary transformation
connecting Wannier and Bloch functions, in the primitive cell approach the unitary transfor-
mation is a block-diagonal (over k) matrix and so the mixing is different in the two approaches.
This difference is even more marked when dealing with empty states: the presence of an
entangled group of bands calls for a disentanglement procedure in order to define the Wannier
functions, namely the selection of an optimal subset of Bloch states. This procedure is also
k-dependent, thus the optimal set of Bloch functions selected in the supercell and primitive
cell (even when the same energy windows are used) is generally different.

With regard to the rest of the spectrum, by looking at Figs. 5.4 to 5.6 we see that the main effect
of the Koopmans correction is a shift of the DFT band groups — downward for the valence,
upward for the conduction - that is quite smooth with respect to k, and fairly constant for
bands corresponding to orbitals with the same chemical character. In principle, the only
situation where the correction consists of a rigid shift of the bands is for the case of the KI
potential acting on equivalent occupied states. From Eq. (B.12), we know that the KI potential
for the occupied states is scalar, thus its representation on the variational orbitals yields a

94



5.2. Results and discussions

diagonal matrix. When the occupied orbitals have all the same character, which is for instance
the case of the sp® orbitals in Si or C, the KI potential reduces to a multiple of the identity
and the correction is a simple shift applied to all the DFT eigenvalues. On the other hand,
in the presence of valence orbitals with a different character — e.g. sp® and d orbitals in
GaAs — although still diagonal, the KI potential is not anymore a multiple of the identity
matrix and the effect of the correction is non-trivial. This becomes even more pronounced
for the potential acting on the empty states or for the KIPZ potential: because of the presence
of space-dependent terms, the matrix representation of the potential is non-diagonal and
the Koopmans correction can affect also the bandwidth as well as the inter- and intra-band
distances. Yet, the effect of these off-diagonal elements is minor: in a localized representation,
such as that of the variational orbitals, and because of the local nature of the Koopmans
Hamiltonian, the dominant matrix elements are diagonal, whereas the contribution from the
off-diagonal matrix elements is second-order.

Finally, in Table 5.3 we can see that for Si the relative distance between valence bands (first
block of points), well described already at the PBE level, is not modified by the KI correction.
The second block of points shows the energies which are different from the fundamental band
gap: the remarkable agreement with the results from photoemission experiments, and not
only with the first ionization energies, further emphasizes the capability of KC functionals in
predicting the full band structure.

5.2.2 DFPT

Here, we report the results obtained with the PC implementation of the KI functional for
two systems: gallium arsenide and zinc oxide [19]. The first system allows for a comparison
between the finite-differences approach, which uses the full expressions of Hi.q [given by
Eq. (3.11) and the linear response approach, based on a second-order approximation of the KI
correction terms [given by Eq. (3.27)]. The second system instead highlights the advantages
of this recently developed PC-based implementation, which makes more feasible to deal
with complex systems: the PC of ZnO contains about 2 to 3 times more (pseudo-)electrons
than the previously considered systems which, in the SC approach, brings to an increased
computational load of one to two orders of magnitudes (for the supercells considered in this
work).

In Fig. 5.7, we report the band structure of GaAs as obtained from the two approaches, using
an identical setup (same MLWFs and same parameters). When applying the KI correction on
top of the LDA functional, the second-order approximation does not seem to affect results
— this is not always the case, as there are systems, such as LiE for which the second-order
approximation of KI@LDA deviates from the full functional, as showed in Ref. [19] — whereas
when starting from PBE there are significative differences in the empty bands, as well as in the
deep flat bands coming from the d-states of Ga. The second-order approximation brings to
different expressions for the screening parameters and for the Koopmans Hamiltonian which,
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Figure 5.7: KI band structure of GaAs as calculated with the (full) finite-differences and the
(second-order) linear response approach, using (a) LDA-based and (b) PBE-based functionals.
At the bottom we report the numerical results (in eV) for the band gap (for the sake of com-
parison, we did not include any renormalizations due to zero-point motion and spin-orbit
coupling) and for Ga d-bands.

in principle, could become significant for systems that are not dominated by the Hartree and
self-Hartree terms — we recall that the Hartree energy depends quadratically on the density and,
therefore, it is exact at the second-order. For such systems the contribution from the exchange-
correlation energy, as well as from the orbital xc self-energies, could become important and
the truncation of such terms could lead to the discrepancies described above. Understanding
whether such differences impact more the screening parameters, or the Koopmans Hamil-
tonian (or both), is not trivial and definitely deserves some further investigations. Yet, the
possibility of performing self-consistent calculations using approximation-free Koopmans
functionals in any flavors, highlights the importance of the KCP implementation.

Zinc oxide is a transition metal oxide which, at ambient conditions, crystallizes in a hexagonal
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Figure 5.8: Band structure of ZnO calculated at different level of theory: LDA (left panel),
HSE (middle panel) and KI (right panel). Shaded areas highlight valence (light blue) and
conduction (light red) manifolds. The experimental values for the band gap and for the energy
position of Zn d-states are represented by the dashed green line and by the dashed red line,
respectively. In the table we report the values for the band gap and for the average position
of the Zn d-bands. As in Table 5.1, we subtracted the ZPR (-0.16 eV for ZnO [144]) to the
experimental band gap. GW and experimental values were taken from Ref. [79].

wurtzite structure; it is well known that ZnO is a challenging system for Green’s function
theory [145, 146], thus it represents a particularly relevant system for Koopmans functionals.
In Fig. 5.8, we show the band structure calculated at different levels of theory together with a
comparison with experimental results. The bands around the gap are dominated by the oxygen
2p states in the valence, and the Zn 4s states in the conduction with some contribution from O
2p and 2s. At LDA level, the band gap is dramatically underestimated when compared to the
experimental value. This underestimation is even more severe than in semiconductors with
similar electronic structure and band gap, like e.g. GaN, and has been related to the repulsion
and hybridization of the oxygen p- and zinc d-states [147, 148]. In fact, at LDA level, the bands
coming from Zn d-states lie below the O 2p valence bands, but are too high in energy, resulting
in upwards repulsion of the valence band maximum, and in an exaggerated reduction of the
band gap [148]. Here, we also compared the band structure calculated from the HSE hybrid
functional, which pushes the d-states down in energy and opens up the band gap improving
the agreement with the experimental values. The KI functional moves in the same direction
and further reduces the discrepancies with the experiment, providing an overall satisfactory
description of the electronic structure, in excellent agreement with the experiment.
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It is important to mention that in this case a different choice was made for the non-self-
consistent variational orbitals, represented by the so-called projected Wannier functions. These
are the WFs resulting from the projection (and the reorthonormalization) of the KS states
onto the provided initial atomic-like orbitals and, for the empty states, from the additional
— and, usually, unavoidable — disentanglement procedure. No minimization of the spread
functional is then applied, which allows obtaining WFs that reflect the atomic-like character
of the bands. This choice is actually consistent with the strategy discussed in Section 5.2.1 for
the construction of the WFs: if on one hand they should be as localized as possible, in order to
have non-trivial Koopmans corrections, on the other they should not spread excessively in the
energy domain. In ZnO, as a consequence of the entanglement of valence bands with different
atomic characters, the maximal localization procedure brings about an unwanted mixing,
or hybridization, of the KS states and a consequent deterioration of the results. Besides,
we highlight that the WFs resulting from the simple projection of the KS states are already
sufficiently localized to have effective Koopmans corrections.

