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Preface

Theoretical spectroscopy [1] has become one of the most active research field
in condensed-matter physics. In spectroscopic measurements an electronic
system is excited by means of an external perturbation and its subsequent
response is measured. These measurements give access to a great deal of
information about the properties of the system. The calculation of the elec-
tronic excitations [2] is hence a very powerful tool to study the properties of
the materials. On the one hand, it permits to provide an interpretation of
the experimental spectra and organize the information one can extract from
the experimental measurements. On the other hand, when experimental
results are still missing, reliable theoretical simulations allow one to formu-
late predictions about the electronic and optical properties of new materials.
For this reason it is essential to adopt parameter-free approaches that can
be used as a “theoretical microscope” to understand the physical properties
of the materials.

In particular, in this thesis I will deal mostly with photoemission spec-
troscopy. In a photoemission experiment a photon is absorbed by a sample
and an electron is emitted. By measuring the kinetic energy of the electron,
one has access to the electronic properties of the system. If the electrons in
the sample were independent particles, the emitted electron would give rise
just to a delta peak in the experimental spectrum, in correspondence to the
one-particle energy level it was occupying in the system. Instead, structures
displayed by photoemission spectra are much more complex and hence richer
of information. Therefore, their interpretation allows one to gain physical
insights on the electronic interactions in the system.

In a photoemission experiment the emitted electron leaves a hole (i.e.
a positive charge in correspondence to a depletion of negative charge) in
the system. The presence of the hole induces a relaxation of the other
electrons that screen this new positive charge. So the measured kinetic
energy of the emitted electron is different with respect to the independent-
particle situation. This in turn leads to a shift and a renormalization of
the independent-particle peak, which broadens and looses part of its weight.
When in the spectrum a main structure is still identifiable as deriving from
the independent-particle peak, it can be still associated to a one-particle-like
excitation, a quasiparticle. In this case, one can describe these excitations by
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means of a one-particle Schédinger equation with a complicated effective po-
tential, the self-energy, which is a nonlocal, complex and energy-dependent
operator. Moreover, the photon energy, besides creating and screening a
hole, can be used also to simultaneously induce other excitations in the sys-
tem. In this case, other structures, the satellites, appear in the spectrum
at lower energies (in this case in fact the electron is emitted with a smaller
kinetic energy).

When, on the contrary, the effect of the Coulomb interaction is very
strong, the independent-particle peak is completely smeared out. The elec-
trons are so correlated each other that a picture based on one-particle ex-
citations is no more a convenient starting point in the description of the
electronic properties of the system. In this case, one generally resorts to
models, like the Hubbard model, that have been specifically devised to deal
with strongly correlated materials.

First-principles methods currently employed in theoretical spectroscopy
are the result of a long history. Essentially, on one side they are based on
the density-functional theory (DFT), and its extension to time-dependent
potentials (TDDFT); on the other side, they make use of the techniques
developed in the context of the many-body perturbation theory (MBPT) in
the 1960s.

In this thesis I have tried to explore new applications of these first-
principles theoretical spectroscopy methods to systems where electronic cor-
relation plays an important role. In particular, I have considered the elec-
tronic properties of vanadium dioxide (VO3), a paradigm for materials where
one expects to find a strong influence of the electronic correlations on the
properties of the system. The description of the complex phase transition
that characterizes vanadium dioxide represents a longstanding problem, in
which the importance of electronic correlation is still debated. Model ap-
proaches are able to catch only some features of its properties, but a consis-
tent interpretation calls for an ab initio calculation.

But, as soon as one tries to extend the field of applications of a cer-
tain method, new kinds of problems naturally arise. In fact, I have found
that the standard methods for the calculation of quasiparticle band struc-
tures fail to explain the photoemission spectra of vanadium dioxide. This
failure is widely illustrated and deeply discussed. In particular, I will ad-
dress the open issue of performing self-consistent calculations in the MBPT
framework. I will prove that the reasons of the bad result of the standard
approach reside in some approximations that are normally employed in the
actual implementation of the theoretical approaches, and not in the physical
picture on which the methods rely. A way to overcome the limitations of
the standard methods has been the use of the quasiparticle self-consistent
scheme recently developed by F. Bruneval in [3]. I will show that in this
way it is possible to provide a consistent first-principles interpretation of the
experimental spectra also for vanadium dioxide.



This result is important because it permits to extend the validity of
the quasiparticle picture also to systems where the many-body character
of the electronic structure is supposed to be particularly relevant. But, on
the other side, first-principles calculations are very expensive, especially in
systems where correlation is important and one has to go beyond standard
approaches. These computational limitations become evident already in the
case of VO, and have led me to look for alternatives.

The great advantage of MBPT is its clear physical picture. This has
turned out to be very helpful in understanding the electronic properties of
VO2. But this has also a price to pay. In fact one often has to calculate
more information than actually needed. For instance, in order to describe
photoemission spectra one would need the spectral function A(w). But in
MBPT the spectral function A(w) is usually obtained only as a contraction
of the more complex Green’s function G(r,r’,w), which is the quantity one
actually calculates. Therefore, one would like to combine the advantages of
MBPT with a more efficient scheme for a direct calculation of the particular
properties of interest, such as A(w).

I will hence introduce a general scheme to define effective potentials and
kernels (i.e. variations of potentials) that are able to provide shortcuts for
theoretical spectroscopy calculations. As a particular example, I will con-
sider the case of an effective potential for a direct calculation of A(w) that
one needs for photoemission. This photoemission potential turns out to be
dynamical but local and real. Therefore it represents an important simplifi-
cation with respect to the self-energy (which is nonlocal and complex).

I will discuss in particular the frequency dependence of this potential. I
will show that the spatial nonlocality of the self-energy can be converted into
the frequency dependence of the effective potential. By considering other
examples of effective potentials and kernels, I will conclude that this is a
common situation that one encounters when an effective potential or kernel
with a reduced number of spatial degrees of freedom is used to describe
electronic excitations. Moreover, I will show that this new general approach
is a powerful tool. In particular, I will present a new very compact derivation
of a kernel that is known to well describe absorption and energy-loss spectra
of a wide range of materials.

The thesis is organized as follows. In the first chapter I will introduce
the complexity inherent the many-body problem that one has to solve. Fur-
ther, I will present the main spectroscopic techniques for the determination
of the electronic properties of materials. In the following chapters, I will
briefly review the first-principles approaches currently employed in spectro-
scopic calculations, ranging from the GW approximation to linear response
in TDDFT. Moreover, I will introduce also some concepts behind the alter-
native model approaches, like the Hubbard model. In general, I will focus on
the main physical ideas on which the different methods are grounded. I will
present some of the most recent results one can find in literature and some
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of main issues currently debated. For the rest, I will refer to the reviews,
the books and the theses (such as [3][4][7]) where it is possible to study the
details of the different methods.

Once the state-of-the-art theoretical framework has been summarized,
I will present my calculations on vanadium oxide. I will show how the
many-body ab initio theories are able to provide a consistent picture of the
electronic properties of this system. Finally, I will discuss the new scheme
I have derived to define effective potentials and kernels that permit a direct
calculation of the electronic spectra. This will lead me to draw some conclu-
sions about the results presented in the thesis and to delineate some future
prospectives of the work, with possible new developments and applications.
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Chapter 1

Introduction

1.1 The many-body problem

“The underlying physical laws necessary for the mathemati-
cal theory of a large part of physics and the whole of chemistry
are thus completely known, and the difficulty is only that the
exact application of these laws leads to equations much too com-
plicated to be soluble.”

This famous statement of P.A.M Dirac is dated 1929 [6]. Nonetheless, it
is still capable to summarize large part of the present-day research in physics
and will serve as a guideline for this thesis too.

The 1920s had been not only the decade of the “Jazz age” [7], but also
the years when the “scientific revolution” [8] of quantum mechanics had
taken place. Nowadays, we know that atoms are made of electrons and
nuclei. Their interactions are accurately known and fully described thanks
to quantum mechanics. As a matter of fact, the stationary states 6 E/d¥ = 0
of a system of N electrons, moving in the static potential V. created by
the presence of Ny nuclei, are solutions of the time-independent Schréodinger
equation

N N
[Z (—%V%Vem(ri)) +% quri—rjy)} U(ry,...,rx) = EU(ry,...,ry).

i=1 i#]
(1.1)
By solving this equation, quantum mechanics allows every condensed-matter
physicist to tell, for example, a copper pot from a plastic bottle, a block of
ice from sea-sand, a piece of wood from a block of steel, and so on. In fact,
in principle, the Schrodinger equation permits to understand the properties

of all the materials on a microscopic level.

In Eq. (1.1) spin and relativistic effects have been neglected. In fact
their role is not essential in the context of this thesis. More importantly, the
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1. Introduction

Schrodinger equation (1.1) is already the result of another relevant simplifi-
cation. Due to their smaller mass, electrons in a solid move with time scales
that are much shorter than those of nuclei. Equivalently, ionic energy scales
are much smaller than the electronic ones. Therefore, in first approximation
(known as the Born-Oppenheimer approximation [9]), electronic and ionic
dynamics can be decoupled, assuming fixed ionic positions. The electrons
follow instantaneously (“adiabatically”) the motion of the nuclei. Hence, the
ionic coordinates {R} = Rq,..., Ry, enter Eq. (1.1) as parameters.

The eigenvalues of the Schrédinger equation (1.1) are the energies of the
electronic system. As functions of the ionic coordinates {R}, they define the
adiabatic surfaces E = E[{R}], where the ionic dynamics takes place. The
Born-Oppenheimer approximation is valid when these adiabatic surfaces are
not degenerate in the ionic configuration space. Near the degeneracy points,
the system is nonadiabatic and one has to take into account effects beyond
the adiabatic approximation (e.g. Jahn-Teller effects [10]).

In any case, even in the framework of the Born-Oppenheimer approxi-
mation, the solution of equation (1.1) still remains a typical complex prob-
lem [11]. Its complexity (but also its interest) stems from the Coulomb
interaction term v. In absence of interaction, in fact, the Schrédinger equa-
tion is decoupled into many one-particle problems for independent electrons.
The presence of the Coulomb interaction is instead the cause of the high-
dimensionality character of the solution of the Schrédinger equation (1.1).
The many-body wavefunction ¥(ry,...,ry) is a function of 3N variable,
where N in a solid is of the order of the Avogadro’s number, that is 1023
For these reasons the Schrodinger equation (1.1) is at the same time exact
and generally too complicated to be solved, rightly as stated by Dirac.

For the Coulomb interaction, electrons, once put together, can behave
in a very different way with respect to when they were alone. For instance,
assembling many carbon atoms can lead to the formation of an incredible
variety of different compounds: diamond, graphite, nanotubes, nanoribbons,
fullerenes, etc. All these materials have completely different properties one
from the other, due to the different kind of hybridization and bonding of the
valence electrons. In general, any many-particle system can display proper-
ties that are very different from the properties of single electrons that con-
stitute it. This great richness is the main motivation and the deep interest
to study the many-body problem.

Nevertheless, a many-electron system, despite its peculiar complexity,
can sometimes exhibit a prominent single-particle behavior. Typical exam-
ples are the discontinuities with respect to the number of atoms and electrons
shown by the distributions of mass abundances or ionization potentials in
metal clusters [12] or fullerenes [13] (see Fig. 1.1). There are certain sizes
of clusters, like Cgp, with an exceptional stability. They are evidenced by
distinct peaks in the mass-abundance distributions. As in an atom, this
particular stability can be associated to the filling of all the one-particle



1.1 The many-body problem

1 ] 1 1 il 1 1 1 1 1 1 3 1 L
Q 10 2e 30 40 50 a0 70 B0 80 0o 10 120 130 140 180
Number of Atoms / Cluster

Figure 1.1: Mass abundances of carbon clusters as a function of the number
of carbon atoms. The evident discontinuities are a hint of shell effects. From
Ref. [14].

levels in a shell, in correspondence to some particular “magic number”. This
shell structure is hence a clue of a relevant single-particle character of the
electronic system.

So, in a first approximation, electrons in a solid can be considered as
independent particles moving in the periodic potential created by the ions
and the other electrons (if, in particular, the periodic potential is a con-
stant, then the Sommerfeld free-electron model of metals is recovered [15]).
This assumption, the so-called “Bloch paradigm” [16], historically led to the
introduction of the concepts of energy bands, €,x, and Bloch states [17],
Yk (r) = Uni (r)e’ T, solutions of the single-particle Schrédinger equation

(= 572 + Vet (1) ) o) = enitie), (1.2

where V.,¢(r) and u,k(r) have the same spatial periodicity.

Despite its crude approximation, this one-electron model has been ex-
tremely successful, providing, for instance, a first explanation to the low-
temperature limit of the metallic resistance, or to the different Hall coef-
ficients. Moreover, this one-particle band model permitted the first classi-
fication of pure solids at low temperatures into metals and insulators [15].
This classification is based on a simple electron-counting criterion. Valence
electrons fill the bands starting from the lowest in energy. Each band can
accommodate 2N, electrons, where N, is the number of primitive cells
in the solid. Therefore, if the number of valence electrons per primitive cell
is odd, then the crystal is a metal, with the last band that is only partially
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1. Introduction

filled. Instead, if all the bands are completely filled or empty, then the sys-
tem is an insulator and there is an even number of electrons per primitive
cells.

The development of empirical pseudopotentials [19] and many different
methods of band calculations [15] allowed people to make quantitative de-
scriptions of material properties, often with good precision. The technolog-
ical silicon revolution [20] of the last century might not have been possible
without this band-structure paradigm [16]. Even today, band-structure the-
ory in solid-state physics textbooks [15] is still studied within the Bloch
paradigm. Moreover, the Bloch model is often taken as a reference in the
interpretation of the effects beyond the independent-electron assumption.
The historical success of the Bloch paradigm may even turn to be mislead-
ing. This is rightly the case when one makes use of the Kohn-Sham equations
in density-functional theory as an exact independent-particle band-structure
model. In Secs. 2.2 and 7.2 T will discuss why this interpretation is wrong.

Yet the Bloch paradigm has shown all its limitations and all the con-
clusions based on this independent-particle model have been deeply revised.
For instance, further studies have demonstrated that the electron-counting
criterion to distinguish metals and insulators is too rough. It has been shown
instead that the insulating character is strictly connected to the concept of
electronic localization in the configuration space (that is the functional space
of the N-particle wavefunctions ¥) [21]. In an insulator the many-body
wavefunction ¥ is a sum of functions localized in disconnected regions of
the configuration space (and not necessarily of the real space). The modern
theory of insulators [22][23] is now based on the theory of geometrical phases
[24], that allows one to make a link between the concepts of localization and
polarization in an insulator.

The one-particle band-structure paradigm itself has been deeply revised
by the introduction of the concept of quasiparticles [25][26][27], which pro-
vides a proper interpretation of the results of photoemission experiments
(see Sec. 1.2.1). Electrons are not independent particles in a solid, but
the Coulomb interaction between them is screened by the presence of all
the other electrons, which form a “polarization cloud” around each electron.
Electrons and their clouds constitute the quasiparticles, more weakly in-
teracting than bare electrons. But, since it is still possible to relate each
quasiparticle with an electron, the qualitative one-particle picture is partly
retained. One can still talk of a quasiparticle band structure, even beyond
the independent-particle picture. When instead the interactions among elec-
trons are so strong to induce radical deviations from the independent-particle
model, the quasiparticle picture breaks down. It is no more possible to re-
late the elementary excitations measured for example in a photoemission
experiment with one-particle properties. In this case, in principle, one is no
more allowed to talk in terms of band structures and the system is said to
be “strongly correlated”.



1.1 The many-body problem

In a first place, the effect of the Coulomb interaction on the electronic
distribution can be analyzed on a pure statistical basis. The electron number
density

p(r) = N/er,...,der(r, ro,...,ry)|? (1.3)

is (proportional to)! the probability to find an electron in the volume dr.
If the electrons were independent, the probability to find an electron in r
would be the sum of the single probabilities to find in the same volume one

of the N electrons: N

p(r) = o). (1.4)
n=1

Moreover, the pair density po(r,r’) defines the probability to find an
electron in r and another in r’. If the electrons were independent classical
particles, their positions would be uncorrelated. Therefore ps would be
the product of the probabilities to find an electron in r and another in r’:
p2(r,r’) = p(r)p(r’). Instead, since electrons interact, the probability to
find an electron in r’ does depend on the probability to find an electron in

r. Hence one has:

pa(r,r') = p(r)pa(r'|r), (1.5)

where po is the probability to find an electron in r’ given that there is an

electron in r. The presence of an electron in r reduces the probability to find
an electron in r’: pa(r,r’) < p(r)p(r’). One says that the electron creates
a hole. The exchange-correlation hole p,.(r,r’) describes rightly the change
of electron density in r’ due to the presence of an electron in r:

pa(t'|r) = p(r') + pac(r,1"). (1.6)

The exchange-correlation hole contains exactly one particle. In fact it sat-
isfies the sum rule:

/dr’pzc(r,r’) =-1, (1.7)
and, analogously, it holds that
/dr’p_g(r'|r) =N-1 (1.8)

The presence of the exchange-correlation hole p,. is an expression of the
fact that electrons in a solid are not uncorrelated. Its existence is due to

! In the following, the fact that, in order to talk in terms of probability distributions,
one should consider the proper normalizations, such as

%/drp(r) =1

will be implicitly assumed.



1. Introduction

two different physical effects. First, since electron are fermions, the Pauli
principle assures that electrons don’t get too close each other and hence the
effect of the Coulomb interaction is also diminished. This effect is called
exchange. The exchange effect is rightly related to the fermionic character
of the electrons. Even for an ideal fermionic system without Coulomb in-
teraction, the Pauli principle would be still effective and the exchange hole
still present. Moreover, in real systems for the presence of the Coulomb
interaction electrons are further kept apart because they repel each other.
This further effect, beyond exchange, which is strictly due to the effect of
the Coulomb interaction, is called correlation.

If the electrons were independent classical particles, the interaction en-
ergy would be the Hartree energy:

Ey = ;/drdr’p(r)p(r/) (1.9)

r—r'|

Instead, the Coulomb energy is smaller than Ep because the interaction is
weaker for the presence of the exchange-correlation hole. The pair-correlation
function g(r,r’), defined by:

pa(r, ') = p(r)g(r,x)p(r"), (1.10)

describes rightly this screening of the interparticle interaction. In fact, in
a many-body system, the Coulomb interaction between two charge distribu-
tions p(r) and p(r’) is not mediated by 1/|r—r’|, but rather by g(r,r’)/[r—1’|.
Since the pair-correlation function has a screening effect, it holds: 0 < g < 1.
Only when two charge distributions are far apart and the effect of the inter-
action is negligible, one has:

lim g(r,¢') =1. (1.11)
[r—r/|—00

Figure 1.2 shows the pair-correlation function g(r,r’) and the exchange-
correlation hole p,.(r,r') in a real system — bulk silicon — calculated by
an accurate Montecarlo simulation [28]. One clearly sees that around each
electron it is g < 1 and a deep exchange-correlation hole is created.

Therefore, electrons cannot be considered as independent particles, not
even in “simple” semiconductors like bulk silicon.

In the next sections of the chapter I will deal more deeply with the ef-
fects of the electronic correlations on the properties of the electronic systems.
I will introduce photoemission, absorption and electron-energy loss spec-
troscopy as prototypical spectroscopy methods to study the excited-state
properties of an electronic system. I will first give an independent-particle
interpretation of these measures. By considering model systems, like the
homogeneous electron gas, I will then discuss how electronic correlation
can induce from moderate to drastic deviations [16] with respect to the
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1.2 Spectroscopies

0.8— 5

Figure 1.2: The pair-correlation function g(r,r’) and the exchange-correlation
hole pyc(r,r"), with one electron fixed at the tetrahedral interstitial site in the
(110) plane of bulk silicon. The atoms and bonds are schematically repre-
sented for bond chains along the [111] direction. From quantum Montecarlo
calculations of Ref. [28].

independent-particle model. This will constitute the main motivation to
introduce in the following chapters the theoretical spectroscopy methods
that are suitable to interpret experimental spectra beyond the independent-
particle picture.