5.3 Conclusions

Koopmans spectral functionals showed remarkable results for the prediction of the quasiparti-
cle energies of crystalline periodic systems, proving to be one of the best methods for electronic
band structure calculations. The finite-differences SC-based approach allows performing fully
self-consistent calculations with any flavors of Koopmans functionals, although it requires an
unfolding procedure to reconstruct the band structure within the BZ. On the other hand, the
linear response PC-based approach allows for KI calculations on top of (maximally localized)
Wannier functions, while resorting to a second-order approximation of the KI correction terms.
Such approximation showed, in some cases, discrepancies with the full approach which can
be traced back to the different expressions for the screening parameters and for the Koopmans
Hamiltonian, and definitely deserve more attention. The greater simplicity and computational
feasibility of this approach with respect to Green’s function-based methods, together with
the high accuracy of KI results (comparable to state-of-the-art MBPT methods), makes KCW
an ideal candidate for large-scale band structure calculations. Moreover, given the recent
developments in the automatization of the Wannierization procedure [149, 150], KCW could
be coupled to these methods and provide a reliable and efficient tool for high-throughput
band structure calculations. Besides, the KCP implementation remains the most rigorous
approach, as it overcomes the errors due to the second-order approximation and supports
KIPZ calculations too, and it should be preferred whenever the circumstances demand for
calculations with Koopmans functionals at the best of their possibilities.

All the information and the data needed to reproduce the results discussed in this chapter, can
be found on the Materials Cloud Archive [151, 152].
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Impurity levels of point defects

In this chapter, we present the preliminary study of defect levels in semiconductors with
Koopmans spectral functionals. After a brief motivation section, we discuss the two schemes
used to compute the energy of the defect levels appearing within the band gap of the pristine
material. Finally, we present the first results obtained for the neutral (EL2), and positively
charged defect levels in gallium arsenide when one of the gallium atoms is replaced by an
arsenic (As-antisite). This section represents a work in progress, and is part of the future
developments following this thesis’ work.

99



Chapter 6. Impurity levels of point defects

6.1 Motivation

Many properties of materials are strongly influenced by the presence of impurities and point
defects. Electrical and optical properties of semiconductors can be either quenched or stim-
ulated as a consequence of the presence of defects. In extrinsic semiconductors, the hole
and electron conductivities can be finely controlled by tuning the concentration of p-type
impurity atoms — also called acceptors, as they trap an electron and free a hole close to the
top of the valence band — and n-type impurity atoms — also called donors, as they release an
electron at the bottom of the conduction band. On the other hand, the presence of defect
centers can also have a reversed effect and trap charge carriers in localized states, as for gold
impurities in silicon [153], thereby decreasing the conductivity of the material. More recently,
the properties of impurity centers have been considered also in the context of quantum infor-
mation, since they can represent optimal systems for quantum communication: the renowned
nitrogen-vacancy (NV) center in diamond is one of them [154], as it provides a very coherent
optical transition that can be exploited to create an entangled state (a qubit of information). It
is apparent, that many modern electronic and optoelectronic devices, are somehow affected
by the presence of defects — negatively, or positively. Understanding and being able to properly
simulate such effects, is then an extremely relevant topic in computational materials science.

To test the performances of Koopmans functionals for the prediction of the position of impurity
levels in semiconductors, we considered the EL2 defect in gallium arsenide. The EL2 defect
has been for many years a pivotal research topic due to its influence on the electrical and
optical properties of GaAs, and for its appearance during the growth process of melt GaAs,
despite the total absence of any doping elements. It was observed experimentally that the
EL2 concentration increases with the stoichiometry ratio of the elemental species As/Ga
[155], which hinted at a connection with arsenic. Whether the EL2 defect is associated with a
substitutional As-antisite — taking the place of a Ga-vacancy — or with a complex of As-antisite
with As-interstitials, was object of debate for a while; today, the interpretation of the simple
As-antisite (Asg,) impurity is commonly accepted. The EL2 defect level is then given by the
presence of a neutral As-antisite and lies 0.75 meV below the bottom of the conduction band
[155, 156, 157]. The positively charged state (As’,) lies instead 0.54 meV above the top of the
valence band. Given the simple nature of this defect — the neutral As-antisite defect state is a
fully symmetric (A;) singlet — and the excellent description of the band structure of GaAs from
Koopmans functionals (see Chapter 5), the Asg, represents a perfect test case.

6.2 Theoretical schemes

In a mean-field approach, the Schrédinger equation of a crystalline material, whose translation
symmetry is broken by the presence of some point defect (substitutional or interstitial atoms,
vacancies, dislocations, etc.), reads as

—%V2w+(v+ Ud)y = Ey, (6.1)
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Figure 6.1: Impurity states emerging in As-doped silicon. On the left, we show the three shallow
energy levels forming within the band gap: a singlet (A;) at 53.8 meV below the conduction
band minimum, a triplet (7>) at 32.7 meV, and a doublet (E) at 31.3 meV. On the right, we
show an isosurface of the orbital density of the A; defect state in a supercell containing 1024
atoms.

where V is the periodic crystal potential, and Uy is the potential due to the presence of the
impurity. Depending on the spatial extension of the wave function v, two different regimes
can be identified. When the wave function spreads over the lattice, the potential Uy is much
smaller than the crystal potential, thus can be treated as a small perturbation; this is the case
of shallow impurity states. Instead, when v is localized in a small region surrounding the point
defect, the impurity potential becomes dominant in that region and is the crystal potential
that can be treated perturbatively; this is the case of deep — tightly bound - defect states. The
energy levels arising within the material’s band gap, upon the formation of a shallow defect
state, are usually located very close to the band edges, whereas the levels associated to deep
states are much more bound and sit around mid-gap.

For shallow impurities (Uyq < V), the zeroth-order Hamiltonian is that of the pristine material,
therefore it is natural to represent the electronic states with Bloch functions. Historically, this
type of impurities have been studied by means of the effective-mass equation, and in the
Kohn-Luttinger formulation [158] — where Uy is modeled via a dielectrically screened Coulomb
potential — the predictions of the shallow donor states of silicon are in good agreement with
the experiment. One of the issues with the effective-mass equation, is that it totally misses
the level splitting due to the breaking of the point symmetry of the unit cell (caused by the
presence of the impurity). If we consider for instance As-doped Si, the symmetry passes from
Oy, to the smaller group Ty, and the six-fold degenerate conduction band minimum (CBM)
splits into three groups of levels (as showed in Fig. 6.1). First-principles methods usually
embody all the symmetries of the system, and indeed the spectrum obtained, e.g., at the DFT
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level, predicts the correct splitting of the energy levels. Problem is that the size of the supercell
required to contain the density of a shallow defect state, can rapidly become unfeasible — in
As-doped Si it was showed that DFT results converge only for about 10*-atom supercells [159].
For such systems, DFT represents the only possible first-principles approach, however, the
intrinsic incapability of describing the electronic energies via the KS eigenvalues, demands for
higher-level methods. Besides, it is worth to mention that schemes that include a posteriori
corrections of the KS eigenvalues, showed a remarkable accuracy in the prediction of the
shallow donor states of silicon [159, 160].

Deep defect states are instead more easy to tackle from a computational point of view. The
dominant character of the impurity potential (Ug > V) in the region of the defect center,
favors the localization of the wave function. The supercells used to model this type of defects
contain an order of 10? atoms, which makes calculations with advanced electronic-structure
methods more feasible. In the following we report two possible approaches to the problem,
used mainly in the context of hybrid functionals and Green’s function methods, and see how
those can be employed in the context of Koopmans functionals.

6.2.1 The formation energy approach

The formation energy of a defect within a solid, is defined as the work required to pass from
the pristine material to the system containing the impurity [161]. For a defect in the charge
state g, the formation energy reads as

E} () = B () — Eioh = 3 nipti +q (€5 + £y + AV), 6.2)
1

where E{'(q) and E[%, are the total energies of the system with the defect and of the pristine
material; n; is the number of atoms of species i added to, or removed from the pristine system;
€F, &y and AV are the Fermi energy, the top of the valence band, and the potential alignment
between the pristine material and that containing the defect. The presence of ¢, is due to the

convention of referring the Fermi energy with respect to the top of the valence band.

At the DFT level, the binding energy of a defect state is defined as the transition energy
between two different charge states. In this picture, the Fermi energy represents the energy of
the electronic reservoir, that can be tuned in order to identify the most stable configuration.
As showed in Fig. 6.2, the transition between two different charge states g and g’ occurs when
two formation energy curves cross each other: the intersection point provides the energy of
the impurity state, €(g/q’). The expression for €(q/q’) is then given by the solution of the
equation for e fulfilling the condition Eé‘“(q) = Eé"t(q’ ) [162]:

E’[Ot(q) _Etot(ql)
e(qlq) = d d _
q'q 7—-dq

ey —AV. (6.3)
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Figure 6.2: Defect formation energies for different charge states (q = 0 green, g = +1 blue,
g = +2 red) as a function of the Fermi energy. In this example, reproducing qualitatively the
trend of E(]; for the As-antisite in GaAs, the continuous piecewise-linear line gives the most
stable configuration. Two transitions, each of them involving the loss of an electron, occur at
the crossing points between two formation energy curves.

In order to solve Eq. (6.3), we need to: (i) compute the total energies of the system with the
impurity in the two charge states g and ¢/, (ii) calculate the band structure of the pristine
material (or at least determine the energy of the top of the valence band), and (iii) align the
energy reference of the system with and without defect. The potential alignment can be
performed by comparing the planar averages of the electrostatic potential in a region far from
the defect; alternatively, one can compute other quantities that are supposed to match in the
bulk region, such as the expectation value of the crystal Hamiltonian over a Wannier function
(again, localized in a region which, ideally, is unaffected by the presence of the impurity). We
highlight that when computing total energies in charged systems, finite-size effects must be
properly accounted for (see Section 5.1.3).

Any approach able to compute the quantities involved in Eq. (6.3) can be used, in princi-
ple, to calculate the energy of defect states. In the framework of DFT one usually resorts
to local or semi-local functionals or, for more accurate predictions, to hybrid functionals.
Koopmans functionals can be also used in this context. For the KI functional, whose energy at
integer particle numbers equals that of the underlying DFT functional, this strategy is quite
straightforward: the total energies can be computed at the DFT level, whereas the band edges
can be obtained from a KI calculation. Indeed, as we saw both in theory (Chapter 3) and in
the results obtained here (Chapter 5) and in previous works [17, 16], Koopmans functionals
provide individual corrections to the orbital energies, meaning that they predict the absolute
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position of the quasiparticle energies (and not just the relative shift). In this way, computing
the energy of impurity levels requires KI calculations only for the pristine material. At the
KIPZ level, the underlying functional is the (screened) PZ functional, which should be then
used to compute total energies. However, in first approximation, one could still compute
the energy differences from a standard density-functional, and apply shift of the band edges
computed from a KIPZ calculation. This approach is particularly effective in systems where
the defect state is localized: in these cases the delocalization error is minimized, and the total
energies computed from local or semi-local functionals and from hybrid approaches — and,
presumably, from the PZ functional — are very similar [157].

6.2.2 The quasiparticle approach

For methods whose orbital energies reproduce accurately quasiparticle excitations, the posi-
tion of defect states for a charge-transition from g to g + 1 can be computed as [162]

e(q/g+1)=[E(g+1,Ry) — E(q,Ry)] + [E(@+1,Rz1) - E(q+1,R,)] . (6.4)

The first term between square brackets represents the unrelaxed ionization energy (R is the
equilibrium geometry for the system with charge g), whereas the effects due to structural
relaxations, following the electron or hole removal processes, are accounted for via the second
term. The energy of the defect state can be evaluated from Eq. (6.4) when MBPT methods,
such as the GW approximation, are employed, in combination with a DFT computation
of the structural relaxation energy. We highlight that, as an alternative to MBPT, similar
calculations were carried out with remarkable results using the PZ functional [163]. In this
context, also Koopmans functionals are perfectly suitable since they directly provide the
charged excitations of the system. Differently from the approach based on the formation
energy, here the Koopmans calculation must be performed for the system embedding the
impurity, which generally is computationally more demanding. On the other hand, it possibly
provides a more complete treatment of the problem, as it accounts for effects that are not
considered by the approach described in the previous section — such as the different shift of
the band edges in the system with and without the defect.