1.2 Spectroscopies

In a spectroscopy experiment one perturbs the sample and measures the re-
sponse of the electronic system. In this way it is possible to have access to a
great deal of information on the electronic properties of the system. In gen-
eral, a beam of particles (photons or electrons) impinges on the sample. By
measuring the energy (or other properties) of the outgoing particles (again
photons or electrons), one can determine the elementary excitations that the
perturbation induces in the system (see Tab. 1.1).

In photoemission (PES) the sample absorbs one photon and emits an
electron (called photoelectron). The missing electron leaves a hole in the
system, which is hence in an excited state. In an independent-particle pic-
ture, photoemission spectra can be interpreted by calculating the density of
occupied states. The inverse photoemission can be considered as the time-
reversal of photoemission: the system absorbs an electron and a photon is
emitted. In this way one measures the empty states. In absorption experi-

7
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In Out n. e~ in the sample
Direct photoemission  photon electron N—-N-1
Inverse photoemission electron photon N—-N+1
Absorption photon  photon N —= N
Electron energy loss electron electron N — N

Table 1.1: Classification of different kinds of spectroscopies according to
the probe used (‘in’) and the particle collected after the interaction with the
target (‘out’). Moreover, the last column indicates the change in the number
of electrons in the sample.

ments the incident beam of light looses photons that have been absorbed by
the system. Their energy has been used to excite an electron from valence to
conduction: an electron-hole pair is created in the system. Finally, in elec-
tron energy-loss spectroscopy experiments (EELS) an electron undergoes an
inelastic scattering with the sample and one measures its loss of energy and
its change of direction. Again, the energy lost by the probe has been used to
induce an excitation of the system. From all these examples, it is clear that
a spectroscopy experiment always leaves the system in an excited state.

These different kinds of spectroscopies can be classified in two categories
depending on whether the sample changes or not its number of electrons.
Direct and inverse photoemission experiments belong to the former. Ab-
sorption and EELS to the latter.

If the number of electrons of the sample changes, one measures mainly
one-particle elementary excitations: the quasiparticles. If it is conserved,
one has access to information on collective neutral excitations: excitons
(electron-hole pairs) and plasmons (coherent electronic-density oscillations).
In the many-body framework, in the former case one measures the spec-
tral properties of one-particle Green’s functions (see Chapter 3). In the
latter, the key quantities are the response functions, a particular class of
two-particle Green’s functions (see Chapter 5). I will deal with one- and
two-particle Green’s function in the next chapters. For the moment, I will
present a brief introduction of these spectroscopy methods.

1.2.1 Photoemission

The photoelectron spectroscopy owes its origin to the discovery of the pho-
toelectric effect by Hertz [29] and its explanation to Einstein [30], which
worthed him the Nobel prize.

In an independent-particle picture, by measuring the kinetic energy of
the emitted electron, one obtains directly the energy of the one-particle
level that the electron was occupying before being extracted from the sample.
Instead, the distribution of kinetic energies one actually obtains is somewhat

8



1.2 Spectroscopies

different with respect to this simple picture. In fact, the emitted electron
leaves a hole in the electronic system. A hole is a depletion of negative
charge, so its charge is positive. Therefore, this hole induces a relaxation
of all the other electrons that screen this new positive charge in the system.
So the presence of the hole corresponds to an excited state of the system,
with a finite lifetime. For this reason, in a photoemission spectrum one
doesn’t find a simple line (a delta peak) in correspondence to a particular
one-particle energy, but a peak with a finite width, which gives a measure
of the interactions due to the presence of a hole. This peak is called the
quasiparticle peak. Moreover, sometimes the measured kinetic energy of the
emitted electron is even lower. In fact, in these cases the photon energy
has been used not only to create and screen a hole, but also to produce
other excitations in the system. In particular, these excitations can have a
collective nature, like in the case of an additional excitation of a plasmon.
In these cases, the energy of the incoming photon has been spent to create
simultaneously at least two different excitations in the system. So on a
simple statistical basis one can figure out that these simultaneous events
generally occur with a smaller probability. They hence give rise to structures
in the spectrum that not only have lower energies but also reduced intensities
than the quasiparticle peak. For this reason they are called satellites. When
instead the Coulomb interaction induces strong correlation effects in the
system, the one-particle nature of the excitation is completely lost. In the
photoemission spectrum it is not possible anymore to clearly distinguish
a prominent quasiparticle peak, but only excitations with an intrinsically
many-body character show up.

A photoemission experiment can be interpreted as a three-step process:
an electron in the system is excited by the incoming photon, travels towards
the surface and finally escapes into the vacuum. The photoemission intensity
is then the product of the probabilities of these three steps.

In order to have information on the “intrinsic” electronic properties of
the sample, one can isolate the first step, assuming that the photoelectron,
once excited by the photon, doesn’t loose energy on the way to the surface
and propagates as a free particle outside the sample. This assumption is
called sudden approximation.

In this framework, the measured photocurrent Jp(w) is given by the
probability per unit time of emitting an electron with momentum p when
the sample is irradiated with photons of frequency w. Using Fermi’s golden
rule, one has [31][32]:

To(@) = SN = 1,sipIAIN) (B — By —w),  (112)

where A = —iAV is the coupling to the photon field. The perturbation
induces a transition from the initial state |N') with N electrons in the ground
state to the final state | N —1, s; p). The final state is represented by a system

9
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with the photoelectron with momentum p and the sample in the excited state
s with NV —1 electrons. The energy conservation is assured by requiring that
the photon energy w is equal to the kinetic energy of the photoelectron Ep
minus the electron binding energy, Es = E(N)—E(N —1, s), for the electron
in the state s: w = Ep — Fj. So, by knowing w and measuring Ep,, one can
have access to information on the excited state s.

In second quantization A can be rewritten as:

A =" Agele, (1.13)
ij

where the creation and annihilation operators ¢/ and ¢ have been introduced.
In the sudden approximation the photoelectron is considered completely
decoupled from the sample, therefore the final state is the simple product:

IN —1,sp) =cL|N —1,5). (1.14)

One further assumes that the photoelectron doesn’t interact with the hole
left behind and doesn’t change the state of the N — 1 electron system. So
¢p|N) = 0 and el [N) = (6pi — ¢/ép)|N) = 6pi| N). Then:

(N~ 1,5 plAIN) = 37 Apj (N — 1, 5] N). (1.15)
J

Introducing the matrix elements of spectral function A;j(w) (for w < p):

Aijw) = Y (NN = 1, s)(N = 1, 51| N)§(w — Ey), (1.16)

S

the total photocurrent Jp(w) can be rewritten as:
Jp(w) = Z Api Aij(Ep — w)Ajp. (1.17)
ij

For each state s, the spectral function (1.16) gives the probability to remove
an electron from the ground state | V) and leave the system in the excited
state |V — 1, s).

Generally one considers the dipole matrix elements as constants A and
the diagonal elements of A in the basis where A is constant as the most
relevant. Therefore:

Jp(w) = \A|2Z Ai(Ep — w). (1.18)

The total intensity of the spectrum is the product of the trace of the spectral
function A and the matrix element A, which depends on the energy, momen-
tum and polarization of the incoming photon. Therefore, when the matrix
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Figure 1.3: Si 2p and Si 2s photoemission spectra of the Si(111)7x7 surface.
At normal emission, spectra are dominated by bulk properties. At grazing
emission (80°) surface features can be seen. Besides prominent quasiparticle
peaks, multiple losses by bulk (w, = 16 V) and surface (ws = w,/v/2) plasmons
are visible as satellites. From Ref. [33].

elements are not zero, photoemission measurements give direct insights on
the spectral function A.

In an independent-particle picture the many-body wavefunctions are
Slater determinants. In this case the matrix elements (1.16) become sim-
ply

Aiy(@) = 850w — B3 —w). (1.19)

So the total photocurrent

occ

Jo(w) = |A Z §(Ep —w — E) (1.20)

turns out to be given by a series of delta peaks in correspondence to the
energies F; of the one-particle Hamiltonian. The photoemission spectrum is
hence described by the density of occupied states:

occ

DOS(Ep —w) =Y _§(Ep —w — Ey), (1.21)

evaluated at the energy Ep — w.

Beyond the independent-particle picture, the many-body wavefunctions
are generally a linear combination of many Slater determinants. So for each
excited state s, there are many nonvanishing contributions to the spectral
function (1.16) that form a more complex structure around the energy Fj.
If in this more complex structure a main peak is still identifiable (see Fig.
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1.3), then one can associate this peak with a quasiparticle excitation.? The
quasiparticle peaks are called the coherent part of the spectrum, because
they correspond to one-particle-like excitations of the system. The spectral
function can also display satellites (the incoherent part of the spectrum),
that cannot be attributed to a one-particle excitation. When in a spectrum
it is not possible to recognize anymore any one-particle-like feature, it is said
that the electronic system is strongly correlated. In this case the quasipar-
ticle paradigm is no more valid. Satellites due to features of the spectral
function are called shake-up satellites and it is said that they are due to
intrinsic losses [34][35]. They are due to direct excitations of the system for
the incoming photon. When one considers, beyond the sudden approxima-
tions, scattering processes of the photoelectron on its way out of the solid,
new features in the photoemission spectrum can appear. In this case one
talks of extrinsic losses.

Besides the kinetic energy of the photoelectron, Ep, also its direction of
propagation can be measured, determining the angles # and ¢ with respect
to the direction perpendicular to the surface (see Fig. 1.4). In this case the
experiment is called angular-resolved photoemission spectroscopy (ARPES).
The component parallel to the surface of the crystal momentum k is con-
served: k| = p| = y/2Epsinf. The perpendicular component instead is not
conserved. So the knowledge of p; doesn’t permit to recover immediately
the initial k , with the exception of the normal emission condition when
p| = 0 and hence p; = k. Otherwise one can vary the photon energy at
fixed p||, determining in this way the energy dispersion in the normal direc-
tion. In any case, combining the measurement of Ep and p||, from ARPES
measurements one can access the complete energy dispersion Fg(k) of the
bands in the solid.

PES is a surface sensitive technique: the electron escape depth is of order
10-50 A for kinetic energies of 10-2000 eV [36]. Avoiding surface effects is
crucial in order to obtain bulk information [37]. This can be achieved by
working at high photon energies, where one has however worse resolution in
energy and momentum, and using atomically flat and clean surfaces. At the
same time, higher photon energies are more in the range of validity of the
sudden approximation. The photoelectron is emitted with a high kinetic
energy and therefore its removal process can be considered instantaneous.
Therefore, instead of using UV photons produced by gas-discharge lamps, in
PES one may prefer to use X-rays. In contrast, most of ARPES experiments
are performed in the UV range, where the resolution is better [38], since
Ak = /2Ep cos A, where A is the acceptance angle of the analyzer.
So, at a lower Ep, Ak is smaller.

2 In Chapter 3 the concept of quasiparticle will emerge as naturally associated with
the one-particle Green’s function GG, whose imaginary part is the spectral function A.

12
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X Sample

Figure 1.4: Schematic representation of an ARPES experiment.

1.2.2 Absorption and electron energy loss

In optical spectroscopies photons are used to probe the properties of the sys-
tem. A photon impinging on a sample can be either absorbed, or reflected or
transmitted. When it is absorbed, its energy is used to create a neutral exci-
tation of the system. In fact, in an independent-particle picture, an electron
is excited from occupied to empty states, conserving its crystal momentum
(photons have a negligible momentum). Since, contrary to photoemission,
the electron remains in the sample, it cannot be considered decoupled from
the other electrons.

Optical spectroscopies can be interpreted on the basis of the macroscopic
Maxwell equations [1][39]. In a medium, an electric field, polarized along
the X direction, is a damped wave:

E(z,t) = Egée'c ™= = Fyaelc(ma—ch)g=inaz (1.22)

where n is the complex refractive index n = ni + ins. So the intensity of
the field is exponentially decaying:

I(z) = |[E(z)|* = B3¢ 2em7, (1.23)

The absorption coefficient « is the inverse of the distance where the intensity
of the field is reduced by 1/e:

2
a=2"2 (1.24)
c
Or, introducing the (macroscopic) dielectric function ey = €1 + ieg = n?:
a=2, (1.25)
nic
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Since n; can be normally assumed constant in the frequency range of inter-
est, the absorption spectra are expressed in terms of eo = Imeyy.

Measurements in a transmission configuration require very thin films, so
€2 is generally not obtained by measuring directly the absorption coefficient
a. It is instead measured in a reflection configuration or by ellipsometry,
where one uses linearly polarized incident photons.

In the independent-particle approximation, in the dipole approximation,
Fermi’s golden rule [5][10]:

(), _ 8 T -
(@) = oy S sl vIv)Po(E; ~ Ei—w)  (1.26)
ij

explains the absorption spectra in the linear regime as a sum of one-particle
independent transitions from [¢;) to |¢;), due to the interaction with a
transverse electromagnetic plane wave of frequency w and polarization &. In
general egT) is a tensor.

Since in an absorption experiment, contrary to photoemission, the ex-
cited electron remains inside the system, it cannot be considered as a free
electron decoupled from the others, as in the independent-particle picture
associated to Fermi’s golden rule (1.26). In particular, one has to take into
account the interaction between the electron and the hole that the excitation
of the electron has created, the so-called excitonic effects. I will discuss in
Chapter 5 how to deal with these two-particle interactions in the framework
of the two-particle Green’s functions.

In electron energy-loss spectroscopy, instead, the probe is a high-energy
electron which undergoes a scattering interaction since the moment it ap-
proaches the sample. The probability that an impinging electron of velocity
v transfers in a unit time an energy W and a momentum q to an excitation
of the system can be expressed by the energy-loss rate [1][11]:

dw 1 w 1
& =y /dwdquIm{ - m}&(w +q-v). (1.27)

In Eq. (1.27) one assumes that the impinging electron is a classical particle
and can be treated in a nonrelativistic approximation, also neglecting quan-
tum indetermination effects on its position. The energy-loss rate is then the
product of a kinematic factor and the loss function L(w):

— —Im 1 _ EQ(qvw)
o) =—tn{ s} = 2 Y (1.28)

From Eq. (1.28) one can conclude that spectral features in EELS can be
seen in the case that either eo has a peak corresponding to some interband
transition or e is small and €; = 0. The latter condition determines the
frequencies of the collective plasmon excitations. In energy-loss experiments
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1.2 Spectroscopies

one can therefore excite plasmons, that are longitudinal excitations and are
not generally observed in optical spectroscopy, since photons are a transverse
perturbation.

Using Fermi’s golden rule, the imaginary part of the longitudinal dielec-
tric function can be evaluated as [5][10]:

SRCHD Qngwmwww Ei-w).  (129)

In this picture plasmon peaks in EELS are associated to coherent oscillations
of independent particles. I will discuss in Chapter 5 how to go beyond the
independent-particle description of EELS.

In the long wavelength limit q — 0 the transverse and longitudinal
dielectric functions (1.26) and (1.29) coincide, since [12]:

v = lim 1[H ‘). (1.30)
a—04q
This is due to the invariance for ¢ — 0 between the velocity gauge (trans-
verse perturbation A -v) and the length gauge (longitudinal perturbation
E-r).
A particular situation is the EELS for the core states. In fact, at high
energies e2(q,w) — 0 and €1(q,w) — 1. This observation determines a
simplification of the loss function (1.28):

1

L(w) = —Im{m

} — e(qw). (1.31)
In other words, for core states, the absorption and the loss function for
vanishing q become indistinguishable . The same occurs in the case of finite
systems, as I will discuss in Sec. 5.2.

Analogously, X-ray absorption spectra (XAS) are due to an excitation
of a core level ¢.. The spectrum is obtained from (1.26) [13]:

unocc

S e vig)PS(Be—Bi—w) (132

)

81 2
e2(w
2(w) T Qu?
For simplicity I consider here a system with a single ion per unit cell.
The generalization to the multiatomic case is straightforward (see e.g. [11]).
The core state 1. has a very strong atomic character. Neglecting spin-orbit
effects: 1.(r) = Ry (r)Yim (0, ¢), where R, is a radial function and Y, a
spherical harmonic function. Projecting also the final state ;(r) on the
spherical harmonics:

> G Bt (7)Y (0, 0) (1.33)

n' U m’
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one has that Eq. (1.32) can be rewritten as:
87T2 unocc

e2(w)
i
X Z o (WU |8 - v|nlm) (nlm|é - v|n"1"m")  (1.34)

nll,lll7m//

where the simplified notation [nlm) = R,,;Y, has been adopted (when spin-
orbit effects are important one replaces the atomic state |nim) in (1.34) with
nljm)).

In the matrix elements in (1.34) dipole selection rules apply. So, for
instance, if the core state has an orbital angular momentum [, only the
components with ;1" = [ 4+ 1 survive. Once the dipole selection rules have
been taken into account and assuming that the matrix elements of the same
symmetry are a constant, one finds that the X-ray absorption spectra probe
the density of unoccupied states localized on the atomic site and projected
on a particular angular momentum component [ 4 1:

unoce
872

aW) =55 > lej [*6(w — Ei + Ey) (1.35)

Often taking into account spin-orbit effects for the core level can be impor-
tant. For instance, the core level 2p is split by the spin-orbit coupling into
the 2p; /5 and 2p3 5 levels. The spin-orbit constant varies from 1.88 eV in K
to 15.7 eV in Zn [15], so it generally cannot be neglected. Since there are
two times as much 2p orbitals with j = 3/2 than 2p orbitals with 7 = 1/2,
in the independent-particle picture excitations from the former should give
rise to a peak of double intensity than the peak stemming from excitations
from the latter. Moreover, the two peaks in the XAS should result separated
by an energy exactly equal to the spin-orbit splitting. However electronic
interactions can have important effects also on X-ray absorption spectra [10]
and give rise to spectra that are different with respect to these expectations
based on an independent-particle picture.

1.3 Beyond the independent-particle picture

1.3.1 From Hartree-Fock to dynamical quasiparticles

In the Hartree-Fock approximation [17][18] one considers electrons as inde-
pendent fermions. Exchange is fully taken into account, but correlation is
completely neglected. In this noninteracting model for fermions, the many-
body wavefunction V¥ is a Slater determinant:

N

U(ry,...,rn) =Y _sen(P) [[vilrpn), (1.36)
p

i=1
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1.3 Beyond the independent-particle picture

where the sum is over all the permutations P of N one-particle wavefunctions
1; and sgn(P) is the sign of the permutation (+ if even and — if odd). In
general, the quantum number ¢ of the state v; accounts also for the spin o;.

The Hartree-Fock equations determine the set of one-particle orbitals 1);
that minimize the total energy of the system:

2

[_VQ+‘/ext(r)}¢i(r)+VH(r)¢i(r)+/dr/Vz(ra r')i(r') = Eihi(r), (1.37)

where
Vi(e) = 3 / dr'w;(r’)h‘_lﬂwj(r/) (1.38)

and
/ / / !k / ]' /
/dr Va(r, ¥ )i(r) = =Y 6oy, /dr Wi(r )szj(r)wi(r ). (1.39)
J

In this approximation, the electrons move as independent particles in the
mean field generated by the presence of all the other electrons. The Hartree
potential Vi is due to the classic Coulomb interaction between electrons,
while the nonlocal exchange potential V, is a consequence of the Pauli ex-
clusion principle. For this reason it involves only electrons with the same
spin (in (1.39) for the presence of the delta function it must hold: o; = o).
Moreover, the exchange term is essential to cancel the self-interaction con-
tained in the Hartree term (1.38). In fact, if in the sum (1.38) over the j
orbitals one doesn’t exclude explicitly the term j = i when Vg (r) acts on
the orbital 7, one would have that the electron sitting on the orbital ¢ would
interact with itself, which is prohibited. But, since it has an opposite sign,
the term j = 7 included in the sum (1.39) for V, cancels exactly this spurious
self-interaction.

The Hartree-Fock approximation corresponds to a first-order contribu-
tion to the total energy in a perturbative expansion in the Coulomb interac-
tion v. Atomic total energies or molecular equilibrium geometries are often
pretty good when calculated in the Hartree-Fock approximation. Consider-
ing an atom, such as Ne, correlation, which is all beyond the Hartree-Fock
approximation, accounts for only 0.3% of the total energy [19]. Nevertheless,
neglecting correlation effects can have dramatic consequences.

The jellium model describes a solid by means of a gas of interacting
electrons embedded in a uniform background of positive charges. A single
parameter, the Wigner-Seitz radius r;,

ro=( k );’ (1.40)
= \dmp/ '
which defines an average inter-electronic distance, characterizes this homo-

geneous electron gas (HEG). The shorter 7y is, the denser the gas is. The
jellium is in particular a good model for simple metals, where 3 < rs < 6.
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Since the jellium is homogeneous and isotropic, the one-particle ener-
gies are functions of the norm of the wavevector k. In the Hartree-Fock
approximation they are:

k2 2kp k
Fk)=— - —F(— 1.41
(k) 2 T (kp)’ ( )
where: )
Fa)= 41" Hx‘ (1.42)

2 4x 1—2

The derivative dE(k)/dk has a logarithmic divergence at k = kp (dF/dx
is divergent for z = 1). Therefore, the electronic effective mass m* =
7k(dF/dx)~! [50] vanishes at the Fermi energy Er, which is in clear con-
trast with experimental findings in simple metals. This divergence of the
derivative is due to the infinite-range character of the Coulomb interaction v.
For the same reason, also the second-order contribution to the total energy,
evaluated in an expansion in v, is divergent. In the limit of small rg, the
perturbative series can be resummed avoiding the divergence [51], by con-
sidering the physical observation that the Coulomb interaction is actually
screened by the presence of the other electrons. The screened interaction
has a finite range and this prevents the divergences.

In photoemission experiments (or inverse photoemission) one measures
the energy to remove (or add) an electron from the system (see Sec. 1.2.1).
The electron removal energy I is defined as the energy needed to extract
an electron from the energy level &k (or, equivalently, to create a hole in the
level k). The smallest electron removal energy Iy, is the ionization potential
I. I is given by the difference between the total energy of the system
with N — 1 electrons, where one electron has been removed from the level
k, and the total energy of the system with N electrons in the ground state:
I, = E(N —1;)— E(N). Thanks to Koopmans’ theorem [52], in the Hartree-
Fock approximation one has that I is equal to the absolute value of the

eigenvalue for the energy level k : [, = —Fi. Analogously, the electron
addition energy A; = E(N) — E(N + 1;) is the energy gained when an
electron is added on the energy level [. In Hartree-Fock one has: 4; = —Fj.

The largest A; is the electronic affinity A of the system.

Therefore, Koopmans’ theorem gives us a direct physical meaning of the
Hartree-Fock eigenvalues F;. Anyway, in this calculation of the excitation
energies based on Koopmans’ theorem, there is an important approximation.
In fact one assumes that in the N + 1 electron systems, the orbitals don’t
relax for the presence of an extra electron or an extra hole. This approxima-
tion results to be too crude. In particular, in finite systems one finds that,
due to the relaxation of the other orbitals, ionization potentials are smaller
than the values obtained by Koopmans’ theorem. But in finite system, in
which the extra particle is localized, one could deal with relaxation effects by
performing explicitly two calculations for the NV and N 41 electron systems
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1.3 Beyond the independent-particle picture

(this method is called A-self-consistent field). In this way, even though the
calculations are done within the Hartree-Fock approximation, a large part
of the error is corrected, because for finite systems the Hartree relaxation
of the wavefunctions is essential. In solids, instead, where N — oo, the
extra particle would live on a Bloch state which is delocalized all over the
system. So one cannot apply the A-self-consistent-field method [53], but has
rather to take into account dynamical correlation effects by introducing the
concepts of polarization and screening of the Coulomb interaction.

In an insulator, the band gap E, is defined as the difference between the
ionization potential I and the electron affinity A:

Bgap = I — A = min[B(N — 1) + E(N + 1) — 2B(N)]. (1.43)

When E,;, is calculated as Hartree-Fock eigenvalue differences, it is always
much larger than the experimental value. In diamond, for instance, the
experimental minimum direct gap is 7.3 eV. In Hartree-Fock it is 15 eV [2].

Going beyond the Hartree-Fock approximation, one has indeed to take
into account correlation effects beyond the independent-particle model, the
relaxation of the system for the presence of an extra particle, the screening
of the Coulomb interaction.

In the Hartree-Fock approximation excitations have an infinite lifetime,
rightly because there is no relaxation and the potentials are static. The
excitation spectrum, as measured by a photoemission experiment, would be
a series of delta peaks.

When instead the interactions beyond the Hartree-Fock mean field are
taken into account, the presence of an extra particle is screened by the re-
laxation of all the other electrons. In this way one is led to replace bare
particles (electrons and holes) with quasiparticles. Whereas electrons inter-
act through the bare Coulomb interaction v, quasiparticles interact through
the screened interaction W, which is weaker and more short-ranged.

As a matter of fact, in an interacting system, the motion of the extra
electron is followed by the other particles, screening the Coulomb interac-
tion. The additional electron, by moving around, polarizes the system. In
a self-consistent manner, the response of the system through its polariza-
tion changes the effective properties of the electron, that becomes a dressed,
renormalized quasiparticle. This feedback interaction is again a signature of
the complex character of the many-body problem [11]. Each quasiparticle
can be visually represented as formed by an electron and its screening cloud.

This description also clarifies the physical origin of the exchange-corre-
lation hole py.(r,r’) and the pair-correlation function g(r,r’), which I had
introduced in the previous section on a pure statistical basis (see Egs. (1.6)
and (1.10)).

The quasiparticles are no more eigenstates of the full Hamiltonian (1.1)
of the system. So their lifetime is finite. They interact with other quasiparti-
cles or with collective excitations of the system. In the excitation spectrum
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Figure 1.5: In an independent particle model, excitations measured by pho-
toemission are series of delta peaks. When interactions are taken into account,
the peak is shifted, and, since the lifetime of the excitation is finite, it is broad-
ened. It has become a quasiparticle peak. Moreover, in addition to the main
quasiparticle peak, new structures can appear. They are the satellites. From
Ref. [54].

the delta peak of the independent-particle model is broadened and renor-
malized (see Fig. 1.5). Moreover, in addition to the quasiparticle peak, the
interaction between the different excitations can produce also further struc-
tures: the satellites. In particular, the presence of satellites in the spectral
function is due to the fact that screening of Coulomb interaction is essentially
a dynamical effect. This, in turn, can lead to a transfer of spectral weight
from the coherent one-quasiparticle part of the spectrum to the incoherent
part associated to satellites.

A photoemission spectrum is much richer than in an independent-particle
model. In fact, the fingerprints of electronic interactions are immediately
visible in a one-particle excitation spectrum (see Fig. 1.5). For this reason
it is particularly important to be able to extract the information contained
in these spectra, in order to describe the electronic properties of the many-
electron system.

1.3.2 From Wigner and Mott to strong correlations

The homogeneous electron gas, in the high-density limit (small ), when the
kinetic energy dominates, is the simplest model for metals. But, since the
kinetic energy has a r; 2 dependence and the Coulomb energy is proportional
to r;1, in the dilute limit (large rs), the latter prevails. In this limit, the
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1.3 Beyond the independent-particle picture

electrons are trapped by the Coulomb repulsion with their neighbors. They
form an ordered lattice (a “collective phase” [55]), called Wigner lattice [50],
and oscillate around their lattice sites. So they have a very different behavior
than in a metal, where they are almost free to travel around the system.
The Wigner lattice is the first example of strongly correlated system, a
system where the Coulomb interaction prevails and induces localization over
delocalization, spatial order over disorder. Where one may expect a metal,
an insulator is instead found.

Using the simple electron counting, based on the Bloch band-structure
model, NiO should be a metal. Instead it is an insulator [57]. This is a clear
evidence that the Bloch independent-particle picture is not valid in NiO.

This situation can be easily generalized to other examples. Mott [57], in
particular, considered a simple cubic lattice of hydrogen atoms. Since there
is one electron per primitive cell, in the Bloch picture this system should
be always metallic. Instead, increasing the lattice constant, at a certain
point the system becomes an insulator (a Mott insulator). Each electron
remains localized around its proton. Since there is no more overlap between
different orbitals, the electrons cannot travel from one site to another. When
the overlap is large enough, the electrons tend to delocalize to gain in kinetic
energy. Otherwise, the Coulomb repulsion prevents two electrons from being
on the same site. They remain trapped on the site of their proton. This
is clearly the same situation as the one that occurs in the homogeneous
electron gas in the dilute limit, when the Wigner crystal is formed.

The Hubbard model [58] formalized the ideas of Mott. In its simplest
formulation only one energy level is considered. It is hence the same situation
as in the Mott example, where one deals with hydrogen atoms. In this case,
the one-band Hubbard model is described by the Hamiltonian:

H=—t> (el éjo+hc)+ U i (1.44)
(ij)or i

The first term is the kinetic energy. In the formalism of the second quan-
tization (with creation and annihilation operators ¢' and &), one electron
moves from the site i to the site j — and vice versa — with probability ¢ (the
hopping term, in a tight-binding approach). The sum is limited to pairs
of nearest neighbors and one assumes a regular lattice where the hopping
t is just a constant. In particular, the spin o = {7, |} has been explicitly
evidenced. As a matter of fact, for the Pauli principle, two electrons can
be on the same hydrogen atom only if they have opposite spin. The second
term in the Hubbard Hamiltonian (1.44), where n;, = é;raéw, describes the
energy penalty U to pay in case of a double occupation of a site. U is the
on-site Coulomb repulsion energy.

In this way one formulates a simplification of the full many-body Hamil-
tonian (1.1), by introducing another effective Hamiltonian, with a reduced
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number of degrees of freedom and a spatial discretization. One then intro-
duces in this model Hamiltonian some coupling constants, like the Hubbard
U, which have also to account for the other degrees of freedom that are not
explicitly included in the new effective Hamiltonian.

The competition between the kinetic term ¢ and interaction term U de-
termines the properties of the system. The phase diagram of the Hubbard
model depends on the ratio U/t and on the electron density. In particular,
the U/t ratio is increased when the lattice constant of the array of H atoms
is increased (and vice versa). For small densities (less than one electron per
site) the number of holes is always different from zero. For large densities
(more than one electron per site) there is always a site with double occupa-
tion. In both cases charge fluctuations are always possible and the electrons
can travel around without further costs. Hence, the system is always metal-
lic. When there is exactly one electron per site (“half filling”), as in the Mott
example, there is a phase transition from a metal when ¢t > U to a Mott
insulator when U > t. If the electrons move slowly (i.e. their kinetic energy
is small), they stay longer on a site and they experience more the repulsion
with the other electron on the site. If this energy cost becomes too large, it
can become convenient to stop moving and localize on the site. The system
hence becomes an insulator.

The Hubbard model describes the competition between localized and
itinerant electronic character, particle-like and wave-like behaviors. The
independent-particle system (U = 0) is diagonal in momentum space. In
this case the system is characterized by one band of width W, centered at
the Fermi energy Er. The Hamiltonian can be exactly diagonalized:

H=>" el txo. (1.45)
ko

In a simple d dimensional cubic lattice, the band dispersion is given by
ex = —2t ), cos(kga) (where a is the lattice constant). This band dispersion
yields a bandwidth W = 2td.

In the atomic limit (¢ = 0) the system becomes diagonal in real space.
The one-particle excitation spectrum is characterized by two delta peaks
at Ep £ U/2. They correspond to the possibility to add or remove an
electron from the atom. Close to the atomic limit, the electronic motion can
be treated as a perturbation. One starts from atomic excitations that get
broadened by orbital overlaps and give rise to “incoherent bands” (Hubbard
bands), which remain better described in real space than in momentum
space. In this case, one assists to the breakdown of the one-particle picture.
The excitation spectrum doesn’t show anymore features with a clear single
peak that can be assigned to a single particle-like excitation. The metal-
insulator transition occurs when U ~ W, with a closure of the gap between
the two Hubbard bands that get progressively closer each other.
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1.3 Beyond the independent-particle picture

Furthermore, close to the atomic limit, different energy scales can become
important at low temperatures. The system can display a great sensibility to
external parameters that can induce various phase transitions. In particular,
the Mott transition is often accompanied by a long-range antiferromagnetic
ordering. This symmetry breaking is not a correlation effect, but it is due to
the possibility of hopping between different sites. When U > ¢, at half filling
each site is occupied by an electron. A hopping between two neighboring
sites cannot occur if the two electrons have parallel spins. On the contrary,
the hopping is mostly favored when the electrons have antiparallel spins.
This explains why a Mott insulator is often antiferromagnetic. In this case,
the symmetry breaking leads to a doubling of a unit cell and one is left with
an insulator with a completely filled valence band [59].

Moreover, if in particular structural changes occur, in the Mott-Hubbard
model they can be only a consequence of the electronic metal-insulator tran-
sition. Hence they are a secondary manifestation of electronic correlation.
This is in contrast to the Peierls model [60], where instead the lattice de-
grees of freedom are at the origin of a metal-insulator transition. The Peierls
model can be easily understood by considering an infinite linear chain of
atoms. If the atoms are slightly displaced, for instance leading to a dimeriza-
tion, the first Brillouin zone results halved. The band dispersion is modified
by the distortion. The change in the band structure can be calculated in a
nearly-free-electron model, by considering the distortion as a small perturba-
tion. In this case the distortion yields a opening of a band gap in the middle
of the originary Brillouin zone and induces a metal-insulator transition in
case the gap is opened in coincidence with the top valence of the undistorted
band structure. One therefore can conclude that a metallic one-dimensional
chain is unstable with respect to lattice distortions. The Peierls model can
be straightforwardly generalized to the three-dimensional case [(0)].

Concerning real systems, in materials characterized by partially filled
d and f shells, where narrow bands are present, correlation is expected to
play an important role (see Fig. 1.6). In particular, recently much attention
has been given to the high-T, superconductors, which are considered as
doped Mott insulators. Moreover, transition-metal oxides are often good
candidates to be Mott insulators [(1]. In fact, for the metallic element of
the compound the direct overlap between 3d orbitals is small. Generally the
hopping between these orbitals is mediated by the hybridization with the
oxygen 2p orbitals. The hopping ¢ is then in general quite small. It can be
estimated by the ratio between the overlap integral 2p — 3d, calculated in a
tight-binding approach, and the charge transfer energy: €; — ¢€,, which is the
difference between the average position of the oxygen 2p and the transition
metal 3d band. When €5 —¢, is large, bonding states are mainly from oxygen
2p orbitals and antibonding states from the metal 3d states. In this case the
hopping is small. The on-site Hubbard U depends instead on the effective
screening from the 4s states of the metal. The larger is the difference €5 — ¢4,
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Figure 1.6: Photoemission spectra (dots) of different metallic d* compounds.
Going upside-down, the ratio U/W increases and correlation effects become
more important. While the coherent quasiparticle peak becomes more and
more weak, the incoherent satellites becomes more and more pronounced. Solid
curves are independent-particle calculations. From Ref. [64]

the less efficient is the screening and larger is U. The interplay of these
factors determines whether a transition-metal oxide is a Mott insulator (as
for “early” transition metals, as Ti,V, Cr...) or a charge-transfer insulator
(as for “late” transition metals, as Ni and Cu) [62][61]. While in the former
case, in the Mott-Hubbard picture, the band gap is originated only by d-d
interactions, in the latter case also O 2p states are involved, since they lie in
the gap between occupied and unoccupied d states [(3]. So, going beyond
the Mott-Hubbard model, in charge-transfer insulators one has to take into
account also charge fluctuations within the unit cell between the oxygen and
the transition-metal sites [(2].

In Fig. 1.6 a series of photoemission spectra for different d! compounds
is presented [(4]. Since from one compound to another the lattice-structure
properties are different, the overlap between d orbitals and the consequent
width W of the d bands have different sizes. Increasing the ratio U/W
(which is equivalent to the ratio U/t), localized atomic-like excitations (the
Hubbard bands) appear in the photoemission spectra, together with quasi-
particle peaks, closer to the Fermi energy.

Photoemission spectroscopy confirms to be an invaluable tool to study
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1.3 Beyond the independent-particle picture

the effects of correlation on the electronic properties of a solid. In chapter
3 I will present a brief introduction to the many-body perturbation theory
where the key ingredients are the one-particle Green’s function, which rep-
resent the natural quantities one can use to interpret photoemission spectra
beyond the independent-particle model.

In this first chapter I have introduced the complexity inherent the many-
body problem. I have underlined that this complexity is actually the origin
of its great interest. I have discussed the limits of an independent-particle
picture to describe some prototypical spectroscopy experiments and the need
to introduce new quantities able to interpret the physical effects that emerge
from spectroscopy results. This will be in particular the subject of Chapters
3 and 5. For instance, in the interpretation of photoemission, one needs to
go beyond an interpretation based on the density of one-particle states and
introduces the spectral function A(w). In Chapter 3 the spectral function
will be rigorously defined as imaginary part of the Green’s function G and
the framework where it possible to calculate G and A will be illustrated. In
the next chapter I will instead present some theoretical tools to determine
the ground state of an interacting electronic system, which represents the
starting point for any theoretical spectroscopy calculation.

25






Chapter 2

Ground-state properties

In order to simulate spectroscopy measurements one has to calculate the ex-
cited states of the electronic system. But, first of all, the ground state has
to be determined. In this chapter I introduce the key ideas of the density-
functional theory (DF'T). DFT is the practical first-principles scheme that is
currently employed in the calculation of the ground-state properties. DFT is
a “‘mintmum-information theory”. Instead of dealing with the many-body
wavefunction V(ry,...,ry), DFT leads to calculate directly the simplest
quantity, i.e. the electronic density p(r), that one needs in order to have
access to the ground-state properties. This is an important aspect of DFT
that I will further discuss in Chapter 7.

Many books (see e.g. [05]) and reviews (see e.g. [00]) have been writ-
ten on DFT. In particular, in the review of van Leeuwen [07] a complete
introduction also to the mathematical details of the theory can be found.

2.1 The variational principle

Determining the ground state of a system of N electrons means finding the
lowest eigenvalue Fy of the Schrodinger equation (1.1). This corresponds to
the calculation of the wavefunction ¥y that yields the minimum:

Eo = min B[¥] = min(V|H|¥) = min(¥|T + Vi, + W) (2.1)

of the sum of the kinetic energy T, the external potential Vewr and the
electron-electron interaction W. A particular case is represented by the
Hartree-Fock approximation, where one restricts the search of the minimum
to the set of wavefunctions that are Slater determinants (see Eq. (1.36)).
However, since the Coulomb potential v(|r; — rj|) is a two-particle in-
teraction, the knowledge of the full many-body wavefunction ¥ is actually
not required for the determination of Ey. The total energy can be in fact
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2. Ground-state properties

calculated as:

1
E = —Q/drVZ'y(r,r’)

b [ dp(e)Veas(e) + [ drr e, o = v,
r'=r
(2.2)
in terms of the pair density p2(r, r’), the one-particle density matrix v(r,r’),
and the density p(r). The total energy in this way turns out to be a func-
tional, E = E[Ds], of the two-particle density matrix Ds:

Da(r1,r2;1),15) =
=N(N — 1)/dr3 co.rnUH(ry,ro, vy, oN)U(T], Th Ts L Ty). (2.3)

In fact ps, v and p are all directly linked to Ds:

p2 (I‘, I',) =Dy (I‘, I‘/; r, I‘/); (24)
"= 1/ 2 ):
v(r,r') = N1 draDa(r,ro;1', 12); (2.5)
1
p(r) = N1 /dr2D2(r,r2;r,r2). (2.6)

Therefore, the calculation of the ground-state energy could be thought
as a variational search of a minimum with respect to the much simpler Do
instead of the complicate W:

Eo = min E[Dy] = min(¥|H|¥). (2.7)
Do Do

Actually, this search has to be restricted to the two-particle density matrix
Dy obtained from normalisable and antisymmetric wavefunctions ¥ (other-
wise an arbitrary function of N variables could lead to a lower minimum).
This is a constraint known as the N-representability condition of Ds. In
other words, this constrained-search approach, formally introduced by Levy
[68], is a two-step procedure. One should first look for the U that generate
Dy and then calculate the minimum of the functional E[Ds]:

By = min { \IIIEIBQ<\I/‘H‘\I/>}. (2.8)

This N-representability condition could be made operational if it were re-
formulated as a Lagrange multiplier. One should introduce the proper con-
straint in (2.8), but this general issue for the two-particle density matrix Dy
has not been solved yet.