6.3 Results and discussions

In this section we show the preliminary results obtained by means of the two procedures
described in the previous section. As mentioned earlier, the defect levels considered in this
work come from the As-antisite in GaAs: in the notation introduced ealier, the neutral Asg,
defect level (EL2) is given by €(+1/0), while the positively charged Asa a is given by e(+2/ + 1).

Starting from the formation energy approach, we compared the results obtained from Koop-
mans functionals with Komsa and Pasquarello [157], who considered different types of hybrid
functionals: HSE, PBEO, tHSE, and tPBEO, where in the last two hybrids the mixing parameters
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Figure 6.3: Comparison of the £(+1/0) and £(+2/ + 1) defect states (in eV) of As-antisite in
GaAs, calculated from different hybrid functionals [157] and from the three Koopmans flavors.
All the values are referred to the top of the valence band and include a correction of 0.1 eV due
to spin-orbit coupling. In the bar plot above, we report the relative errors for each method.

are tuned to match the experimental band gap. To focus on the electronic effects and avoid
any possible discrepancies coming from the differences in the structure or in the parameters
used in the calculations, we took the values for the PBE defect levels from Ref. [157]. In that
work, the total energies were computed on the HSE relaxed structure using the experimental
lattice parameter, and the finite-size effects were corrected by means of the method proposed
by Freysoldt et al. [129]. The energy of the defect states at the Koopmans level was then
computed by shifting the PBE band edges of the pristine GaAs, as obtained from a Koopmans
band structure calculation. The results are reported in Fig. 6.3. The EL2 defect level is slightly
overestimated, but the accuracy is comparable to that of optimally tuned hybrid functionals.
Once more, we remark that while in Ref. [157] the total energies were computed each time
at the hybrid level, the results obtained from Koopmans functionals rely simply on PBE total
energies. Regarding the charged As/’, state, the results obtained from pKIPZ and KIPZ are in
perfect agreement with the experiment, and also KI shows a good accuracy.

PBE KI pKIPZ Exp
e(+1/0) 0.05 0.63 0.59 0.77

Table 6.1: Energy (in eV) of the EL2 state of GaAs computed via the quasiparticle approach.
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Figure 6.4: Density distribution of the EL2 state: in (a) we show a particular isosurface which
highlights the expected tetrahedral symmetry of the wave function, and in (b) we show the
profile, along the [111]-direction, of the density for SCs of different sizes.

We then considered the “quasiparticle approach” and performed calculations of Koopmans
functionals directly on the SC containing the antisite arsenic. For the moment we report the
results only for the KI and pKIPZ functionals, as the KIPZ minimization brings to a possibly
nonphysical hybridization of the defect state with other variational orbitals, which requires a
more detailed analysis. As for standard band structure calculations, the variational orbitals
used for the two Koopmans flavors are Wannier functions; however, rather than employing
MIWFs, here we used projected WFs (see Section 5.2.2) resulting from the simple projection
of the KS Bloch states onto the selected atomic-like projectors. Moreover, the KS wave func-
tion corresponding to the defect state has not been modified when applying the Koopmans
correction, in order to avoid the unwanted mixing of this state with other electronic wave
functions. This is possible since, already at the PBE level, the orbital density of the defect
state is sufficiently localized in space to undergo a significant Koopmans correction. The
calculations were carried out only on the neutral system (access only to the EL2 state), using a
4 x 4 x 4 SC which, as showed in Fig. 6.4 seems to be sufficiently large to converge the density
of the defect state. The results are reported in Table 6.1, where the energy of the impurity state
corresponds to the separation between the eigenvalues corresponding to the defect state and
to the top of the valence band (as for the values reported in Fig. 6.3, €, was shifted up of 0.1 eV
due to spin-orbit effects). The energy due to structural relaxations — quantity given by the
second energy difference on the right-hand side of Eq. (6.4) — was computed at the PBE level,
and displayed a non-significant contribution (less than 0.01 eV).

For the EL2 state, the results obtained with Koopmans functionals seem to agree much more
with the experiment. Especially for the KI functional, this is somehow unexpected and in
the following we will try to explain why. As discussed in Chapter 3, the KI corrective term,
HIL.G, replaces the mistaken derivative of the underlying functional (PBE in this case) with a
linear term given by the constrained ASCF energy corresponding to the emptying (or filling)
of the i-th orbital [see, e.g., Eq. (3.6)]. In first approximation, the Koopmans eigenvalues
correspond then to a ASCF energy computed at the level of the underlying functional, which is
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6.3. Results and discussions
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Figure 6.5: PBE HO eigenvalue corresponding to the EL2 defect state, for SCs of different size.
The fit was performed using the three-parameter function f(L) = a+ b/L+ c/L3.

exactly the way we calculate the position of defect levels from the formation energy approach
[see Eq. (6.3)]. According to this line of reasoning, the two approaches should give similar
results. The differences observed might be due to several factors. One possibility is that the
off-diagonal elements of the Koopmans Hamiltonian — normally less important, given the
strong localized character of the variational orbitals — give a significant contribution, and
slightly modify the ASCF value. We believe that in this specific case, where the wave function of
the defect state is unchanged when the KI correction is applied, the KI Hamiltonian is almost
block-diagonal, and the off-diagonal elements mixing the defect state with other orbitals
are all zero. The KI eigenvalue corresponding to the defect state is really equal to the PBE
ASCEF energy. Nevertheless, in general, there might be an effect due to the off-diagonal matrix
elements, especially for the pKIPZ and KIPZ functionals, and the comparison with the ASCF
might be less straightforward. Another source of discrepancy between the two approaches, is
given by the fact that the Koopmans correction shifts differently the band edges of the system
with defect, with respect to the pristine material. Already at the PBE level, the separation
between the band edges, i.e. the fundamental gap, is slightly modified (of about 10%) when
the impurity is inserted. Upon the application of the Koopmans correction, the shift of the
band edges is about 0.1 eV smaller than in the pristine system, which is not accounted for in
Eq. (6.3), and partially justifies the differences in the two results.