Instead, it is possible to use the density matrix y(r,r’) as the key variable.
The ground-state energy Ey in this case becomes:

1
Ey = min E[y] = min {—f /dr V2y(r, 1)
gl v 2

r,:r"‘/ dry(r, r)Veg (r)+W[y] }
(2.9)
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2.1 The variational principle

Here one has to pay the price that now the explicit functional dependence
with respect to v of the interaction term W~]
Wy = \Ipmn@mmw (2.10)
-7
is not known anymore and has to be approximated. Different strategies
to find good approximations are currently studied [69]. Anyway, the N-

representability constraint for the density matrix can be expressed easily in
terms of the natural orbitals ¢; and the occupation numbers n;:

() =) il (r)pi(r'), (2.11)
i=1

where the natural orbitals ¢; and the occupation numbers n; are solutions
of the equation:

/dl‘ﬂ(rla r2)i(re) = nipi(r1), (2.12)

and the n; are subject to the double constraint:
o
dni=N 0<n <1, (2.13)
i=1

The first condition can be transformed easily into a Lagrange multiplier,
together with the orthonormality condition on the ;. The variational prin-
ciple can be then applied to the following quantity [70]:

{E['y] - u(in - N) - i Ez‘j(/drwf(r)w(r) - 5@)} =0. (2.14)

i,7=1
The Gilbert’s theorem [71] guarantees that the ground-state expectation
value of any observable of the system is a unique functional of the density
matrix . In this way a density-matrix functional theory is established. Its
great advantage is that the kinetic energy is still a known functional of v. On
the other side, the theory has two technical disadvantages that make more
difficult its application to concrete calculations. First, the second constraint
in (2.13) allows for border minima in the occupation number optimization
and in this case the minimum does not stem from the variational principle
condition (2.14). There may be solutions (“pinned states” [69]), correspond-
ing to occupation numbers which are exactly equal to 0 or 1, that do not
satisfy Eq. (2.14). Second, the density matrix is idempotent if and only if
it corresponds to a Slater determinant [72]. In other words, given a density
matrix v of an interacting system, it is not possible to define a fictitious sys-
tem of noninteracting particles that yields the same «. In density-functional
theory, as I will discuss in the next section, the introduction of such a ficti-
tious noninteracting system (the Kohn-Sham system), capable to reproduce

9
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2. Ground-state properties

a given density p of an interacting system, has represented a fundamental
breakthrough, which cannot be analogously exploited in the density-matrix
framework (see also Sec. 7.5).

2.2 Density-functional theory

The density-functional theory (DFT) is minimum-information theory. The
Hohenberg-Kohn theorem [73] proves that the electronic density p(r) is the
simplest quantity that in principle one needs to know in order to calculate all
the ground-state properties, such as the ground-state energy Ey. Moreover,
thanks to the Kohn-Sham scheme [71], a very efficient method has been de-
vised to calculate p(r). This scheme is based on a one-particle Schrodinger
equation with an effective potential, the Kohn-Sham potential Vi g(r). Fi-
nally, already a very simple approximation such as the local-density approx-
imation (LDA) [74], has turned out to be very successful, even beyond any
initial expectations. These three observations justify the enormous success
of DFT in condensed-matter physics.

In the previous section I have shown that for the calculation of the
ground-state energy one doesn’t need to solve the full many-body Schro-
dinger equation, but much simpler quantities can be used to get the same
result. Hohenberg and Kohn [73] have determined the simplest of these pos-
sible variables. The Hohenberg-Kohn theorem proves that, for a system with
a nondegenerate ground state, there exists a one-to-one correspondence, up
to an additive constant, between the ground-state density p(r) and the static
external potential Vg (r). Since there is also a one-to-one correspondence
between the external potential and the ground-state many-body wavefunc-
tion W, ¥ can be written as a functional of the density ¥ = ¥[p].

The Hohenberg-Kohn theorem is valid only for the densities that are the
ground state of some potential. These densities are called V-representable.
While the V-representability condition assesses the existence of the one-to-
one mapping between p and V.., the Hohenberg-Kohn theorem establishes
its uniqueness. In general all reasonable densities are V' representable. In the
worst case, the potential has degenerate ground states such that the given
p is representable as a linear combination of the degenerate ground-state
densities (the density is then called “ensemble-V-representable”) [75].

The Hohenberg-Kohn theorem has been then generalized in many ways:
to cases where the ground states is degenerate, or where the system is spin-
polarized, to relativistic DF'T [76], to multicomponent DFT [77], to DFT for
superconductors [78], and so on. In particular, in Sec. 5.4 I will discuss the
extension of DFT to situations where a time-dependent potential is applied
to the system.

The Hohenberg-Kohn theorem introduces a dramatic simplification. In-
stead of having to calculate ¥, that is a function of 3N variables, one has
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2.2 Density-functional theory

to calculate only a function of 3 variables, and yet obtains the same desired
ground-state properties, such as the ground-state energy Fy. From this point
of view, ¥ and p are perfectly equivalent.

However, from the practical point of view, the functional dependence of
the ground-state properties with respect to p is in general not known. In
the case of the ground-state energy one has [79]:

By = min Blpl = min { [ drp()Veut) + Flol},  (2.15)

where the functional

Flp| = glir;<qf|T+Wy\D> (2.16)

has an unknown dependence with respect to density. F[p] is a universal
functional, in the sense that it doesn’t depend on the external potential.
Thanks to the one-to-one mapping between the density and the external
potential, the total energy can be thought as a functional of V,;. Therefore,
from a mathematical point of view, F' is the Legendre transform [67] of E
and one can prove that:

S = o) (2.17)
and SF

Sy = Vo) (2.18)
In fact:

SE  S(UIH|®) 5(P|D)
6‘/:aaxt<r) B 6‘/:33;75(1‘) B 5‘/é$t(r)
and (see Eq. (2.15)):
57F _ o OE  0Veg(r') B oy Vert(r)
@@y‘/dawmw>6mm /dp<)6mm

The N-representability condition for the density

/drp(r) =N (2.19)

+ p(r) = p(r)

- ‘/ea:t(r) = _‘/ext(r)'

can be easily added as a Lagrange multiplier to the energy functional E|p]
and the minimum could be calculated once an approximation to F[p] has
been chosen. In the case of the so-called density-only approaches [30], in
fact one tries to approximate directly F[p].

A historical approximation, in this context, is the Thomas-Fermi-Dirac

method [31][32][83], where one approximates F'[p] with:
_ 3 g 22 5 1 p(r)p(r’) 33 é/ i
Flp| = 10(37r )3 /drps(r) + 5 /drdr Fy— 4<7T) drp3 ().

(2.20)
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2. Ground-state properties

In this sum the first and last terms are the kinetic and exchange energies.
They are approximated through a local-density approximation, valid in prin-
ciple only for slowly varying densities. In this approximation, both energy
contributions are calculated considering at each space point r the correspond-
ing energy per particle of the homogeneous electron gas of density 7 = n(r)
and then integrating over all the points r. The remaining term in (2.20) is
then the classical Hartree energy Ep[p] (see Eq. (1.9)).

The density-only strategy would be very tempting, since calculations
would scale linearly with the number of atoms in the system. The main
problem consists in finding a good approximation to the kinetic energy, be-

yond the local-density approximation. From the virial theorem [67] one in
fact knows that the kinetic energy is of the same order as the total energy.
For example, the Von Weizsacker [$1] kinetic functional:

1 (Vp(r))?

Tp| = /dr (2.21)

8 p(r)
is a first generalization towards the inclusion of corrections of higher order
gradients of the density [35], but it is still not enough to obtain satisfactory
results.

2.2.1 The Kohn-Sham system

In order to overcome the problem of finding an approximation of F'[p] directly
based on the density, Kohn and Sham [7/] formulated an alternative efficient
strategy. They proposed to introduce a fictitious system of noninteracting
electrons subjected to an effective external potential, Vi g, with the property
that it yields the same density as the real interacting system.

Whether this is always possible is a subtle question. Recent works [067]
have shown that for every interacting V-representable density there is a
noninteracting V-representable density arbitrarily close to it.

In the noninteracting Kohn-Sham system W = 0, then Eq. (2.18) be-

comes:
§Fks 0Tk

— Vgg(r). 2.22
o(r) ~ oplr) VS 222
Defining:
Eyelpl = Flp] — Trslp] — Enlp] (2.23)
and differentiating (2.23) with respect to the density p:
Vmc(r) = - emt(r) + VKS(r) - VH(r)7 (224)

one finds the definition of the effective Kohn-Sham potential Vg in terms
of the external potential V,,;, the Hartree potential Vy:

Vi(r) = /dr’v(!r —r'|)p(r)), (2.25)
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2.2 Density-functional theory

and the exchange-correlation potential V:

o 5Emc
dp(r)’

which is not known analytically and has to be approximated.

Since in the Kohn-Sham system the fictitious electrons are noninteract-
ing, the many-body wavefunction Vg is a Slater determinant (1.36), formed
by the Kohn-Sham orbitals ;. The variational principle can be reformulated
directly in term of the ¢;:

Vae(r) (2.26)

5 N
5o [E - gzjl i / dreg(r)ei(r) — 5kl)] =0. (2.27)

In this way one obtains the Kohn-Sham equations

V2
(=5 + Vislol@)) oir) = eiitw), (2:28)
whose solution permits to get the exact density of the interacting system
as:

N
p(r) = lei(r) " (2:29)
i=1

This is indeed a noteworthy result: the solution of the many-body Schro-
dinger equation has been converted in a set of self-consistent one-particle
Schrodinger equations in the effective potential Vig.

In (2.28) the eigenvalues ¢; are a by-product of the Kohn-Sham approach.
They are the Lagrange multipliers appearing in Eq. (2.27). Since an analo-
gous of Koopmans’ theorem doesn’t hold for the Kohn-Sham equations, the
eigenvalues don’t have a physical meaning. There is the sole exception of the
highest occupied €y, which is equal to the ionization energy of the system
86]:

ey = —1. (2.30)

This is a consequence of the fact that the ionization energy determines the
asymptotic form of the density in the vacuum and this is well reproduced
in DFT. In particular, in the Kohn-Sham scheme it depends on highest
occupied eigenvalue.

Therefore, strictly speaking, the Kohn-Sham eigenvalues in any case are
not excitations energies. Nevertheless they are often interpreted in terms of
band structure. And this can be at the origin of relevant misunderstandings.

The functional dependence of V,. with respect to the density p is highly
non-analytical and nonlocal. A small variation of a density in a point r can
induce a great variation of the potential in a point r’ [54]. This observation
is at the basis of many pathologies of the exact V.. Its effects have been
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analyzed for instance in the case of two widely separated open-shell atoms
or in an insulator subjected to a uniform electric field [37].

In a solid the addition of an electron induces an infinitesimal change to
the density. Nevertheless the potential changes of a finite constant value:

A=V )~V (r) + O(1/N). (2.31)

This is the origin of the so-called band gap problem of DFT [88][29]. The
gap in an insulator is the difference between the ionization potential I and
the affinity A: Egqp = I — A (see Eq. (1.43)). Since the affinity of a system
of N electrons is equal to the ionization potential of the system of N + 1
electrons, using Eq. (2.30), one has:

Eyop = e%ﬁ — N (2.32)

Hence:
_ _N+1 N N N __ KS
Egap_EN_A,_l_EN+1+€N+1_€N_A+Egap7 (233)

where Eég;? is what one obtains by solving the Kohn-Sham equations (with
N particles) as difference between the lowest unoccupied and the highest
occupied eigenvalues. This explicitly demonstrates that in any case Eﬁg #*
Egap-

Not even in a metallic system the Kohn-Sham eigenvalues can be inter-
preted as quasiparticle energies. For example, the Kohn-Sham equations
applied to the homogeneous electron gas would yield the same bad results
as the Hartree approximation. In fact the Kohn-Sham potential is local
and static and hence a constant number in any homogeneous system. In-
stead, the correct theory to define quasiparticle band structures, for both
insulators and metals, relies upon the Green’s-function formalism and will
be introduced in the next chapter.

2.2.2 Approximations of the exchange-correlation potential

The Kohn-Sham scheme is a very efficient method for ground-state calcula-
tions. The whole complexity of the many-body problem has been reduced
to find a good approximation of the exchange-correlation potential V..

The simplest approximation introduced by Kohn and Sham is the local-
density approximation (LDA), the same approximation that Thomas and
Fermi had applied to the kinetic energy (see Eq. (2.20)). The great advan-
tage of the Kohn-Sham LDA with respect to the Thomas-Fermi approach is
that one has to approximate a much smaller quantity, F,., than the kinetic
energy. So also the error introduced by the approximation will be much
smaller. In LDA the exchange-correlation energy is:

Bl = [ drp)=t2 oto)) (2.34)

34



2.2 Density-functional theory

Figure 2.1: Comparison of an accurate Montecarlo calculation and an LDA
approximation for the exchange-correlation hole for an electron at the tetrahe-
dral interstitial site in the (110) plane of bulk silicon. The atoms and bonds
are schematically represented for bond chains along the [111] direction. From
Ref. [28].

The true system is locally approximated by a homogeneous electron gas
with density p = p(r). The exchange-correlation energy per particle of
the homogeneous electron gas, schG, can be accurately calculated with
quantum Montecarlo methods [90]. The results of these calculations are
then parametrized in order to be used in practical LDA calculations [91].

LDA resulted to be more accurate than the initial expectations, which
had defined its domain of validity to systems with a slowly varying density.
Its accuracy relies on cancellations of the errors in the approximations of the
exchange and correlation terms (LDA underestimates exchange and overesti-
mates correlation [19]) and from the fact that LDA satisfies the sum rules for
the exchange-correlation hole p,. (see Eq. (1.6)) [92][93]. As Fig. 2.1 shows,
even though LDA is not able to yield a good description of the shape of
the exchange-correlation hole, it provides a very good estimate of its spher-
ical average, which is what one actually needs in ground-state calculations
92][93].

In order to take better into account systems where the density varies
more strongly, LDA has been generalized to the so called generalized-gra-
dient approximation (GGA) [94]. In this approximation eZF% becomes a
function of the density and its gradients, with some free parameters that are
obtained either from sum rules or fitted to experiments. GGA is widely used
in chemistry because it improves the calculations of dissociation energies.
Anyway, a systematic improvement with respect to LDA cannot be found.
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2. Ground-state properties

In particular, both LDA and GGA suffer from a self-interaction problem:
each electron feels the potential of all the electrons instead of all the other
electrons. The consequences of this problem are different. In particular, the
approximated Kohn-Sham potential decays more rapidly than r—!, as the
exact one does. This is the origin of the fact that Rydberg series cannot be
described, negative ions are not bound, and ionization potentials are often
too small.

The correct asymptotic behavior of the exchange-correlation potential
(for closed-shell systems with spherical symmetry) has been obtained us-
ing the adiabatic-connection fluctuation-dissipation (ACDF') theorem [95].
Moreover, potentials derived in this framework are able to describe cor-
rectly dispersion forces [96][97][9%], where the nonlocality in the functional
dependence of the correlation energy with the density and a correct balance
between the approximations for exchange and correlation are crucial [99].
Nevertheless, the ACDF approach is very cumbersome and has been used
only for few applications.

Alternative approximations that remedy the self-interaction deficiency
of LDA/GGA are the self-interaction correction (SIC) scheme [100] and the
exact-exchange (EXX) approximation [101]. In the former one explicitly
subtracts from the DFT energy functional the spurious self-interaction for
each occupied state. The self-interaction correction vanishes for extended
states, but it is important for spatially localized states. In this sense, the
SIC is linked to the gain in energy associated with localization [102]. The
exact-exchange approximation tracks in a DFT framework the spirit of self-
interaction correction of the Fock exchange term (1.39) with respect to the
Hartree term (1.38). In the following section I will show how EXX arises
naturally as a particular approximation to the energy functional in the op-
timized effective potential (OEP) approach. In Sec. 7.1 I will discuss an
alternative equivalent derivation of the OEP-EXX scheme (see Eq. (7.10)).

2.2.3 Optimized effective potential method

The optimized effective potential (OEP) method was originally created in
order to approximate the Hartree-Fock method by constructing a local po-
tential whose eigenfunctions minimize the Hartree-Fock energy [103][104]. It
has then been applied in the DFT framework.

In the OEP context the DFT energy functional is thought as an explicit
orbital functional F[{¢;,€;}], and hence only an implicit density functional.
Thanks to the Hohenberg-Kohn theorem, the variational condition (2.15)
can be formulated in terms of the Kohn-Sham potential [105]:

dE[pi, i _
(5VK5(I‘)
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2.2 Density-functional theory

The functional derivative is then calculated using a chain rule:

SE  0p5(r') OE  J¢;
dr’ ! he|+ f———"—. (2.36
5VKS Z / 5 () oVics(r) LT B Vs () (2.:36)
After some algebra [105] and making use of the constraint that the orbitals

©; are solution of the Kohn-Sham equation with a local potential, one finds
the OEP equation for V..

/dr’XKS(r, v w = 0)Vee(r') = Age(r), (2.37)

where:

_Op(r)
SVis(r')

is the static independent-particle response function (see Sec. 5.4) and

8Emc Pk (I‘)(p* (I‘/) 5Exc
Age(r) = ()2 —pi(r /dr’ k +h.c.|. (2.39
(x) }k#; s 52 =5 e P (2.39)

Xks(r,r',w=0)= (2.38)

A simplification of the OEP equation (2.38), the KLI approximation, has
been introduced by Krieger et al. [106]. It consists in neglecting the
derivative 0F,./0¢; and in assuming constant the energy denominators
€ — € = A€

Also the unoccupied Kohn-Sham states, which don’t contribute to the
electronic density, enter Eq. (2.37). So, even in the KLI framework, the
determination of V. in the OEP scheme remains a much more involved
calculation than the LDA approximation.

The OEP method is currently employed in the exact-exchange approx-

imation (EXX) [101], where only the exchange part of E,. is taken into
account:
/ A . I,/
Eulton] = /d oy soz’( )soz,(’ )e; (). (2.40)
r—r
i,j=1

The Kohn-Sham exchange potential can be then obtained using the chain-
rule differentiation:

o 5El« o o dr 5Er 5(pk(r1) c 5VK5(I'2)
Vo) = ) —%/ i | Fastea) ) oy 4D

Even though the functional dependence of E, with respect to the orbitals
@; is the same as in Hartree-Fock, the energy calculated in Hartree-Fock is
always lower (at most equal) than the energy obtained in EXX. In fact, in
the OEP framework the orbitals ¢; are subject to a further constraint: being
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2. Ground-state properties

solution of the Kohn-Sham equation where the potential is local. In Hartree-
Fock this constraint is not used, and in fact the Hartree-Fock potential is
nonlocal. Therefore the variational minimization in Hartree-Fock is applied
to a larger class of orbitals and this leads to lower energies.

In the EXX approximation the self-interaction deficiency of LDA/GGA
is exactly eliminated and this can be important for the determination of
some ground-state properties.

In any case, any OEP scheme, EXX included, can be used only to de-
scribe ground-state properties. It is not supposed to produce reliable re-
sults also for excited-state properties, in particular for quasiparticle energies
measured in photoemission. Nevertheless, promising results for Kohn-Sham
band gaps in sp semiconductors had been obtained in the EXX approxima-
tion [107][108]. However, the true band gap Eyqp is given by the sum of the
exact Kohn-Sham gap Eﬁg and the derivative discontinuity A of the (exact)
exchange-correlation potential V. (see Eq. (2.33)). So the fact that band
gaps obtained in the EXX approximation, Eﬁg X have been found similar
to Egqp implies only that the error introduced by the EXX approximation
in the Kohn-Sham scheme is similar to the derivative discontinuity. Since

Egop = EESX + (Eggg — BESX) 4+ A, (2.42)

in order to have Fyq, = Egb;ifX, it must be: Eﬁ%x — E;gﬁ = A. This is

a fortuitous coincidence that holds only in sp semiconductors in the EXX
approximation. In fact, when EXX calculations have been performed for

other systems, like noble-gas solids [109], one finds Efa;fx < Egqp. Also
when, beyond EXX, effects due to correlation have been included in the
OEP scheme [110][111], a confirmation that EGEY < Egqp, has been found.

Moreover, whereas A calculated in LDA is zero, the derivative discontinuity
calculated in EXX, Agxx, is quite large. Adding Agxx to Eﬁgx, one
finds a result close to the band gap calculated in Hartree-Fock [110], which
is much larger than the experimental value.