Ultimately, there might be a convergence issue. As showed in Fig. 6.5 the convergence of the KS
eigenvalue corresponding to the impurity state, is extremely slow with respect to the size of the
SC. This aspect is not yet understood as the convergence studies of the average electrostatic
potential, as well as the profile of the density of the defect state showed in Fig. 6.4, displayed
converged results already on the 4 x 4 x 4 SC. On the other hand, if the ASCF interpretation
of the Koopmans eigenvalues were to be correct, this convergence issue would probably be
avoided since, for localized defects, total energy differences converge much faster [157]. Yet,
a more detailed analysis of the behavior of Koopmans functionals in defect calculations is
required, in order to fully understand the differences between the formation energy and the
quasiparticle approach.
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Chapter 6. Impurity levels of point defects

To summarize, the formation energy approach allows to compute the energies of defect
levels in a very efficient way, which involves DFT calculations of total energies for the system
containing the impurity, and Koopmans band structure calculations for the pristine material.
In the case the As-antisite impurity in GaAs, the results displayed an accuracy comparable
to that of hybrid functionals for the EL2 state, and an almost perfect agreement with the
experiment for the positively charged state. The quasiparticle approach produced results
that are unexpectedly different from those obtained from the formation energy, but in much
better agreement with the experiment. The method is more complex in this case, as it requires
performing calculations with Koopmans functionals on the system with the defect, but it is
considered to be more rigorous, since it accounts for possible differences in the Koopmans
correction of the band edges. Besides, different components might play a role in this case, and
further studies are needed.
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Conclusions

In this work we explored and improved the applications of Koopmans spectral functionals
in the context of extended systems. More specifically, we first consolidated the theoretical
framework filling the gaps that hindered the use of Koopmans functionals in extended periodic
systems; secondly, we devised a scheme to overcome the technical difficulties and compute
the band structure of crystalline materials. Finally, we used the developed tools to carry out
band structure calculations on a set of benchmark semiconductors and insulators, which
confirmed the high accuracy of Koopmans spectral functionals in the prediction of the spectral
properties of materials.

The conceptual developments of this thesis include the proof of the validity of Bloch’s theorem
in the context of Koopmans functionals and, more generally, of orbital-density-dependent
functionals. While this aspect is trivially fulfilled by standard density-functional approaches,
in orbital-density-dependent methods the localized character of the orbitals brings to non-
periodic potentials whose compliance with Bloch’s theorem is less evident. Here we showed
that, with the assumption of a Wannier-like nature for the orbitals that minimize the energy
functional, Bloch’s theorem is still preserved, and a band structure description of the energy
spectrum is possible. As an aside, the reported proof required the introduction of a novel and
useful definition of the Koopmans Hamiltonian, that can be expressed as a single non-local
operator, rather than via a set of local and orbital-density-dependent Hamiltonians.

In order to perform band structure calculations, we developed two schemes that exploit again
the Wannier-like character of the variational orbitals: a first approach allows to unfold the
band structure from supercell I'-only calculations, reconstructing the connection between
each energy eigenvalue and the correspondent k-point in the Brillouin zone; the second
method maps the problem into the primitive cell, and allows to compute the band structure
without the need of an unfolding procedure. Both methods were successfully used to calcu-
late the electronic bands of semiconductors and insulators, displaying an accuracy that is
comparable to that of state-of-the-art many-body perturbation theory methods. Ultimately,
for band structure calculations, the current implementations of Koopmans functionals, can
be considered as a “cheap”, yet accurate, alternative to more complex electronic-structure
methods.
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Conclusions

Possible future developments of Koopmans spectral functionals can be divided in three cat-
egories: theoretical aspects, technical improvements, and applications. At the theoretical
level, it would be interesting to get more insights about the actual meaning of the generalized
piecewise-linearity — or Koopmans’ — condition. Originally, Koopmans functionals were seen
as amethod correcting the many-body self-interaction error, with the latter interpreted as a
deviation from the generalized piecewise-linearity condition. While this argument partially
works in molecules, in extended systems the duality between localized variational orbitals and
delocalized canonical orbitals makes it less straightforward. An alternative way of seeing the
Koopmans' condition, is as a mapping that allows to define an approximated self-energy which
brings to eigenvalues having the correct meaning of quasiparticle energies. While the second
interpretation is probably the most correct, it would be interesting to investigate whether
the Koopmans’ condition brings about some self-interaction corrections or not (that goes be-
yond the standard piecewise-linearity). In other words, is the generalized piecewise-linearity
condition a real property of the system? We remark that understanding this aspect, might be
useful also to understand if it is somehow possible to extend this condition to off-diagonal
occupations, and ultimately expand the applications to metallic systems. Moreover, connected
to the previous question there is another aspect, that is whether the Koopmans functional
represent a physical energy. As many DFT-based methods, Koopmans functionals are assumed
to inherit important properties such as the variational principle. While in the limit of fully
occupied and empty states the Koopmans energy tends to the base functional (although its
derivatives do not), in the general case (f; # 0, 1) it rather represents an ensemble of different
excited-state energies. It would be useful then, to give a more rigorous justification for the
existence of a variational principle for Koopmans functionals.

Among the several technical improvements that could raise the level of the current implemen-
tations of Koopmans functionals, we report one that is linked to the insights captured during
this work. As mentioned already, the Wannier character of the variational orbitals is a sufficient
condition for the compliance of the crystal Hamiltonian with the translation symmetry of
the system. In standard DFT, the analogous condition is represented by the periodicity of the
total density, which is then assumed a priori in calculations on periodic systems. Similarly,
in Koopmans functionals the Wannier-like nature of the variational orbitals could become a
requirement, that guarantees the compliance with Bloch’s theorem. We remark indeed that, al-
though Wannier functions represent a solution that comply with the system’s symmetry, there
might be other sets of orbitals that are energetically equivalent, yet not symmetry-compliant.
Eventually, an unconstrained minimization could lead to these orbitals rather than to Wannier
functions, impeding to obtain the band structure of the system. A “Wannier-constrained”
minimization could provide an effective way to compute self-consistent band structures from
orbital-density-dependent functionals.

Finally, backed by the recent developments and the automatization of the computational
procedures, Koopmans functionals could be employed more consistently to perform cal-
culations in extended systems. Starting from high-throughput band structure calculations
(possibly coupled with some recent automatic Wannierization techniques), one could con-
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Conclusions

sider systems that are particularly relevant in, e.g., photovoltaic applications: perovskites,
low-dimensional materials, etc. An application that was considered towards the end of this
work is that of materials that contain defects. The preliminary study reported in this work
showed promising results in this context and, given the computational relevance of this type
of systems (electronic devices, quantum computing, etc.), and the difficulty to tackle the
problem with other high-level electronic-structure methods, should be definitely considered
for future applications.
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.\ Exchange-correlation hole

The exchange-correlation hole px.(r,r’) is an object that has a precise physical meaning
and provides an alternative and useful definition of the xc energy. In order to arrive to the
definition, one can start from the pair-correlation function p(r,r’) (to ease the notation we
omit here the spin coordinates), which defines the joint probability of finding an electron at r
and another at r’ [25]:

o(r,r') = <Z5(r— ri)é(r' - rj)>

i#] (A.1)

=N(N- l)fdrg,dr4---drN|‘I’(r,r’,r3,r4,...,rN)|2.

For a system of non-interacting electrons the joint probability p(r, r’) is simply the product
of the densities of the two electrons; so that, when the interaction is switched on, the pair-
correlation function can be written as

pr,r)=p@)p) + p(r) pxc(r, 1), (A.2)

where pyx(r, r’) describes the effect on the density at r due to the presence of an electron at r’.
In the limit of non-interacting electrons, we find p(r, ') = p(r)p(r’) and the xc hole is zero; on
the other hand, the more the system is correlated, the larger will be the difference p(r,r’) —
p(r)p(r"), and thus px(r,r’). In this sense, the xc hole gives a measure of the electronic
correlation present in the system.

The xc hole, just as the xc energy, can be split in its exchange and correlation contributions.
Because of Pauli exclusion principle, which prevents electrons with the same spin from
occupying the same position, each electron is surrounded by a hole due to the absence
of electrons. The negative energy resulting from the interaction of the electron with this
(exchange) hole yields the exchange energy. Also the correlation energy generally lowers the
total energy, which can be easily understood if we consider its definition as the difference
between the exact and the Hartree-Fock energy. In Hartree-Fock theory, the energy is defined
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Appendix A. Exchange-correlation hole

as the expectation value of the exact many-body Hamiltonian over a single Slater determinant
wave function; the whole approximation is contained in the trial wave function and, due to the
variational principle, the resulting energy is always larger than the exact ground state energy.
As a consequence, also the correlation energy can be expressed as the average interaction of
an electron with its correlation hole.

A rigorous derivation of the just discussed relation between xc energy and xc hole is obtained
by means of the adiabatic connection formula (here we follow the derivation given in the
Appendix of Ref. [164]). Resorting to the same stratagem used in Section 2.2.2, let us consider
a non-interacting system where the electron-electron repulsion is slowly switched on via a
parameter A, and the external potential v (r) is designed to yield, for any value of A, the
ground-state density p of the real (fully-interacting) system. The Hamiltonian reads as

Hy=T+AVee+ Y 011, (A.3)
i

where v, - (r) takes the form of the KS potential and, when A equals 1, v, (r) yields the external
potential of the real system, v(r). The ground-state energy is given by the expectation value of
H) over the ground-state wave function ¥, and its variation with respect to 1 gives

0AEx =0, (YaAlHP 1)
= (V2100 H)|¥))
= (V| VeeP2) + ) _(¥2l01D2,:1W2) (A.4)
7

= <“P/1|Vee|\P/l> +fdrp(r)0,1v,1(r).
Upon integration between 0 and 1, the left-hand side of Eq. (A.4) becomes
E1-Ey=(To+Eu+Exc+V)—(To+ W) =Eq+ Exc+ V-V, (A.5)

with E; being the energy of the fully-interacting system, and Ej the KS energy; by comparison
with the right-hand side of Eq. (A.4), we finally obtain

1
Exc=f AA (¥ A Veel W) — En. (A.6)
0

The connection with the xc hole is found by solving the remaining integral over A, and it
follows below:

1 . 1! Wo(ry,..., ra)?
f AA (YA Veel W) = —f ary’ dn---der A, .. TNl
0 2 by lri —rjl

|\P/l(r»r,’r3)---»rN)|2 (A.7)
lr—r'|

1 1
= 5[ d/lN(N—l)fdrdr’drg---drN
0

—lfdrdr' L fldﬂt (r,r)
2 lr—r'| Jo PARE T,

114



where p, (r,r') is the A-dependent pair-correlation function, whose integral over A can be
expressed, via Eq. (A.2), in terms of the integrated exchange-correlation hole py(r,r’) =
J) dApyer(r, 1)

1 !
f dM\PMVeepm:lfdrd ’pmp(” fd ar' PP, 1) (A.8)
0 2 lr—r' |r—r'|

By identifying the first term on the right-hand side with the Hartree energy, and comparing
with Eqg. (A.6), we obtain the following expression for the exchange-correlation energy

Ey = fd fd ,p(r") pxc(r, ”, A.9)

[r—r'|

which, once more, highlights the non-interacting character of the Hartree term and the totally
correlated nature of the xc energy (as also discussed in Section 2.2.1).

The xc hole must satisfy some important constraints, one of which is the sum rule

fdr'pxc(r,r’) =-1, (A.10)

which tells us that if an electron is at r, the rest of the system must lack of one electron. The
same reasoning can be applied also within the framework of Hartree-Fock theory, that leads
to an identical sum rule for the exchange hole only. Combining this result with Eq. (A.10), one
obtains

fdr’px(r,r’) =-1, fdr’pc(r,r') =0. (A.11)

To conclude this section, we report the exact exchange-correlation hole for a system with
a fractional number of electrons. By means of the adiabatic connection and recalling the
formalism used in Section 2.1.3, if § is the fraction of electron resulting from the mixture of
the (M —1)- and M-electron systems, and N = M + ¢ is the average number of electrons, the
sum rule on the xc hole reads as [38]

pr (1) —ph, (1)
pn(r)

/dr'pxc(r,r/) =-1+601 —6)/01 dA : (A.12)
where A is the coupling constant between the interacting and non-interacting systems. It
is clear that in the limit of integer number of electrons (6 — 0) the result of Eq. (A.10) is
recovered. As discussed in Section 2.1.5, the self-interaction error present in local functionals
affects especially systems at fractional number of electrons. This is a consequence of the fact
that such functionals normally satisfy Eq. (A.10), but not Eq. (A.12). The PZ functional also
obeys to Eq. (A.10), but it improves the description of the xc hole also at fractional number of
electrons and, in particular, in the limit of non-interacting electrons, it fulfills Eq. (A.12) [38].
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KI and KIPZ potentials

Here we report the detailed expressions and derivations for the KI and KIPZ functionals and
potentials. Before moving on we list some important functional derivatives which will be
useful later on:

ofi

=0ij B.1
op;(r) J (B.1)
on;(r) 1 . pir) 1
6Pj(r’)={ﬁ5(r_r)_ f} }5ij=_i{5(r_r,)_"i(r)}5ij (B.2)
Spi(r) _ o o
5nj(r') = fi0(r—r)dij (B.3)