When one has a good estimate of the exact Kohn-Sham gap Eflﬁ , the
derivative discontinuity A (see Eq. (2.33)) contributes for 30% to 50% to
the band gap Egyqp [ 10][112]. Therefore, in order to calculate quasiparti-
cle energies one cannot use a Kohn-Sham scheme. The natural framework
is instead given by the one-particle Green’s-function theory, as it will be

discussed in the next chapter.

2.2.4 DFT in practice

Once an approximation of the exchange-correlation potential has been cho-
sen, the Kohn-Sham equations are solved by representing the wavefunctions
@; over a (finite) basis. One is then led to diagonalize a matrix equation.
Thanks to the Bloch theorem, the simplest choice in a solid is to use a
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2.2 Density-functional theory

plane-wave basis set:

1

Pnk(r) = > i (G)elk TG (2.43)
v N2 G
where: .
unk(G) = Q/Q dre™ Gy, (r) (2.44)

is a lattice periodic function (€2, is the volume of unit cell). The number of
plane waves is determined by the cutoff energy E.y:

(k+ G)?

5 < Eeur (2.45)

In other words, the cutoff energy defines the sphere to which all the plane
waves of the basis belong. So, increasing F.,:, one can improve systemati-
cally the quality of the basis set.

The key quantity in DFT is the density p(r):

pr) =3 /Q S = ) PinlE)enk(), (2.46)

where the Fermi distribution f assures that only occupied states are consid-
ered in the sum over the bands. The k integration over the Brillouin zone in
(2.46) is in practice replaced by a finite sum over special grids of k points in
the irreducible Brillouin zone. A common recipe to build grids of k points

is given by Monkhorst and Pack [113]. Using (2.43), one explicitly has:
IBz '
pr) =D 3> wif(er — emdupp(Gumc(G)e G, (2.47)
n  k GG’

where the weights wy of the special k points of the grid have been introduced.
Moreover, from (2.47) one realizes that, since both G and G’ have to belong
to the sphere defined in (2.45), the density has to be represented on a sphere
of double radius than the one for the wavefunctions.

In a typical convergence study, one increases the number of plane waves
and k points used to represent the wavefunctions until the results don’t vary
anymore. In case one deals with metals, a proper smearing technique of the
Fermi distribution has to be used to facilitate the convergence with the k
points.

In order to be able to use a plane-wave basis set, one has to adopt a
pseudopotential approximation. The use of pseudopotentials has in fact
the double advantage of reducing both number of plane waves required to
achieve convergence and the number of electrons involved in the calculation.

In this way, the density p is partitioned in valence and core parts. Since
core electrons don’t take part to the chemical bonding, one can reasonably

39



2. Ground-state properties

assume that core electrons in a solid occupy the same orbitals as in the atom
(frozen-core approximation). Therefore in the calculations only valence elec-
trons are explicitly considered. The core electrons keep the valence electrons
away from the nuclei. Summing this repulsive effect to the attractive inter-
action between the nuclei and the valence electrons gives rises to a much
weaker total potential: the pseudopotential. Each atom results formed by a
ionic core (given by the nucleus and the core electrons) and valence electrons,
described by pseudowavefunctions, that interact with the ionic core through
the pseudopotential.

There are many different recipes to build ab initio pseudopotentials (for
a detailed introduction, see, for instance, Refs. [5][114]). In particular, in
this thesis I have considered norm-conserving pseudopotentials [115] (see
Sec. 6.4.1). In this scheme one calculates the pseudopotential and the pseu-
dowavefunctions to be used in the solid from the solution of the Kohn-Sham
equation for the pseudoatom that yields the same eigenvalues as the ones
obtained by solving the Kohn-Sham equation for the real atom. In partic-
ular one requires that all-electron wavefunctions and pseudowavefunctions
have the same norm, assuring that both give rise to the same electronic
density. Outside a cutoff radius r., defined for each component of angular
momentum [ and larger than the outermost node of the all-electron radial
wavefunction, the all-electron wavefunction and the pseudowavefunction co-
incide. For r < rlc the pseudowavefunctions are built in such a way that they
are still smooth and nodeless.

Solving the Kohn-Sham equations in this scheme finally permits to cal-
culate the ground-state electronic energy as:

Fo= 5 3 [tV ate) g [ arae S

r—r

(2.48)
+/ﬁ%uMMﬂ+EAM

In order to get the total energy of the system, FE,, one has also to add to
Ey the (constant) Coulomb repulsion term between ions. In particular, if
the external potential V.,; depends on a parameter «, one can calculate the
total energy as a function of o, Eypt = Eyot(), in order to find its minimum
with respect to a. Typical properties that can be accessed in this way are
the lattice constants (see Sec. 6.4.2), forces (through the Hellman-Feynman
theorem [116]), phonons, etc.
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Chapter 3

One-particle excitations

In many-body perturbation theory (MBPT) the key variables are the Green’s
functions. In particular, in this chapter I introduce the one-particle Green’s
function G, which permits to calculate the spectral function and the quasi-
particle energies associated to the one-particle excitations measured in pho-
toemission (see Sec. 1.2.1). Thanks to Schwinger’s functional-derivative
method, I will derive a closed set of equations (Hedin’s equations) that ac-
count, in principle exactly, for all the many-body effects in an electronic sys-
tem. Following the main ideas of Hedin, I will stress the importance of the
screening of the Coulomb interaction. I will then introduce the GW approz-
imation and some details of its standard implementation. Moreover, I will
discuss the recently developed schemes to perform self-consistent quasiparti-
cle calculations, in particular the one based on Hedin’s COHSEX approxi-
mation (for a more detailed introduction I refer to the thesis of F. Bruneval
[).

Besides standard MBPT textbooks (such e.g. [117]), the fundamental
review of Hedin and Lundquist [115] and the more recent review of Strinati
[119] present a complete introduction to MBPT and the main physical ideas
behind it. The reviews of Aulbur et al. [120] and Aryasetiawan and Gun-
narsson [121] provide also a collection of results obtained in the GW approz-
imation. The work of Farid [122] describes the mathematical foundations of
the Green’s-function theory.

3.1 The Green’s function

The time-ordered one-particle Green’s function at zero temperature is de-
fined as:

G(1,2) = —i(N|T[H ()9 (2)]|N), (3.1)

where |N) is the exact ground state of the interacting system and ¢ are field
operators in the Heisenberg picture (1 is a shorthand notation for rit107).
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3. One-particle excitations

The T-product orders operators with the one at latest time on the left
and adds a sign -1 for each interchange of operators. Explicitly:

G(1,2) = —=i[0(t — ta) (NI ()FH2)IN) = Btz — 1) (N (2)5(1)IN)).
(3.2)
For to > t1, G describes the propagation of an extra hole from r; to ro and,
for t; > t9, the propagation of an extra electron from ro to r;. Therefore, it
is the key variable in order to provide an interpretation of the one-particle
excitations of the system.
In particular the definition (3.1) will be considered in the case of time-
independent Hamiltonian (for a generalization see App. A.2). Also two
other Green’s functions are often introduced as [117]:

G (1,2) = — i0(t1 — t2) (N|{db(1), 9 (2)} V), (3-3)
GA(1,2) = +i0(t2 — t1) (N|{d(1), 9 (2)} V), (3-4)

where the braces are anticommutators. They are known respectively as
the retarded (or causal) Green’s function, G, and the advanced Green’s
function G4.

The one-particle Green’s function G contains a great deal of useful infor-
mation [117]. Thanks to G we can calculate also the ground-state expecta-
tion value of any one-particle operator and the ground-state energy of the
system.

With a time-independent Hamiltonian, any one-particle operator A in
second quantization can be written as:

A=lim [ drA(r)dT(r)d(r). (3.5)

r’'—r

The limit here has to be considered explicitly in case A(r) contains differen-
tial operators. So, comparing (3.5) and (3.1), one can immediately realize
that the expectation value (A) = (N|A|N) can be expressed in terms of the
one-particle Green’s function as:

(A) = —i lim lim [ drA(r)G(r,r',t,t'). (3.6)

r'—rt/ —tt

For example, the expectation value of the electronic density:

pra) = [ dwd(e = v @it (3.7)
is the diagonal in space and time of the Green’s function:
p(rl) = _iG(rlarlatat+)- (38)

Similarly, although the Hamiltonian contains two-particle operators, the
ground-state total energy Fy of the system can be calculated from the
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3.1 The Green’s function

one-particle Green’s function G thanks to the Galitskii-Migdal equation

[L17][123]:

1 . . 0 . ryo
Eo =5 / dr lim_ lim [& - mo(r)]a(r,r 1), (3.9)

If the Hamiltonian is time independent, G depends only on the difference
7 =1t —t'. Inserting in Eq. (3.2) a completeness relation in the Fock space,
one has:

G(r1,r2,7) = (=)6(7) Y (N[N + 1, s)(N + 1, 5] F (2)|N)+

: X R (3.10)
—(=0)0(=7) D (N[ (2)|N = 1,s)(N — 1, s[)(1)|N).

s

Moreover, since:

1 +00 e~ wT
0(£7) = F— d 3.11
&) =Fo5 | o (3:.11)
for n — 07 [72], from the Fourier transform of (3.10), one obtains the
Lehmann representation [124] for the one-particle Green’s function:
*
e rpw) = 3 — LVl @) (3.12)
w— Es+insgn(Es — p)

S

where, if By > p, fs(r) = (N|(r)|N +1,s) and Es = Exy16 — En; if
Ey < p, fs(r) = (N —1,s|¢(r)|N) and E, = —FEn_1,s + En. The Lehmann
amplitudes fs form a complete set, but in general they are not orthogonal.
G has poles at the electron addition and removal energies E,. The poles lie
slightly above the real axis for frequencies below p and slightly below the
real axis for frequencies above u.

It is possible to derive a Lehmann representation also for the retarded
and advanced Green’s functions (3.3)-(3.4):

GR(r1,row) =3 m (3.13)
GAry,rp,0) = i (j%f ;“_r;; (3.14)

from which one can see that G is analytic for Imw > 0 and G4 is analytic

for Imw < 0, because their poles lie all in the other complex half plane.
The spectral function A that one measures in photoemission experiments

(see Sec 1.2.1) is proportional to the imaginary part of the Green’s function:

1
A(ry,ro,w) = %Sgn(,u — w)ImG(ry, ro,w). (3.15)
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3. One-particle excitations

From the Lehmann representation (3.12), the spectral function can be writ-
ten as:

A(ry,ro,w Zfs (r1) f3(r2)6(Es — w). (3.16)

From this expression one can immediately realize that the spectral func-
tion is hence the quantity directly related to the one-particle excitations,
described by the Lehmann amplitudes fs and the electron addition and re-
moval energies E.

It is important to note that for energy ranges where in the thermody-
namic limit E, form a continuum, one should consider the analytic continu-
ation of G in the complex plane (for the mathematical details see [122]). A
meaningful Green’s function on the real axis is defined only as the limit of
its analytic continuation in the complex plane:

Gw) = %13% G(w + insgn(w — ). (3.17)

So the Green’s function turns out to be:
(rq,r
G(ry, 12,2 /d aGL IR A ) (3.18)

G displays a branch cut along the real axis across which G is discontinuous
and

A(w) = ling %[G(w —in) = Glw+ in)]. (3.19)

The spectral function satisfies the normalization condition:

+oo
/ de(I‘l, ro, w) = (5(1’1 - I'Q) (320)

—00

and from its diagonal one can extract important information such as the
electronic density:
p(r) = /M dwA(r,r,w). (3.21)
—0o0
If the system is noninteracting, then the many-body states |[N') are Slater
determinants (see Sec. 1.3.1). In this case fs = (N|¢(r)|N +1,s) # 0 only
if [N +1,s) = cl|N) (analogously for B, < p). So the Lehmann amplitudes
are the true eigenfunctions of the one-particle Hamiltonian. Moreover, the
spectral function calculated on the basis of these one-particle states consists
in delta peaks at the energies E,. In the general case, instead, the many-
body states are a combination of many Slater determinants and the spectral
function is given by the overlap of many different contributions that lead to
a spreading and a renormalization of the delta peaks (see Fig. 1.5).
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3.2 Hedin’s equations and the GW approximation

3.2 Hedin’s equations and the GW approximation

The time evolution of G corresponds to the propagation of an electron (or
a hole). Its equation of motion (see App. A.1):

[ia@tl ~ ho()] G(1,2) = 5(1,2) —i/dSv(1,3)G2(1,3, 2,37),  (3.22)

where hg = —V?2/2 + V. is the one-particle term of the Hamiltonian,
describes the fact that the electron, moving around, polarizes the system
creating electron-hole pairs along its way. For this reason the equation of
motion of the one-particle Green’s function involves also a two-particle quan-
tity: the two-particle Green’s function G2, which describes the creation and
annihilation of pairs of particles. Further deriving the equation of motion
for G2, one would find a hierarchy of equations involving Green’s functions
of increasing orders: G3,Gy, ... In fact, for example the electron-hole pair
created by the propagation of the first electron would induce a cascade of
other electron-hole pairs.

Eq. (3.22) could be evaluated using diagrammatic techniques based on
the Wick theorem [117][125]. In order to keep more contact with the physics
of the interacting system, I will follow here an equivalent alternative method,
based on Schwinger’s functional derivative [120].

Even though G is still unknown, from (3.22) we know that its evolution
leads to a polarization of the system. The main physical idea of Schwinger
is that the same polarization of the system could be obtained by a time-
dependent perturbing external potential V)., which, in the spirit of the
linear-response theory, will be let vanish at the end of the derivation. So the
one-particle term of the Hamiltonian hg contains now also V.

It is possible to demonstrate (see App. A.2) that the variation of G with
respect to the perturbation V., is:

m = G(1,2)G(3,3%) — G2(1,3,2,3™). (3.23)

Inserting (3.23) in (3.22), one finds:

ii — ho(1) +z’/d3v(1,3)G(3,3+)]G(172) =

:5(1,2)+i/d3v(1+,3)m. (3.24)

Since —iG(3,3") = p(3), one can recognize that the term:
z’/d3v(1,3)G(3, 3T) = Vg (1) (3.25)
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3. One-particle excitations

is the classical Hartree potential. So the effects of the perturbation V., can
be split into a classical contribution (the first term in the right-hand-side
of Eq. (3.23)) and a contribution beyond the classical independent-particle
picture. The quantum effects are hence all contained in the last term of
(3.24), which can be cast in the equivalent way, by defining the self-energy

> as:
0G(1,2)

i/d3v(1+,3)w = /d32(1,3)G(3,2). (3.26)

The self-energy therefore turns out to be the effective nonlocal and dynam-
ical potential that describes all the effects of exchange and correlation in
the system. It is the effective potential that the extra particle feels for the
polarization that its propagation induces for the exchange effects, due to the
fact that it is a fermion.

With the introduction of the Hartree potential Vi and the self-energy
Y, Eq. (3.24) can be then rewritten as:

[ii ~ ho(1) — VH(l)]G(l, 2) = 6(1,2) + /d32(1,3)G(3, 2).  (3.27)

The Hartree Green’s function is defined as the resolvent of the Hartree Hamil-
tonian (but calculated with the exact electronic density p), where one has
Y =0 9

[z‘— ~ ho(1) — VH(1)]GH(1, 2) = §(1,2). (3.28)

Combining Eqgs. (3.27) with (3.28) one finds (see App. A.3):
G4(1,2) - G71(1,2) = £(1,2). (3.29)

The self-energy describes a renormalization effect: the difference between
the propagation of an independent (Hartree) particle and the propagation
of an interacting fermionic particle. Eq. (3.29) is generally rewritten as a
Dyson equation linking Gy and G:

G(1,2) = Gy(1,2) +/d34GH(1,3)2(3,4)G(4, 2), (3.30)

where d34 is a shorthand notation for drsdtsdrsdt, that will be regularly
adopted in the following.

The self-energy appearing in these equations is still unknown. Eq. (3.26)
can be easily solved with respect to X:

¥(1,2) :i/d34v(1+,3)§§£’(gc:—1(4,2). (3.31)
Since (see App. A.4):

6G(1,2) §G71(4,5)

Voen(3) _/d45G(1’4>6Vper(3) G(5,2), (3.32)
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3.2 Hedin’s equations and the GW approximation

from Eq. (3.31) one has:

6G71(4,2)
%(1,2) = —i 4o(1F 1,4)———2. .
(1.2) = i [ asao(rt 3)6(14 T (33
Thanks to the definition of the reducible vertex I
. §G71(1,2)
rag,2,3)=—-———--=- 3.34
(1,2,3) = =T (3.3
equation (3.33) can be rewritten as:
»(1,2) = —i/d34v(1+,3)G(1,4)f(4,2,3). (3.35)
Moreover, using the Dyson equation (3.29), the chain rule:
0%(1,2) 0%(1,2) 6G(4,5)
= [ d45 3.36
Vper(3) / 0G(4,5) 0Vper(3)’ (339

and Eq. (3.32) together with the definition (3.34), the following equation
for the reducible vertex I' can be obtained:

F(1,2,3):5(1,3)5(1,2)+/d4567[—@'U(1,4)5(1’2)5(475)+ 55(1,2)

3G(4,5)) "
x G(4,6)T(6,7,3)G(7,5). (3.37)

In Eq. (3.37) the terms beyond the delta functions express the change of
the induced potentials due to the propagation of the extra particle. In other
words, the extra particle polarizing the system makes also the other particle
move and this reaction modifies self-consistently the potentials that the extra
particle feels.

The three equations (3.30), (3.35) and (3.37) define a closed set of equa-
tions in the three variables G, ¥ and I'. One should iterate them self-
consistently in order to calculate G. The simplest approximation, beyond
the Hartree approximation, consists in taking for the self-energy:

¥(1,2) = iG(1,2)v(17, 2). (3.38)

In this case one neglects the so-called vertex effects, by assuming f(l, 2,3) =
5(1,2)4(1, 3). This assumption corresponds to the Hartree-Fock approxima-
tion and (3.38) is nothing else than the Fock exchange operator V, (see Eq.
1.39):

Yo(ri,r2) = — Z O(u — Ei)¢i(r1); (r2)v(|r1 — ra). (3.39)

As already discussed (see Sec. 1.3.1), the eigenvalues of the Hartree-Fock
equation are not good estimates of the spectral properties of solids. An
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I=1+(@X/8G)GGT

)

P=GGI'

Figure 3.1: Hedin’s pentagon connecting the Green’s function G, the self-
energy X, the vertex I', the polarizability P and the screened interaction W.
From Ref. [120].

order-by-order expansion in v turns out to be ill-defined, as in the case
of the homogeneous electron gas. Instead, Lars Hedin [127] introduced a
fundamental breakthrough by realizing that, instead of the bare Coulomb
interaction v, one should consider an expansion in the screened potential W:

W(1,2) = /d3el(1, 3)v(3,2), (3.40)

where e~! is the inverse of the (microscopic) dielectric function, which
describes the screening of the bare Coulomb potential v.
In this way (see App. A.5) a closed set of five equations in five variables,
Hedin’s equations, can be obtained (see also Fig. 3.1). They are:

2(1,2) :z‘/d34G(1,4)W(3, 1)T(4,2,3), (3.41)

G1,2) = Gu(1,2) + /d34GH(1,3)E(3,4)G(4, 2, (342)

(1,2,3) = 6(1,2)5(1,3) + / d4567§2& igG(Zl, 6)G(7,5)T(6.7,3), (3.43)
P(1,2) = —i/d34G(2,3)G(4, 2)I'(3,4,1), (3.44)

W(1,2) = v(1,2) + /d34v(1,3)P(3,4)W(4, 2). (3.45)

This five equations describe all the physics of the many-body system in a
closed form.

Besides the Green’s function G, the self-energy 3 and the screened po-
tential W, in Hedin’s equations (3.41)-(3.45) the irreducible vertex I' and
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3.2 Hedin’s equations and the GW approximation

the (time-ordered) irreducible polarizability P have been introduced:

-1
Fﬂﬂﬁ%:—%%ggn:503ﬁﬂﬂy+§zzg, (3.46)
p(1,2) = oP) (3.47)

T Vi(2)

where Vit = Vper + Vi is the total classical potential. I' describes the change
of the potentials with respect to the change of the total classical potential
Viot- Since the induced potential, through a screening effect, counteracts
the perturbing potential, the change of the potentials in I' is expected to be
smaller than in the reducible vertex f, where one considers V)., instead of
Viot (see Eq. (3.34)). The polarizability P contains the effects of polarization
of the system. From its equation in (3.44), one can see that the polarization
is made of interacting particles

When a charge is added to an electronic system, the first effect is the
polarization of the system. By neglecting the electron-hole interaction in
the electron-hole pairs that constitute the polarization and the exchange-
correlation effects in the induced interaction between the extra charge and
the polarization charge of the system, one finds the GW approximation
introduced by Hedin [127]:

¥(1,2) = iG(1,2)W(1T,2). (3.48)

The GW approximation corresponds to neglect vertex effects, i.e. to take
for the vertex the simplest expression:

I(1,2,3) = 6(1,2)8(1,3) (3.49)

in both P (see Eq. (3.44)) and X (see Eq. (3.41)). In particular, the form of
this approximation for P is known as random-phase approximation (RPA)
and yields for the polarizability:

P(1,2) = Py(1,2) = —iG(1,2)G(2,1). (3.50)

The important difference with respect to the Hartree-Fock approxima-
tion (see Eq. (3.38)) is the fact that in GW one takes explicitly into account
the existence of polarization effects that screen the propagation of the extra
particle. While in Hartree-Fock there is no polarization and no relaxation
of the system and the self-energy is static, GW is a dynamically screened
approximation. In GW one sets the irreducible vertex I' = 1, in Hartree-
Fock I' = 1. The latter is a more drastic approximation because I' contains
the response of the potentials to the variation of the total potential Vi (i.e.
external plus induced Hartree potential) which is smaller than the response
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3. One-particle excitations

of the potentials to the variation of the external potential alone (Vior < Vper),
since the variations of the electronic density tend to oppose to the perturba-
tion. Then, the fact for example that beyond GW the exact polarization is
made by interacting electron-hole pairs can be considered as an effect of sec-
ond order and hence neglected. And, for instance, missing vertex corrections
in the self-energy give rise to self-screening errors [125].

The formalism based on the Green’s functions permits also to revise
the concept of electronic correlation as discussed in the Introduction (see
Sec. 1.1). There the idea of correlation had been introduced in terms of
static probabilities. If two electrons are correlated, then the probability
to find them in the positions r; and ro is not the simple product of the
single probabilities. Here the idea of correlation instead emerges as tightly
connected to the dynamical propagation of particles. Two electrons are
correlated because their propagation in the system is not independent. On
the contrary, one has to take into account the polarization effects due to the
dynamical relaxation of all the other particles that an electron encounters
along its trajectory. If in the former picture it is as one had taken an
instantaneous photograph of the electronic system at a certain fixed moment,
in the Green’s-function approach one is instead watching the dynamical
evolution (the “movie”) of the electronic system.

Even using the GW approximation to the self-energy, the Dyson equation
is still a self-consistent equation in G that one could solve iteratively. In this
sense the starting point is arbitrary. In fact, it is possible to start with the
Green’s function of any noninteracting system and iterate self-consistently
(keeping the vertex I' = 1). In particular, Hedin obtained the GW ap-
proximation by iterating Hedin’s equations starting from > = 0, i.e. from
the Hartree Green’s function Gg. Modern calculations, starting from the

works of Strinati, Mattausch and Hanke [129] and then Hybertsen and Louie
[130][131] and Godby, Schliiter and Sham [112] [132], instead use a “best G,
best W” approach [133]. In this philosophy one dismisses the idea of a

strict iterative solution of Hedin’s equations. Instead, one builds the GW
self-energy from the best mean-field results at disposal, in general the LDA
Kohn-Sham eigenvalues and eigenfunctions, and calculates the GW quasipar-
ticle energies as a first-order correction with respect to LDA. Other possibil-
ities are to start from GGA [134][135], EXX [136][137] or hybrid-functional
[138] results. The “best G, best W” approach (also known as “one-shot GW”,
or GoWp) has become the standard method for GW calculations. In general
it yields results for quasiparticle energies in good agreement with experi-
ment (see Fig. 3.2) and hence is the method of choice for band-structure
calculations [120].
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Figure 3.2: Comparison between the calculated and the experimental band
gaps for a certain number of materials. In case of perfect agreement between
theory and experiment, the dot, corresponding to the theoretical result, should
stay on the diagonal line. Instead, all the LDA results (red squares) show
an evident underestimation of the band gap. The GW values are in much
better agreement with the experiment. From all-electron perturbative GW
calculations of Ref. [139].

3.3 GW in practice

3.3.1 Calculations in the quasiparticle framework

The Fourier transform of the Dyson equation (3.27) gives:

[w—hg(rl)—VH(rl)]G(rl,rg,w)—/drgﬂ(rl,rg,w)G(rg,rg,w) = (5(1‘1—1‘2).

(3.51)
Eq. (3.51) can be analytically continued in the complex plane [122]. A
formal solution of this equation in the complex plane is then given by:

‘I))\(I‘l, Z)&))\(I‘Q, Z)
z— Ex(2)

G(I‘l, ro, Z) = Z

A

(3.52)

where the right and left eigenfunctions ®, and @) are solutions of:
[ho(rl) + VH(I‘l)](I))\(I'l, Z) + /erE(rl,I'Q, Z)(I))\(I'Q, Z) = E)\(Z)CI))\(I'l, Z),

[ho(l‘l) + VH(I‘l)]i))\(I‘l, Z) + /dI‘Q&))\(I‘Q, Z)E(I‘Q,I‘l, Z) = E)\(Z)(i))\(l‘l, Z)
(3.53)
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3. One-particle excitations

Right and left eigenfunctions form a biorthonormal set:

/dri))\(r, Z)CI))\/(I',Z) = 5)\)\/. (354)

In the quasiparticle approximation one assumes that the complex poles of
the Green’s function G:
Es = EA(ES) (3.55)

(or, more in general, local minima of |z — E\(z)| [140]) represent the dom-
inant contribution to G. In this way one finds the quasiparticle equation:

[ho(rl) + VH(rl)}ng(rl) + /dI‘QE(I‘l, ro, Es)gbs(rz) = ES¢S(P1). (356)

Even though the quasiparticle equation is a single-particle equation, the
quasiparticles don’t correspond to stationary one-particle eigenstates of the
many-body Hamiltonian H (1.1), but they are formed by a macroscopically
large number of almost degenerate stationary eigenstates of H [122]. In
the Lehmann representation in the thermodynamic limit one has a series of
infinite close-lying poles on the real axis that merge to form a branch-cut.
An alternative representation is given by a complex pole, the quasiparticle
energy Fy solution of Eq. (3.55), whose real part gives the position of the
peak associated to this pole and its imaginary part the width of the peak
[2] (see Fig. 3.3). The real part of the quasiparticle energy represents the
energy measured in photoemission, its imaginary part is connected to the
lifetime of the excitation.

The quasiparticle equation (3.56) can be directly compared with the
Kohn-Sham equation (2.28):

[ho(r1) + Vi (r1)]@s(r1) + Vae(r1)ps(r1) = €sps(ra). (3.57)

The overlap between LDA and GW wavefunctions has been claimed to be
larger than 99.9 % [131] in simple semiconductors, even though later cal-
culations have shown that this is not always the case [I11]. In any case,
assuming that the quasiparticle wavefunctions ¢ can be approximated by
the Kohn-Sham orbitals ¢g: ¢s = @, one can calculate the corrections to
the Kohn-Sham eigenvalues €5 to the first order in 3 — V,:

(ps|B(Es) = Vielps) = Es — €. (3.58)

Generally, in order to solve this nonlinear equation in Fjg, ¥ is expanded in
a Taylor series around €5 and only the linear term is kept:

0¥ (w)
8&) w=¢€g

(B(Es)) = (X(es)) + ¢ )(Es — €s5) + O((Es — 68)2)- (3.59)
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Figure 3.3: Schematic comparison between the Lehmann representation (on
the left) and the quasiparticle pole representation (on the right). In the upper
panels the residues of the imaginary part of a complex function are drawn;
in the bottom panels the crosses identify the position of the poles. A series
of close lying poles on the real axis in the Lehmann representation can be
equivalently represented by a single pole in the complex plane (see also Ref.
[2]). The imaginary part of pole in the complex plane gives the width of peak.
From Ref. [1412].

So the quasiparticle energies Es can be finally evaluated as:
Es = €5+ Zs(ps|Z(Es) — Vel s), (3.60)

where the renormalization factor Z; is:

Zy=(1- <a§£)‘“) )w:65>)1. (3.61)

Also the spectral function A can be expanded in the one-particle Kohn-
Sham orbitals:

Ajj(w) = /drdr’cpf(r)A(r,r’,w)goj(r'). (3.62)
Neglecting the nondiagonal parts of ¥ [35], one has:
1 ImY;
Aii(w) = [fm2(0) (3.63)

7 (w— € — ReX;(w))? + (ImS;(w))?

Structures in the spectral function (3.63) are given by the crossings between
the curves y = ReX¥;(w) and y = w—¢;. In particular, when near the crossing
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3. One-particle excitations

|Im¥; (w)] is small the spectral function displays a peak. So A;;(w) has a peak
at w = ReE; = ¢; +ReX;(E;) of width [Im¥;(E;)|. The integral of the region
under the peak is equal to ReZ;, where Z; is the renormalization factor (see
Eq. (3.61)). The incoherent part of the spectrum measures 1 — ReZ;. In
particular, if w —€; — ReX;(w) is zero or close to zero at some other energies,
and ImY;(w) is not too large, then other structures, the satellites, appear in
the spectrum.

3.3.2 Dynamical screening and the frequency integration

The GW self-energy (3.48) can be split into an exchange term ¥, and a
correlation term Y. (w): X(w) = X, + Xo(w). While 3, = iGv is static (see
Eq. (3.39)), in order to evaluate X (w), one has to calculate the convolution
integral of G and W), = W — v:

EC(I‘l, rs, w) = % /dw/ei"“/G(rl, ro,w + w/)Wp(rl, ro, w'). (364)

Since, in order to obtain ¥., one has to perform the frequency integration
(3.64), the fine details of the energy dependence of W, are often not impor-
tant. So one can approximate the imaginary part of the inverse dielectric
function e~! as a single-pole function in w. This is based on the observation
that the spectra of electron energy loss, which measure the imaginary part
of e7! (see Sec. 1.2.2), typically display a single peak corresponding to the
plasmon resonance [143][144]. In the reciprocal space ¢! reads:

o (W) :/drdr’e‘i(q+G)re_l(r,r',w)e“(‘”G,)r/ (3.65)

where G and G’ are vectors of the reciprocal lattice and q belongs to the
first Brillouin zone. For each element of ¢ !(w) in (3.65) the pole position
and its strength are two free parameters. They can be calculated by fitting
¢! at two points along the imaginary axis, generally 0 and the classical

plasmon frequency, as proposed by Godby and Needs [115] and done in this
thesis, or by employing sum rules and using the dielectric matrix calculated
only at w = 0 [131][116].

This plasmon-pole approximation has been devised for quasiparticle cal-
culations, where one is interested in the calculation of GW corrections. It
cannot be used for the calculation of the spectral function (see Eq. (3.63)),
because in this approximation Im3 = 0 everywhere with the sole exception
of the pole. In this case, and in general when the plasmon-pole approxima-
tion turns out to be insufficient, different methods of frequency integration
have been proposed.

In particular, the frequency integral (3.64) can be evaluated using the
residue theorem [3][1417]. It can be calculated using the contour C' that runs
along the real axis, a quarter of circle in the first quadrant of the complex
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Figure 3.4: Path of the contour integration for ¥.(w). Poles of G are marked
with crosses and poles of W with open circles. From Ref. [3].

plane, the imaginary axis and another quarter of circle in the third quadrant
(see Fig. 3.4). From the Cauchy theorem, if f(z) is the analytic continuation
of G(w")W,(w') in the complex plane, one has that the integral along the
contour C' is equal to the sum of residues of the poles z, contained inside
the contour:

/Cf(z)dz = 2mi Z Zfiezif(z) (3.66)

The spectral representation of W), is given by [121]:

+oo D /
W, (r1, T2, w) = / ' ,(r’r, @) (3.67)
o w—w 4 insgn(w)
where D(r,r',w) = —1/msgn(w)ImW,(r1,re,w). Moreover, from the parity

of W it follows D(r,r’,—w) = —D(r,r',w). From Eq. (3.67) one can see
that in the first and third quadrants W), has no poles (see also Fig. 3.4). So
all the poles inside the contour stem from the first-order poles of G. Splitting
the integral along the contour C' into the different pieces, one finds:

7 +00
Ve = o 3 G(2)Wy(2)dz =
B i [27”' Epj ZILIQP G(z)Wp(2)(2 — 2) — /+ _: G(2)Wy(2)dz, (3.68)

since the integrals along the quarters of circle in the first and third quadrants
vanish. In order to get 3., one has to perform the integration along the imag-
inary axis, where G and W), are well behaved, and to evaluate the residues
in the poles z,. In practical calculations, while the frequency dependence
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3. One-particle excitations

of G is known analytically, W,(z) has to be calculated numerically. This
requires to calculate e ~!(z) for a large enough number of frequencies z along
the imaginary axis and along the real axis and then interpolate between the
calculated values to obtain Wj(z). Of course this method is much more
expensive than the plasmon-pole approximation where one has to evaluate
e ! only at two different frequencies. But, on the other side, it yields an
accurate evaluation of the frequency integral (3.64). And this is particularly
important to assess the validity of the plasmon-pole approximation or to
calculate the spectral function A(w).

Much cheaper alternative approaches for the calculation of ¥ (w) are
instead based on particular models of the screened interaction W. In the
scheme proposed by Gygi and Baldereschi [145], for example, W is separated
into a short-range term of a metallic inhomogeneous electron gas W/E¢ and
a long-range correction 6W: W = WI!FG 4+ §IW. The short-range term of
the self-energy iGW!FC according to Sham and Kohn [140], can be approx-
imated by a local and energy-dependent potential. In the Gygi-Baldereschi
model this local potential is further approximated by considering only its
value at the Fermi energy, which corresponds to the exchange-correlation
potential V,.(r) calculated in LDA. Additionally, for the long-range correc-
tion dW one takes a static approximation. Moreover, only diagonal terms
G = G’ are taken into account: §W(q) = de !(q,w = 0)v(q), where de~!
is the diagonal part of the difference between the inverse electronic dielec-
tric function of a model semiconductor and of a homogeneous electron gas
with the same average density. In the model semiconductor one makes use
of some parameters, in particular the static value of the dielectric constant,
which is taken from the experiment.

3.3.3 Core-valence interaction

Since the works of Hybertsen and Louie [131] and Godby, Sham and Schliiter
[132] most of the GW calculations have been carried out in a pseudopotential
framework. A recent work of Ku and Eguiluz [119] had questioned the valid-
ity of the pseudopotential approximation in the context of GW calculations,
showing large discrepancies between their all-electron results and older pseu-
dopotential calculations. In case of a core-valence partitioning, the Green’s
function G and polarizability P are obtained from the sum of two contribu-
tions deriving from core and valence: G = G, + G, and P = P, + P,.. So
the self-energy is [131]:

S = iG W + iGy Wy P,W, + iGy W, (3.69)

In a pseudopotential GW calculation only the last term is treatly explicitly.
The other two terms are instead treated at the LDA level in the pseudopo-
tential. The first term is the screened core-valence interaction. Since for core
electrons the screening is ineffective, it is essentially a core-valence exchange
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3.4 Self-consistent quasiparticle calculations

interaction. It depends mostly on the spatial overlap between valence and
core orbitals. In order to make this term small, it is important to take care
of core states whose overlap with valence states is not negligible. In par-
ticular, this prescription applies to semicore states, i.e. states that belong
to the same shell of some valence states, as in the case of d states [150].
The second term corresponds to a core contribution to the polarization of
valence electrons and is generally smaller. Ku and Eguiluz [119] raised some
doubts for the replacement i:G.W + iG, W, P.W,, — V. because their all-
electron calculations presented large discrepancies with respect to previous
pseudopotential-based results. They found in fact a strong underestima-
tion of the band gap in bulk silicon. Further works, carried out both in
all-electron and in the pseudopotential contexts, have then shown that the
discrepancies tend to become smaller when all-electron calculations are more
converged [151][152] and more states are included in valence in pseudopoten-
tial calculations [153]. Therefore, a pseudopotential calculation, if properly
performed, can still be considered reliable.

3.4 Self-consistent quasiparticle calculations

In a fully self-consistent GW calculation one should update both the eigen-
values and the eigenfunctions until those that enter the construction of the
potentials (the Hartree term and the self-energy) are equal to the ones ob-
tained by the solution of the Dyson equation. It is formidable task. In fact,
since the self-energy is non-Hermitian, self-consistency requires the calcula-
tion of both the left and right eigenfunctions (see Eq. (3.53)). Moreover, one
should diagonalize the Hamiltonian at each energy, since the GW self-energy
is also frequency dependent.

Fully self-consistent calculations have been carried out only few times

for the homogeneous electron gas [154], in the Hubbard model [155][156],
for simple semiconductors and metals [157][119], and for some atoms and
molecules [151][158]. But even when the self-consistency issue is taken into

account, one often still assumes that the LDA wavefunctions are a good
approximation to the quasiparticle wavefunctions and hence the self-energy
is kept diagonal in the LDA basis [119]. In this case only the eigenvalues
entering the Green’s function and the dielectric matrix are updated self-
consistently [159]. This can be partially motivated by the fact that the
main changes in the band structure generally come from an update of the
eigenvalues [111]. Already in the works of Hybertsen and Louie [131] there is
a discussion about the update of the quasiparticle energies in the self-energy.
Self-consistency in the energies has been considered many times since then.

There are also reasons of principle to avoid performing fully self-consistent
GW calculations. Self-consistency has been shown to be essential in order
to satisfy conservation laws that are fundamental for e.g. total-energy calcu-
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3. One-particle excitations

lations [160][161]. But, on the contrary, a self-consistent GW calculation of
the spectral properties of the homogeneous electron gas has yielded results
that are worse than the ones obtained by the standard perturbative GW
scheme [154] or at the GW level, where only G is updated self-consistently
[162]. The self-consistent calculation ends up with broad, featureless struc-
tures in the spectral function, the disappearance of the plasmon satellite and
a larger bandwidth. This result has been explained with the fact that the
GW self-energy is dynamical. The frequency dependence of the self-energy
leads to a transfer of the spectral weight from the main quasiparticle peak
to the side of the spectrum. The fact that self-consistent GW calculations
deteriorate the results concerning the spectral properties suggests that one
should consider vertex corrections beyond the GW approximation. In fact
it has been found that self-consistency and vertex corrections have opposite
effects [156][163][164].

On the other hand, the standard GW method, based on a perturbative
scheme, relies on the quality of the underlying starting point and therefore
it is in this sense arbitrary, even though well grounded on a pragmatic point
of view. The underestimation of the band gap in LDA can lead to an overes-
timation of the screening in W (which is calculated in RPA) and hence yield
a too small GW correction [165]. In cases of wrong band ordering or wrong
band occupations, the Kohn-Sham LDA itself can be a problematic starting
point [166]. A way to overcome these difficulties is to improve the “best G,
best W” approach by performing self-consistent quasiparticle calculations.
In this case one considers static and Hermitian approximations to the self-
energy in order to build the best mean-field Hamiltonian. In this way, the
self-consistent calculation becomes feasible and the problems connected to
the frequency dependence of 3 are avoided. In fact, in the updated Green’s
function only the quasiparticle contributions are kept and the incoherent
parts of the spectral function are discarded. Of course, the self-consistent
loop leads to “forget” the LDA starting point.

In this framework mainly two approximations have been proposed and
tested [L41][167][168]. One is based on the COHSEX approximation intro-
duced by Hedin [127] (see Sec. 3.5). The other is the recent quasiparticle
self-consistent GW (QPscGW) scheme proposed by Faleev et al. [169][139]
in 2004.