KI

We start recalling the definition of the KI correction (3.11), showing how it can be simplified:

™ p, p;1 = EP™[p - p;1 - EP™ (o] + fi (E°™[p - p; + ni1 - E°[p - p1) _
= Etixclp — pil = Enixc[p] + fi (Brixclp — pi + nil = Exixclp — pil), '

where we exploited the linearity of the kinetic energy functional with respect to the orbital
densities, i.e. T[p] =) ; T[p;]. By splitting the Hartree and the exchange-correlation parts we
obtain

M (p, pil = Exclp — pil = Exclpl + f; (Exclp — pi + nil = Exclp — pil) + fi(1 = fi) Eulnil. (B.5)
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Appendix B. KI and KIPZ potentials

The KI potential acting on the i-th orbital, is defined as the functional derivative of the KI
correction with respect to the orbital density p;:

R
_ oI} [p, p)] +5(Zi¢jH§I[P,Pi]) (B.6)
5pj(r) 6p;(r)
@ ®
@ ST pj) [ 6Euclp—pjl 5(p—p () L _ [ OBiclo) 0pr)
6pj(r) 6(p—ppr)  bpjr) op(r') bpj(r)
[ —— ——
0 o(r—r")
EHXC[P_Pj+nj]—Ech[P_Pj]+
[ [ 9Euxclp—pj+njl 6(p—pj+nj)" g 0Enxclp—pjl 6(p—p)(r") gy
NS 6o-pj+npa 8p;(r) 6p—pp)  bp;r)
~ ~ s [ —
onj(r/6p;(r) 0
= —Vch([P],T)+Ech[P—Pj+nj]—Ech[P—Pj] +
1
fjfvch([p—pj+nj],r’)F{5(r—r’)—nj(r’)}dr’
J
=Ech[p—pj+nj]—Ech[p—p,-]—fvch([p—pj+nj],r’)nj(r’)dr’+
Vixc([p—pj + njl,r) — vaxc([pl, r)
(B.7)
) 5(Zi¢jH§“[p,ml)=Z OEmclp—pil 8lp—p) ) [ OFuelp) Sptr)
opj(r) 7 6(p—pi)r)  b6pjr) dp(r’) 6p;(r)
[ —— ——
o(r—r") o(r-r')

SEnxclp—pi+nil 6(p—pi+n))
fi dr
6(p—pi+n)) 6p;(r)
6(rtr’)
0 Enxclp — pil 5(P—Pi)(r')d ,)
r
0(p—pN)  Op;(r)
o(r-r’)

= 3 {vrnellp - pil, 1) - vine(lp), 1) +
i£j

fi[Vch([P —pi+nil,r)— vuxc(lp —pil, r)]}
(B.8)
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By putting together Eqgs. (B.7) and (B.8), one obtains the general expression of the KI potential:

I/}(I(I‘) — U;(I,scalar(r) + U;(Lnon—scalar(r)’ (B.9)
where v?l’scalar(r) contains only the scalar terms (in the sense that they not depend on the

spatial coordinate r), and thus they do not contribute to the minimization since they apply a
homogeneous correction whose effect does not modify the shape of the orbitals

v?’scalar([p,pj],r)= Ech[,o—pj+nj]—Ech[p—pj]—/ vixc(lo—pj+n;l,r")n;(r)dr’, (B.10)

while v;.q'real(r) depends on r and so reshapes the orbitals

v o], 1) = viixe(lp = pj + 11, 1) = vse (0], 1) +

;j{vm([p—pi],n—vHXC([pl,r) + .

filvie(lp = pi+ il 1) = vise(lp = pil, ] .

Finally, we give the expression for the KI potentials on the fully occupied (f; = 1) and empty
(fj = () states:

Vi = Brxelo] - Enxclp — nj1 = f viaxe(lp], ¥)nj(r)dr, (B.12)

KI,emp / / /
v, (r) = Enxclp + nj] — Exxcl ]—fv x(p+n;l,rn;(rdr +
f HxclP j HxclP Hxc (L0 j j (B.13)

vHXC([p + n]]r r) - VHXC([,D]; r);
KI,occ
. . j . . . . .
i.e. the KI correction on the occupied states consists of a simple (orbital-dependent) shift
of the KS energies; on the other hand, v;.q’emp (r) has also some real terms and resulting in a

where we see that v is fully scalar and is therefore invariant under unitary transformation,

non-unitary-invariant correction for the empty states.
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Appendix B. KI and KIPZ potentials

KIPZ

Here we first show that the expression for the KIPZ correction given in Eq. (3.14) — introduced
in Ref. [17] - is consistent with the original definition reported in Ref. [82] [see Eq. (27) therein].

fi . 1 N
K[, pi] = — fo (il TZ(5) b s+ f; fo (il P2(5)1b3) ds — Bixelpi]

= E"[p-pil - E1p] + fi (E**1p - pi + nil — E™[p — pil) - Enxclpil
= EP™[p - pil - EP™[p] + f; (E°™[p - pi + nil - E°™[p — p;] - Epixe[nil)
=11Np, pi] = fiEnxelnil,

(B.14)

where we used the definition of the PZ functional (2.34), and the fact that dE*Z/d f;

| fi=s =
(¢pilh;%(5)|¢p;) (Janak’s theorem holds for the PZ functional).

The KIPZ functional can be seen also as a correction on top of the PZ functional rather than
a DFT one. Considering the expression given on the second line of Eq. (B.14), we can recast
Eq. (3.13) and include in the base functional the self-interaction term Ejp[p;], which brings
to the following expression:

EX1{pil) = EP™pl = 3 i Bpnxelpil + ) ailTN“1p, pil, (B.15)

[\ J
-

E*Z[{p;}]

where the base functional E*Z [{pi}] is a screened Perdew-Zunger functional, and the orbital-
dependent SIC term is scaled by the screening parameters a;. The Koopmans correction,
MYKI€PZ i this case is given by the KI correction applied on top of the standard PZ functional.

As for KI, the KIPZ potential can be obtained from the functional derivative of the KIPZ
correction term:

JKIPZ & (X ™ (p, pil)
/ 6p;(r)
3 8 (X p, pil) N 8 (X fiEnxelnil) (B.16)
- op;(r) op;(r)

= v}ﬂ(r)+ Uch([nj],r)—fVch([nj]»r)”j(r)dr+Ech[nj]

For occupied states the only non-scalar term is the vpx([7;], r) and so the KIPZ gradient is
almost! equal to the PZ one.

lalmost” in the sense that this self-interaction potential is scaled by the screening factor a j which, in general,
can bring to different variational orbitals with respect to those that one would obtain from the full PZ functional.
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8] Commutativity of KI and KIPZ

potentials

In this appendix, we first show the independence of the Wannier occupation numbers from
the R-vectors, then we give a proof for the commutativity of the KI and KIPZ potentials with
the translation operators Tg.

Occupation numbers of Wannier functions

In terms of the KS (Bloch-like) eigenstates, the total electronic density is

P(r) = finWin(NWin(r) (C.1)
k,n

where the occupations f, follow the Fermi-Dirac statistics. We now consider the transforma-
tion connecting BFs and WFs given in Eq. (4.3), which inverted gives

W)=Y e *RUL* [wrm). (C.2)
R,m

On the Wannier basis the density takes the form

o= YRR (P wrar), (C3)
R,R'",m,n

where f, ,55' =2kp Jkp ¢ Hk(R-R) U;,’ﬁ,)l U’(Jf; *. Therefore, the matrix elements fnli,lf’ depend only
on the difference between R and R’

RR' R—-R’
mn —Jmn - (C.4)

As a consequence of Eq. (C.4), the occupancies on the Wannier orbitals, i.e. the diagonal

elements of the matrix fR% are independent from the lattice vector as claimed:

frn = fnRZ r?n_R:fr(l)n:fOVl' (C.5)
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Appendix C. Commutativity of KI and KIPZ potentials

Commutativity of the Koopmans potential

In order to show the commutativity of the Koopmans potential is sufficient to prove that, when
built on WFs, the ODD terms possess the translation property of Eq. (4.19). Starting from KI,
the full expression of the potential is given by Eq. (B.9), and is made of a scalar term (B.10)
and of a r-dependent term (B.11). The scalar terms are clearly invariant under any spatial
translations, and therefore satisfy a more stringent condition than Eq. (4.19), namely

Etixclpnr] = Euxclpnr']; (C.6)

As a consequence, the scalar part of the KI potential possesses the same property, and thus
satisfies Eq. (4.19). Among the non-scalar terms, some depend solely on the total density and
are, therefore, periodic, whereas the ODD terms are essentially of two types:

VHxc([0 — PnR + BuR], 1) ) Vhxc([p — purl, 1); (C.7)

given the similarity between the two terms, we will show the compliance with Eq. (4.19) only
for the second term, since the extension to the other type does not require any particular
manipulation. As done in Section 4.2.3, we treat the Hartree and xc terms separately; given the
linearity of the Hartree potential with respect to the density, we obtain

va(lp —pnrl, r) = va(lpl, r) — vu(lpnrl, 1); (C.8)

upon a translation of R, the first term on the right-hand side is invariant, while the second
was already analyzed in Eq. (4.18). With regards to the xc term, following the argument of
Section 4.2.3, we find that

Uxc([p—pnRrl, T +R)= Uxc(p(r + R,) —pPnr(r +R,))
= Uxe(p(r) — pur-r (1)) (C.9)

= ch([P - an—R/]y r)y
which shows that the ODD Hxc potential corresponding to the density p—p g, fulfills Eq. (4.19).

Finally, for the KIPZ potential, from Eq. (B.16) we see that the additional terms belong to one of
the aforemonetioned categories, meaning that the Wannier-like property (4.19) readily applies
also to the ODD KIPZ potentials:

vR/ P2 (r + Ry = vRRIPZ(r). (C.10)
The result above is sufficient to prove the compliance of the KI and KIPZ Hamiltonians with

Bloch’s theorem, as the second part of the demonstration [see Eq. (4.20)] is totally agnostic of
the type of ODD potential considered, as long as this Eq. (C.10) is satisfied.
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Koopmans for metallic systems

In this section we point out the issues arising in metallic systems, or anytime that the occupa-
tion number matrix is non-diagonal. We start from the spectral representation of the density
operator

p=Y filw)wil, (D.1)
i

where {y;} is the set of KS eigenvectors, and the occupation numbers follow the Fermi-Dirac
distribution: f; =1 for the occupied states, and f; = 0 for the empty states. By representing p
on the basis of {y/;} we obtain the following form for the occupation number matrix:

y M;N
1
01
F=[00 - 1 0 -+ 0 |=Toec ® Oemp, (D.2)
0 0 0
0 o0 0 0 0

where M is the dimension of the full Hilbert space, and N is that of the subspace p. In
a compact way, & can be expressed as the direct sum of two matrices defined in the M-
dimensional Hilbert space: 1, that is 0 everywhere and acts as the identity matrix over the
N-dimensional occupied subspace, and Qe that is 0 everywhere and it acts as the null matrix
over the (M — N)-dimensional empty subspace.

Let’s consider now a change of representation from the set of KS states {1;} to a set of orbitals
{¢i}, e.g. the variational orbitals. The two basis are connected by a unitary transformation
U:l¢;i) =X ;Ujilwj). Interms of the new vectors, the density operator reads as

p=Y Fixlp;) bil (D.3)
ik
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Appendix D. Koopmans for metallic systems

where f] « are the matrix elements of & = UTFU, that in general is a non-diagonal matrix. The
presence of off-diagonal elements in the density matrix represents a problem: the Koopmans’
condition [see Eq. (3.2)] applies only to the orbital occupations or, in other words, to the
diagonal elements of &. As a consequence, the formalism of Koopmans functionals does
not contain any term regarding off-diagonal occupations (f;;), or mixed orbital densities
( phi;‘ (r)¢(r)), terms which then are not treated within the current theory.

Nevertheless, some particular choices for the transformation U can avoid this problem and
preserve the diagonal form of p. Thanks to its block diagonal form, the & -matrix in (D.2) turns
out to be invariant over transformations that do not mix occupied and empty states. These
cases are represented by a unitary matrix U having the same block diagonal form of &:

UOCC 0
U= =Uopcc ® [Uemp ; (D.4)
0 Uemp
since both the identity matrix and the null matrix are trivially invariant over unitary trans-
formations, the % -matrix does not change, preserving also the diagonal form of Eq. (D.2).
Eventually, this is the way we proceed when we compute the variational orbitals of Koopmans
functionals, whether we determine them self-consistently, or we use a non-self-consistent
guess.

Solving this problem would open to the application of Koopmans functionals to metallic
systems, impossible to tackle otherwise. Moreover, also for insulating systems this would
facilitate the applications in periodic systems, since it would allow computing MIWFs without
the constraint of Eq. (D.4), which forces the separate Wannierization of the occupied and
empty manifolds (usually more complex than the Wannierization of the full manifold).
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