In these procedures one has to build and diagonalize the full approximate
static Hamiltonian ho+V+3 until the self-consistency requirement between
input and output eigenvalues and eigenvectors is fulfilled. In the QPscGW
scheme one adopts a GW self-energy and evaluates its matrix elements as:

(9i[%¢5) = %ReK(bz’IE(Ei)Iéfw +(0il 2(Ej)|¢5)], (3.70)

where Re means that only the Hermitian part is retained. While off-diagonal
matrix elements are approximated, the diagonal elements are the true GW
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Figure 3.5: Comparison between experimental and band gaps and the ones
calculated in the QPscGW approximation. The agreement is very good. See
also Fig. 3.2. From Ref. [139].

ones. The QPscGW scheme leads to results in very good agreement with
experiment, with small systematic errors with a overestimation of the band
gap (see Fig. 3.5). Faleev et al. [139] claim that this slight overestimation
can be explained as due to the need of inclusion of electron-hole interactions
beyond RPA through vertex corrections.

3.5 The COHSEX approximation

An alternative quasiparticle approach to QPscGW is the COHSEX approx-
imation to the self-energy. COHSEX is a static approximation of the GW
self-energy that has been introduced by Hedin [127],

In Hartree-Fock particles interact through the bare potential v, and the
self-energy ¥, is (see Eq. (3.38)):

Y. (ry,re) = i /dTei‘”G(rl ro, 7)v(r1,r2)0(7 4+ 7). (3.71)

A first improvement with respect to Hartree-Fock would be to consider in-
stead of v a statically screened potential. By replacing v(ry,r2) in Eq. (3.71)
with W (rq,re,w = 0), one would get a screened exchange (SEX) self-energy:

7 .
ZSE)((I'l,I'Q) = 271_/617’6%‘”—61(1‘1 I'Q,’T)W(I'l, ro,w = 0)5(’7’ + 77) (372)
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Figure 3.6: Real part of the screened potential W), ¢.a/(q,7) in aluminum.
Comparison between time-ordered W), (solid line) and advanced W, (dots) for
G = G’ =0 and q=(0.25,0,0). From Ref. [141].

Y.sgx hence has the same structure as the Hartree-Fock self-energy. Simi-
larly it involves only occupied states.

As in Hartree-Fock, in the SEX approximation one still has a completely
instantaneous interaction. This has as a consequence the 0(7 + 1) factor in
Eq. (3.72). In the SEX approximation, for the presence of the small 1 in
the § factor, W is evaluated at the time 7 = 07, which corresponds to an
advanced screened potential [111] (see Fig. 3.6). This breaks the particle-
hole symmetry in (the time-ordered) W. In the COHSEX approximation of
Hedin [127], this symmetry is restored by taking as self-energy:

Ycomsex(r1,r2, 7) = iG(r1,r2, T)o(r1,r2, 7 + 1)+
+iG(ri,re, T) /dT/Wp(I‘l,I‘Q, ™)6(7), (3.73)

where W), = W —v is the polarization potential. In other words, one replaces
W, in the W entering Eq. (3.72) with its integrated value times a 6(7)
function [118]. Inserting in (3.73) the explicit expression (3.2) for G(ry,ra, 7)
and taking the Fourier transform, one has:

Sconsux (e1,52) = (NI (02 )| NV)o(er, )+

1 A - .
+ 5 | (N (r)e™ (r2)IN) = (N[ (r2)¢ G(r1)|N) [Wp(r1,ra,w = 0), (3.74)

where I have used the fact that 6(7)d(7) = —6(7)d(7) =
|

$o(t ) Adding and
subtracting a term %(Nh/?*(m)qﬁ(rl) N)Wy(ry1,ro,w = 0), E

(3.74) can

60



3.5 The COHSEX approximation

be rewritten as:

Scomsex(r1,r2) = —(N[{T ()9 (1) N)W (r1, 12, = 0)+

1
+ 5(5(1‘1 — I'Q)Wp(l‘l, ro,w = 0) (375)

In the COHSEX approximation the self-energy is static. It is the sum
of two contributions: the screened-exchange (SEX) and the Coulomb-hole
(COH) terms. They are:

Yspx(ry,ry) = — Ze(u — E)i(r)) ¢} (x)W(ry,r9,w =0),  (3.76)

1
ECOH(rl,rQ) = 5(5(1‘1 — I‘2>Wp(1‘1,r2,w = 0). (3.77)

With respect to the SEX approximation, in the COHSEX approximation
there is the additional term Xcop, which is local in space. It represents the
classical interaction between an additional point charge and the surrounding
polarization cloud that the point charge induces [2][3][127]. In homogeneous
system Yoo is just a constant, determining a rigid shift of the band struc-
ture. But in all the other situations it introduces important corrections
on top of the shift with respect to SEX calculations [111]. Neglecting the
screening effects (i.e. setting e ™! = 1), one recovers the Hartree-Fock ap-
proximation, since in this case Xcog=0 and X ggx = 1Gv.

Equivalently, the COHSEX self-energy can be seen directly as a static
approximation of the GW self-energy. By combining the spectral represen-
tation (3.67) of the time-ordered W), with the spectral representation (3.18)
for G and performing the frequency integration (3.64), one obtains that the
GW self-energy is given by the sum of two terms [118][121]:

Si(ry,ro,w) = — Z O(1 — Ei)i(r1) ot (ro) W (ry, 10,0 — E;),  (3.78)

(3.79)

o0
Dafr.raw) = 3 al)di(r) [
7
The first term arises from the poles in G and the second from the poles in
W [131]. The static COHSEX approximation for the two terms is obtained
when in ¥ (w) and ¥2(w) one sets w — E; = 0. This corresponds to assume
that the main contribution to the self-energy ¥(w) stems from the states E;
close to w. So w — Fj; is small compared to main excitations in D which
are at the plasmon energy [127][118]. ¥; can be in this way identified with
Ysgx and Yo with Ycog.
The COHSEX self-energy is known to overestimate the GW self-energy

corrections by ~ 20% in simple semiconductors [131]. Since in the COH-
SEX approximation the self-energy is static and Hermitian a self-consistent
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3. One-particle excitations

COHSEX calculation is feasible. It produces wavefunctions and quasiparti-
cle energies that are expected to be not too far from the real ones. They
can be therefore used as a reliable starting point for a perturbative GW
calculation, which takes into account the dynamical effects that COHSEX
neglects.

Other self-consistent schemes have been proposed in order to improve
the LDA (or GGA) starting points. Here the aim should be to find a good
compromise between the physical information included in the approxima-
tion used in the self-consistent calculation and its computational cost. For
example, by replacing LDA with EXX one could hope to have a better start-
ing point for a subsequent perturbative GW calculation [136]. But EXX
is still within DFT, with a Kohn-Sham local potential. So one has still to
assume that the Kohn-Sham wavefunctions are a good approximation to the
quasiparticle wavefunctions. Besides, EXX lacks correlation and is computa-
tionally heavy (heavier that the last GW perturbative step), because in order
to calculate V.. in EXX one needs also unoccupied states. So EXX does not
seem very convenient from either points of view. A better starting point
than the EXX could be found in a generalized Kohn-Sham scheme [170],
where one for instance can adopt a nonlocal and static potential, deriving
from hybrid functionals. In this case one would have to perform a cheaper
self-consistent calculation than in COHSEX, but at the price of introducing
some parameters to mix the LDA V. with a nonlocal exchange term [135].
When, in particular, self-consistent calculations are done in the SEX approx-
imation [171], from a computational point of view, the only difference with
respect to COHSEX is the Coulomb-hole term, whose computational cost is
insignificant, but has important effects, especially in inhomogeneous systems
[111]. From the point of view of the quality of the approximation, the QP-
scGW self-energy is the closest one to the GW self-energy. But performing a
QPscGW calculation is much more expensive than in the COHSEX approx-
imation. Moreover, the COHSEX+GW scheme has been shown [3][111] to
lead results comparable with the ones obtained in the QPscGW approach.

Therefore, from this cost-benefit analysis the COHSEX approximation
turns out to be a very good compromise. For this reason I will use it to
perform quasiparticle self-consistent calculations. So I will describe this
approach in some more details in the next section.

3.5.1 Self-consistent COHSEX in practice

The first step is a well-converged LDA calculation. For each k point, the
LDA wavefunctions ;. are then used as a basis to represent the COHSEX
wavefunctions ¢;y:

|pix) = Zcijk|4pjk>- (3.80)
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3.5 The COHSEX approximation

Since the starting point is LDA, at the first iteration this matrix is the
identity. Moreover, at the first iteration also the quasiparticle energies F;
are given by the Kohn-Sham eigenvalues ;.

Then, at each step, using the quasiparticle wavefunctions ¢;c and the
quasiparticle energies F;, one has to calculate the full Hamiltonian (¢x|ho +
Vi + X|¢jk), where ¥ is the static and Hermitian COHSEX self-energy. In
particular, hg = Vs — Vi — Vi and one needs to calculate e ! and W at
w = 0 to build ¥ (see Eq. (3.74)). At the step n, the diagonalization of
the Hamiltonian yields a new set of quasiparticle energies Ei(n) and coeffi-
E;LIZ that link the new quasiparticle wavefunctions to the quasiparticle
wavefunctions at the previous iteration:

o)) = eloh ). (3.81)

J

cients ¢

So the matrix of the coefficients evolves through the self-consistent loop, by
mixing for each quasiparticle wavefunction ¢;, different contributions com-
ing from the different LDA wavefunctions ;. Since the Hamiltonian is
Hermitian, the matrix of the coefficients ¢;; remains unitary. By converging
the calculation, the Hamiltonian on the basis of the updated quasiparticle
wavefunctions (bl(.ﬁ) tends to be diagonal. One iterates the self-consistent

loop until the new quasiparticle energies Efn) are close (within a fixed small

difference, in general 1 meV) to quasiparticle energies at the previous step
EZ-(n_l). It is also possible to perform energy-only self-consistent calculations.
In this case the wavefunctions remain the LDA ones and only the quasipar-
ticle energies F; are updated in the construction of the Hamiltonian.

Since in practical calculations the LDA basis is finite, one has to converge
with the number of LDA wavefunctions used to represent the QP wavefunc-
tions in Eq. (3.80). The number of these LDA wavefunctions corresponds
to the number of states that one needs to recalculate self-consistently (for
all the k points). So, a self-consistent quasiparticle calculation is much more
expensive than the standard GW perturbative calculations, where one eval-
uates the corrections only for the states (bands and k points) of interest.

Moreover, in order to avoid undamped local oscillations of charge (while
the total density is conserved), the practical experience evidenced the need
to introduce a damping factor for the electronic density. The density used
at the step N, p(™, is given by:

n n n—1
P =ad 10O+ )Yl P (3.82)
Without damping (i.e. with a = 1) one would have instead directly:

o) =3 16" ) (3.83)
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3. One-particle excitations

Finally, the converged self-consistent COHSEX eigenfunctions and eigen-
values are used as an input for the last perturbative GW calculation that
yields the final result.

Figure 3.7 shows the flowchart of the self-consistent COHSEX calcula-
tions, with the LDA prelude and the perturbative GW epilogue. For a more
detailed explanation of the implementation scheme I refer to the thesis of F.
Bruneval [3].
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Figure 3.7: Flowchart of self-consistent COHSEX calculations.







Chapter 4

Models for strongly
correlated systems

In strongly correlated systems, first-principles methods become often inappli-
cable, because of the high number of electrons involved in the calculations but
mostly because good approrimations for functionals describing strong correla-
tions have not been found yet. In these cases also the quasiparticle paradigm
can be insufficient to describe photoemission.

An alternative way can be to renounce to a first-principle description
and introduce a model Hamiltonian (to describe at least the correlated or-
bitals). The Hubbard model is one of the most used model Hamiltonian to
describe strongly correlated systems (see Sec. 1.53.2). In this model, corre-
lated electrons interact via a strong on-site repulsive interaction weighted by
an adjustable parameter U .

In this context, different schemes that takes LDA as starting point have
been recently developed. In these approaches, the LDA electronic structure is
used to adjust the parameters of the Hubbard Hamiltonian. This permits to
take explicitly into account the Hubbard U for the orbitals that are thought to
be strongly correlated. In this chapter, I will present the main ideas of two of
such approaches: LDA+U and dynamical mean-field theory (LDA+DMFT).

The review of Anisimov et al. [172] gives a general introduction to
the LDA+U method. Analogously, the reviews of Georges et al. [173] and
Kotliar et al. [17/] describe the state-of-the-art of DMFT.

4.1 LDA+U

The first assumption of the LDA+U scheme is the separation of electrons in
two classes: electrons belonging to correlated d (or f) orbitals and electrons
in delocalized s and p orbitals.

The LDA+U method makes use of a Hubbard model Hamiltonian (see
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4. Models for strongly correlated systems

Eq. (1.44)):

H=—t> (l,¢jo+hc) + U g (4.1)

(ij)o i

The kinetic term is calculated with the Kohn-Sham LDA energy functional
for all the orbitals. The LDA Coulomb interaction between d orbitals is
then replaced by the on-site Hubbard term U. In practice, the “mean-field”
LDA evaluation of the d — d interaction is subtracted from the LDA energy
functional. This is called the double-counting correction. The Hubbard
term acting only on the d orbitals is added to the energy functional. In this
way, as in the SIC approach in DFT (see Sec. 2.2.3), localized electrons
move in a different potential than delocalized electrons. Anyway, in the
LDA+U scheme the s and p orbitals have still an indirect effect. Even
though they are not treated explicitly by the Hubbard term, they contribute
to screen the atomic Coulomb interaction between d orbitals, which leads to
a renormalization of the atomic Hubbard U.
The total LDA+U energy functional is [175]:

Erpatv = Erpa + Ey — Eqe (4.2)

Introducing the occupations n; of the d orbitals on a site I, the LDA4U
energy functional explicitly reads [170]:

1 N(N —1)
Erparv = Erpa + §UZ nin; — Uf’

i#]

(4.3)

where N = ). n; is the total number of d electrons in the site I. The last
term of Eq. (4.3) is one of the possible expressions of the double-counting
term, whose formulation is actually arbitrary.

The LDA+U potential is clearly an orbital-dependent potential. In fact
it can be written as:

Vipatu = Z Vi(r)[2) (il (4.4)

(2

where the projection operator on the orbital ¢ has been explicitly introduced.
Vipa+u is a static nonlocal potential. The potential Vj(r) acting on the
orbital ¢ can be obtained by taking the derivative of the energy functional
Erpatu with respect to the charge density p;(r) related to the orbital 4.
For the s and p orbitals, V;(r) coincides with the LDA potential. For the d
orbitals instead it is:

Vitr) = Vipa(r) + U (5 i), (4.5)
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4.1 LDA4+U

Moreover, the eigenvalues are the derivatives of Eppa+y with respect to the
orbital occupations n; [30]:

1
€ = €, LDA + U<§ — nz) (4.6)

So, in a non-self-consistent LDA+U calculation, the s and p orbitals, ¢;
would have the LDA value. The occupied d orbitals have n; = 1. Their
energies are downshifted by —U/2 with respect to the LDA eigenvalues.
Empty d orbitals have n; = 0 and their energy are upshifted by +U/2. Full
and empty d orbitals become respectively lower and upper Hubbard bands
separated by a gap U. In actual calculations, the potential Vrpa+p enters
the Kohn-Sham equations, which have to be solved self-consistently. In any
case, the Hubbard correction U(1/2 —n;) in (4.5) tends to localize electrons
on d orbitals where the occupation is larger than 1/2.

This simplified model corresponds to a one-band Hubbard Hamiltonian.
It has to be generalized [177][172] in order to take into account spin, exchange
effects between different d orbitals, and the fact that d orbitals are not
spherical and hence U depends on the particular type of d orbital. Then
E1pa is calculated considering explicitly the spin o in the local-spin-density
approximation (LSDA) to DFT. Moreover, the Hubbard term now contains
also an exchange term. So it depends on the density matrix v, (r,r’) =

> Pia(0)pia ().
EU = 5 Z[<m1m3|‘/;cr’m2m4>7m1m207m3m46+
mio (4.7)
+(<m1m3|‘/scr’m2m4> - <m1m3H/scr|m4m2>)7m1mzo">/m3m4a
where the matrix elements of the screened interaction Vi.. are taken with
respect to the components |m) with magnetic quantum number m of the d

atomic orbital sitting on the site I (and & stands for —o). So Vim,mee =
> i{@ig|mi)(malpis). The double-counting term becomes:

Edc:UN(NQ_l)—JZNU(N;_l), (4.8)

where No = > Ymmo and the Coulomb U and exchange J interaction
parameters are (for d orbitals [ = 2):

1
= 757 . a9 § scr s 4.
U (2l+1)2 m1m2<m1m2|V |m177”LQ> ( 9)
J= s 3 (mamaf Vi lmamy) (4.10)
= 2[(2[4— 1) ~ mima|Vser|1M2MM1 ). .
mi1#£ma

69



4. Models for strongly correlated systems

The matrix elements of Vg, remain to be determined. If they are ex-
panded in spherical harmonics, their values can be related directly with
U and J, using Slater integrals. So, once the parameters U and J have
been chosen (or evaluated in some way), the total functional Eppaiy is
completely determined.

Different ways to calculate U have been proposed. U is the energy cost for
moving a d electron between two atoms with n d electrons each, renormalized
by the screening due to the other s and p electrons [178]. In the most efficient
situation, the screening has the effect to move one of these sp electrons in
the opposite direction, with the consequence of reducing the energy cost of
the d electron transfer. U is then the cost of the global reaction 2(d"s!) —
d"t1s% 4+ d"~1s2. U can be calculated in the framework of constrained LDA
by moving one d electron on a site and letting the system relax, with the
further constraint that hopping of d electrons between the atom with the
additional charge and the others is forbidden (in fact this term is already
taken into account by the kinetic term in the Hubbard Hamiltonian).

While, thanks to its orbital dependence, LDA+U is able to determine a
gap opening in d and f systems, often it has the tendency to favor the anti-
ferromagnetic solution, even in cases where no magnetic ordering is found in
experiments [179]. Moreover, since its Hamiltonian is static, it is incapable
to describe the transfer of spectral weight that occurs in metal-insulator
transitions and which can be accounted for only by dynamical approaches.

4.1.1 What is U? A GW perspective

Here it is interesting to make a bridge with the GW formalism. I follow the
argument discussed by Anisimov et al. in [172]. The matrix element of the
self-energy in the GW approximation on a d state can be written as:

(A3 (Ea)ld) = (d|Sold)+ Y (i, (Ba—Ej)ljd)+ 3 (diIW, (Ba—Ej)ljd),

(4.11)
where the first term on the right-hand-side is the expectation value of the
Fock operator ¥, (see Eq. (3.39)) and

+oo /!
W (r,r',w) = / dw’D(L,’“’,), (4.12)
oo w — w'Ein
with W), = W — v (see Eq. (3.67)). Assuming that the d state is localized
and well separated in energy from the other states, one can say that the
most important contribution to the correlation term (d|X.|d) in the sums
of Eq. (4.11) is given by the diagonal one: j = d. If d is occupied, it is
(dd|W, (0)|dd). If it is unoccupied, it is (dd|W,"(0)|dd).

Since W), is an even function of w, it holds that [172]:

WE(0) = %Wp(oy (4.13)
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4.1 LDA4+U

The conclusion is that the two d states result separated by an energy:
A = (dd|v|dd) + (dd|W,(0)|dd) = (dd|W (w = 0)|dd) = U. (4.14)

This is the physical interpretation of U in the GW framework: U ~ (W (w =
0)). The U calculated in constrained LDA is generally larger than the static
limit of W (calculated in RPA) [180], where there is no constraint for the
hopping of the d orbitals. In fact, since in static RPA w = 0 corresponds to
a time length 7 = oo, the hopping of d electrons between different sites is
always possible on such a time scale [131].

Hence, in a GW perspective, the Hubbard U denotes the on-site static
limit of the screened interaction W. Actually, since the screening, which is
due to e 1(w), is frequency dependent (it becomes weaker at high energies
—see Eq. (1.31)), also U should be a frequency-dependent function. In fact,
it is possible to identify a frequency dependent U(w) with the on-site matrix
elements between the d orbitals of an effective screened interaction W, (w),
where the screening entering W, stems only from the s and p orbitals [152].
Explicitly, the polarizability P can be split into a component P; due to the
d orbitals and a component P, due to all the other orbitals: P = P; + P,
(the same can be done with the Green’s function: G = G4 + G,). And,
if W, is defined as: W, = v + vP.W,, then the total screened interaction
W becomes: W = W, + W,.P;W. The GW self-energy in this way can be
partitioned intro three terms [182]:

iGW = iGgWy + iGgW, + iG,W. (4.15)

The second term is the main correction to the static Hubbard model. The
last term, involving orbitals different from the d ones, is instead neglected
in both the static and dynamical Hubbard models.

These arguments have provided a physical interpretation of the Hubbard
U at a GW level. Here it is also interesting to make a brief reference to
results concerning the GW performance in solving the Hubbard Hamiltonian
(at different U/t ratios). In particular, in a series of papers, Verdozzi et al.
[155], Pollehn et al. [183], and Schindlmayr et al. [156] have applied the
GW approximation to analytically solvable finite Hubbard systems. Their
results have shown that at low interaction strength (such as U/t = 1.5 [155])
GW results are in very good agreement with the exact results, concerning
both the quasiparticle peaks and the satellites. Especially far from half
filling, by increasing the interaction strength the agreement deteriorates (the
amplitude of the satellites is overestimated and the quasiparticle peaks are
shifted by a constant with respect to exact solutions). This shows the need to
include vertex corrections beyond the GW approximation. For instance, for
nearly filled (or nearly empty) band systems, the T-matrix approximation
[184][185] in these finite Hubbard models is in good agreement with the exact
results even at high U/t ratio. Whereas the screening in GW is calculated
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4. Models for strongly correlated systems

at the RPA level, which is given by an infinite summation of ring diagrams
[117], the T-matrix approximation corresponds to an infinite summation of
ladder diagrams due to particle-particle (or hole-hole) multiple scattering,
that can be important to deal with short-range correlations.

4.2 Dynamical mean-field theory

Dynamical mean-field theory (DMFT) is a method that is able to provide an
approximate solution to the Hubbard Hamiltonian in the nontrivial regime
t ~ U, where the competition between localized and itinerant electronic
characters is the most important (see Sec. 1.3.2). The main idea is to
map a lattice model (the Hubbard model) into an atomic impurity model
(the Anderson impurity model) subjected to a self-consistency condition
[173]. This mapping strategy can be understood similarly to the Kohn-Sham
scheme where one introduces a reference system of noninteracting particles
that reproduce the density of the real system.

I am not going to present rigorously the mathematical details of the
method. The aim is just to introduce the main physical ideas underlying
the theory. Moreover, I will adopt a T=0 K formalism, whereas in DMFT
one normally makes use of a finite-temperature formalism.

4.2.1 DMFT for the Hubbard model

The starting point is the one-band Hubbard model on a cubic lattice (see
Sec. 1.3.2):

H=—t> (el éj0+ & cio) + U friping. (4.16)
(ij)o A

The Green’s function of the Hubbard model (in the reciprocal space) is:

1
w—ex — 2(k,w)’

Gk,w) = (4.17)
where ex = =2t ), cos(kqa).

The key variable in DMFT is the local Green’s function Gj,.. It corre-
sponds to the on-site part of the lattice Green’s function G: G, = G. In
the reciprocal space:

1
Gloc(w) = ; W — e — Z(k, w) . (4'18)

The local Gj,. can be represented by the Green’s function Gy, of the
Anderson impurity model [186]. In other words, in DMFT the Anderson

model plays the role of reference system (like the Kohn-Sham system of
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4.2 Dynamical mean-field theory

DFT DMFT
Key quantity p(r) = —iG(r,t,r,t) Gloc(w) = Gii(w)
Reference system Kohn-Sham Anderson
system impurity model

Effective variables  Vi.(r) and Grgs(r,t,r/',t')  Zinp(w) and Gipp(w)
Link to key quantity ——iGgg(r,t,r,t") = p(r) Gimp(w) = Gloc(w)

Table 4.1: In both DFT (where the key quantity is the density p(r)) and
DMFT (where the key quantity is the on-site Green’s function G;;(w)) one
introduces a fictitious reference system. In DFT it is the Kohn-Sham system,
in DMFT it is the Anderson impurity model. In both cases the full many-
body quantities (G and X) in the reference system are replaced by reduced
effective variables (V,.(r) and Gkg in DFT; X;p,p(w) and Gipmp(w) in DMFET).
The reference system doesn’t reproduce all the properties of the real physical
system, but only the quantity of interest.

DFT), with the property Gimp = Gioc (see Tab. 4.1). In general, the
Anderson impurity model describes a single impurity atom coupled to an
effective bath of noninteracting delocalized conduction electrons. It is a
single-site model, so G, is a single-site Green’s function by definition. The
Hamiltonian H Arm of the Anderson impurity model is made of three terms:

ﬁAIM = E[atom + ﬁbath + ﬁcoupling‘ (419)
Explicitly:
Harp =€a Yy &5éq+ Uhepie + Y e}, i + > Vi(af,co+cha). (4.20)
o lo lo

It describes the exchange of electrons between the bath (which has the elec-
tronic levels ¢) and the impurity (which has one level €;). The probability
of hopping between one level [ of the bath and the impurity is given by V;.
When two electrons (with opposite spin) sit on the atomic level, they have
to pay an energy cost equal to U (as in the Hubbard model).

Gimp is the full Green’s function of the Anderson impurity model and
is related to the noninteracting (i.e. with U = 0) Green’s function of the
impurity model G imp by the Dyson equation:

Gy (@) = Gyl (W) = Simp(w). (4.21)
The noninteracting G imp is:
Ga%mp(w) =w—€— Aw), (4.22)

where A(w) is:

2
A@):EZJ?L. (4.23)
l
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It is possible to demonstrate that, with a proper choice of the parameters
¢, and V; that enter H AIM, Gimp is equal to Gioe. In actual calculations
A(w) (and hence G ilmp(w)) is not has known a priori and must be found
by solving a self-consistent problem. A(w) in the Anderson model is the
hybridization function and in DMFT becomes the energy dependent mean
field of the theory.

All these quantities live on a single-site model. They are functions that
depend only on w. The approximation introduced by DMFT is that one
takes also for the self-energy of the Hubbard lattice model ¥ (k,w), the self-
energy of the impurity model X, (w): X(k,w) = Ejpp(w). In other words,
one assumes that the on-site self-energy 3;; of the Hubbard model is given
by: ¥ii(w) = Ximp and all the off-diagonal terms i # j are zero: ¥;; = 0.
With this assumption Gjy.(w), defined in Eq. (4.18), becomes:

Groelw) =Y ! . (4.24)

W= €k — Timp(w)

Using the fact that (see Eq. 4.18) iy = Goipo — Gt = Goi o — G !

0,smp imp 0,2mp loc

(since Gioe = Gimp), and the definition (4.21): G&}mp =w— €4 — A(w), the

self-energy of the impurity ¥;,,, can be rewritten as:
Timp(w) =w — g — Aw) — Gl_oi(w) (4.25)

Inserting this relation in (4.24), one has also:
Gloc(w) = Z : —1 )
et A(w) + Gpe(w) — ex

loc

(4.26)

The two equations (4.21) and (4.24) permit to calculate Gjo and G i, self-
consistently. The DMFT scheme to solve the lattice Hubbard Hamiltonian
can be summarized as follows:

- the starting point is a guess for Go imp;

- the Anderson impurity model is solved (thanks to an “impurity solver”,
a method based for example on Quantum Montecarlo techniques),
yielding the full G, and the self-energy of the impurity model X;,,,
(from the Dyson equation (4.21)): X, = G&}mp — Gi_nip. The possi-
bility to solve the Anderson impurity model is clearly a key point in
the DMFT scheme. Here there isn’t the possibility to discuss further

the various methods to solve the impurity problem (for more details

see [187][174]).

- the local Green’s function Gy, is calculated thanks to Eq. (4.24):
Gloe(w) = 2 op (W — €1 — Bimp(w)) ™1
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Figure 4.1: Densities of states of the Hubbard model for different U/W ratios,
calculated using the DMFT single-site approximation. In the independent-
particle limit (U = 0) the system is metallic, with one quasiparticle band at
the Fermi level. In the atomic limit (U > W), there are two Hubbard bands at
energy Er +U/2. DMFT describes the transition between these two limits as
due to a transfer of spectral weight from the quasiparticle band to the Hubbard
bands, with the formation, in the intermediate regime, of a typical three-peak
structure (as shown in the panel (c)). From Ref. [188].

- anew G imp is obtained by the Dyson equation (4.21), where one uses
the condition Gimp = Gioe, 501 Go,imp = (G_1 + Eim/p)*l.

loc

Once Gjoe(w) has been calculated self-consistently, one can have access to
the spectral function (but also to the total energy) of the Hubbard model:
A(w) = HImGjpe(w)].

The DMFT assumption is that the self-energy of the lattice is a single-site
function. This is clearly a drastic simplification that permits to find a self-
consistent solution of the Hubbard model. But it is not an approximation
in the independent-electron limit (U = 0), in the atomic limit (¢ = 0) and
in the infinite dimensional lattice at any coupling ¢/U. In fact, in all these
cases the true self-energy itself of the Hubbard model becomes a single-site
quantity. The infinite dimensional limit, in particular, is not trivial and has
been extensively studied [189][190]. In the three dimensional case the DMFT
approximation fully accounts for the dynamical fluctuations (the possibility
to add/remove an electron on a site), but neglects completely the spatial
fluctuations (it is a single-site approximation).
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4. Models for strongly correlated systems

The important result of DMFT for the Hubbard model is that DMFT is
capable to provide a consistent solution for any value of the ratio t/U and, in
this way, a complete explanation of the Mott transition at half-filling [187].
In the DMFT framework the transition is the result of the transfer of spectral
weight from the quasiparticle peak to the Hubbard bands of the correlated
metallic phase, that gives rise to a characteristic three-peak spectrum (see
Fig. 4.1).

4.2.2 DMFT for electronic structure calculations (LDA +
DMFT)

The DMFT method is used also for electronic structure calculations of real
materials, by adopting the LDA+U Hubbard Hamiltonian [191][192]. While
in the LDA+U framework the self-energy is static, the DMFT solution of the
LDA+U Hamiltonian permits to account for dynamical fluctuations. In this
sense, LDA4U can be considered as the static Hartree-Fock limit of DMFT
[174]. In particular, in DMFT only the diagonal density-density terms of
the LDA+U Hamiltonian (4.7) are retained. So the Hubbard term is:

N 1 A 1 A
HU = 5 Z Umm’nmanm’ﬁ + 5 Z (Umm’ - Jmm’)nmanm’m (4‘27)

mm'o m#m'oc
where U and J account for the direct and exchange interactions:

Uy = (mm/|Ver|mm'), (4.28)

ot = (mm [V | m/m). (4.29)

In principle, also terms like ) . Jmm/éino—élm—,émfgém/(—, should be taken
into account but they are generally neglected [179].

The on-site Green’s function of the solid Gy, is obtained by represent-
ing the full Green’s function G on a localized basis, that is a basis whose
functions are centered on the atomic positions {R}: ¥,r(r) = ¥ (r — R).
One has:

Gr,r'w) => Y prGmm (R - R, 0)mr. (4.30)

RR/ mm/

Gloc corresponds to the on-site part, R = R/, of G: [Gioc)mm/ (W) = G (0, W),
where one considers only the “correlated orbitals”, that are a subset of the
d (or f) orbitals. So m =2 (or 3).

The Hubbard Hamiltonian is then solved in the DMFT self-consistent
loop. The starting point is an initial guess for Gojmp. In this case one
takes as Go,imp the on-site part G g o of the Kohn-Sham Green’s function
Gks. Thanks to an impurity solver, one obtains Gy, and then X, =

76



4.2 Dynamical mean-field theory
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Figure 4.2: Self-consistent scheme of the LDA+DMFT method. From Ref.

[193].

G- ! . The local Hubbard Green’s function Gy, is then calculated

O zmp — Yimp®
from:

1

[Gloc]mm’ (W) = ; {GKg(k7w) — (Elmp(w)

4.31
— Edc) mm” ( )

where G;{IS is a matrix on both sp and d orbitals and X, — X4, has only
the block corresponding to the d orbitals. Given Gj,., one can recalculate
Go,imp = (Gl o+ Eimp)*l. When self-consistency is achieved in this DMFT
loop, one should recalculate the density p(r) from the Green’s function G
of the solid. With this updated density a new Kohn-Sham self-consistent
calculation should be performed in order to update the parameters entering
the Hubbard Hamiltonian, until full self-consistency is achieved between p,
Gloc and G imp- In actual calculations, the inclusion of self-consistency over
the density is too expensive and generally people stop after the end of the
first DMFT loop [191].

From Eq. (4.31) one can see that the corrections deriving from the solu-
tion of the Hubbard model to the Kohn-Sham eigenvalues €, are the same
for all the k points. The fundamental assumption of DMFT is in fact that
Y(k,w) = Eimp(w). The self-energy of the solid turns out to be k indepen-
dent. This approximation may be too restrictive, especially when inter-site
dynamical fluctuations are as important as on-site fluctuations. In these
cases a generalization of DMFT to account for short-range fluctuations has
been proposed [195]. In this extension of DMFT, called cluster-DMFT [196],
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4. Models for strongly correlated systems

one redefines the local part of the Green’s function G to consider. Instead
of taking a single-site GGj,¢, the key variable becomes a Green’s function de-
fined on a cluster of sites. This generalization permits to reintroduce a k
dependence in the self-energy. But, of course, practical calculations become
more demanding.

4.3 Spectral density-functional theory

In this section I will consider the spectral density-functional theory (SDFT)
[197], that represents an exact framework where dynamical mean-field theory
can be viewed as a particular approximation. I will introduce SDFT as
an energy functional of the on-site Green’s function Gy, (see Sec. 4.2) by
comparing this functional with the DFT energy functional and the Luttinger-
Ward functional, which is defined in the many-body framework.

In the many-body perturbation theory the total energy (or the action
in case of a time-dependent Schrodinger equation) of an electronic system
can be written as a functional of the Green’s function G. Moreover, it is
possible to require that the functional is stationary for a Green’s function
G solution of the Dyson equation: G = Gy + GygXG. In particular, the
Luttinger-Ward functional [195]:

Tow[G] = ®[G] — Tr{ZG + In(X — G} — En(G] (4.32)

has this property. In (4.32) Ep is the classical Hartree energy, the term
calculated from the trace (i.e. integration over spatial, time and spin coor-
dinates) is the kinetic energy plus the interaction with the external poten-
tial and ®[G] accounts for the exchange-correlation effects. The functional
derivative of ® with respect to the Green’s function GG at the stationary
point is the self-energy:
0P
¥(1,2) = m (4.33)
Baym and Kadanoff have shown that a self-energy with this property (i.e.
a “@-derivable” self-energy) is conserving [184][199], i.e. it respects conser-
vation rules (for instance for the particle number). The choice of the total
functional is not unique. It is possible to demonstrate [200] that other vari-
ational functionals having the same stationary point can be obtained from
the Luttinger-Ward functional (4.32). For instance, Klein [201] has derived
one of such alternative functionals, I'x [G]. These functionals are all equiva-
lent in case one has the exact Green’s function G and evaluates them at the
stationary point. Otherwise, when an approximate Green’s function is used,
they give rise to different results.
In density-functional theory, instead, the total energy is a functional of
the electronic density p, as discussed in Sec. 2.2. Since in particular Gxg is
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4.3 Spectral density-functional theory

MBPT
Key quantity G(r,r',w)
Functional I'ow|G] or T'k[G]
Stationary condition ¥(1,2) =0®/0G(2,1)
SDFT
Key quantity Gloe(r, v ,w) = G(r, v, w)O(Qoe)
Functional Tsprr|Gioc
Stationary condition Vsprr(1,2) = 0Psprr/0Gioc(2,1)O(Q0e)
DFT
Key quantity p(r) = —iG(r,t,r,th)
Functional Tprrlp]
Stationary condition Vee(1,2) = 0P ppr/dp(1)

Table 4.2: Summary of the key features of many-body perturbation theory
(MBPT), spectral density-functional theory (SDFT), and density-functional
theory (DFT) in the variational functional approach.

a functional of p, analogously to Eq. (4.32), one has:
Torrlp] = @prrlp) — To{VeeGrs + (Vie — G5} — Enlp].  (4.34)

The Kohn-Sham equations are obtained as stationary point: éI'ppr/dp = 0,
with

0Pprr
Vae(1) TR
In particular in this case the stationary point is a minimum (and not a saddle
point as in the case of I'zyy in (4.32)). At the stationary point, the term
Tr{V,cGrs +In(Vye — Gﬁl)} at T=0 reduces [174] to —Tr{V2G s — Vewtp},
the usual sum of the (Kohn-Sham) kinetic energy and external potential.
In spectral density-functional theory (SDFT), instead, the key variable
is Gioc, the “on-site” part of Green’s function [174][202][203][197]. In the real
space it is: Giee(r, ', w) = G(r, 1/, w)O (2. ), where O(Q,.) is 1 when r is in
the unit cell Q. and r’ inside a volume Q,, and 0 otherwise (see Fig. 4.3).
An auxiliary Green’s function Ggppr is introduced with the property
Gloc(r, ', w) = Gsppr(r, 7, w)O(Qee). In other words, Gsppr(r,r',w) =
G(r,r,w) = Gioe(r, v’ w) for r € Q¢ and v’ € Qy,, while in the other spatial
regions they can be different (G, in particular is 0). The Green’s function
Gsprr defines a reference system of particles moving under the potential
Vsprr(r,r’,w) (which is not zero where Q. = 1), with GE}JFT(I', r w) =
G4 (r,v,w) — Vsppr(r,r',w). The total energy can be calculated also as a
functional of Gy, [197]:

(4.35)

Tsprr|Gioc) = ®sprr|Giod = Tr{VsprrGsprr+n(Vsprr—G 5 )} —Enlpl,
(4.36)
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4. Models for strongly correlated systems

Figure 4.3: Definition of the region in the real space where Gj,.(r,r’,w) # 0.
O(Qoc) (Broc(r, ') in the figure) is 1 when r is in the unit cell . and r’ inside
a volume .., and is 0 otherwise. From Ref. [197].

with the usual partition into a term given by the kinetic energy plus the ex-

ternal potential energy, a classical Hartree term and the exchange-correlation
interaction energy ®gpprr. Also in this case from the stationarity condi-
tion I'sprr /0G0 = 0 one obtains the Dyson equation GE}JFT(r, rw) =
G4l (r,v,w) — Vsppr(r,r',w), with:

0Psprr
VSDFT(]-a 2) - 5Gloc(2’ 1) @(Qloc)- (437)
The three functionals I'ry, I'ppr and I'sppr are equivalent in yielding
the total energy. Moreover, in all the cases one implicitly assumes that
the corresponding key variable is “V-representable” (see Sec. 2.2 for the
DFT case). They all are formally exact, as functionals of different variables,
even though they introduce different partitioning of the total energy. In fact
they define different kinetic energies and hence different exchange-correlation
interaction energies. For instance, for the DFT functional, the kinetic term
is the kinetic energy of the Kohn-Sham system, which is not the kinetic
energy of the real system. Concerning their functional dependence, whereas
I'prr can never coincide with 'y (unless the self-energy is static and
local), clearly if ©(£;,.) = 1 in the whole space, I'sppr and 'Ly trivially
coincide, since in this case one has Gj,. = G. The interaction functional ®
is in principle known only in the many-body case, through for example a
diagrammatic representation in G and v. In DFT and SDFT the functional
dependences of ® prpr and ®gppr with respect to p and G, are instead not
known.
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4.3 Spectral density-functional theory

(Cluster) DMFT represents an explicit approximation of the SDFT func-
tional T'sppr [197], where one takes for the interaction energy ®sppr the
functional form of ®: ®gprr[Gioc] = P[Gioe] and one approximates the ki-
netic part of I'pyy with the corresponding term of I'sppr. Equivalently, this
corresponds to use the functional I';y, where the functional dependence of
® is restricted to Gjpe. So cluster-DMFT is exact if the self-energy X is
localized inside the region where O(£;,.) = 1. In this case, the functionals
FLW and FSDFT coincide and VSDFT = 2.

In MBPT the GW self-energy is evaluated at the first order in W, but it
retains all the long-range components of the Coulomb interaction. In DMFT,
instead, only the on-site components are considered in the self-energy. But
in the Hubbard model the on-site self-energy can be in principle exactly
calculated at any perturbative level, thanks to the solution of the Anderson
model through a proper impurity solver (see Sec. 4.2). A proposal of com-
bining these complementary aspects of GW and DMFT has been elaborated
by Biermann et al. [204][205], but practical applications, beyond model
Hamiltonians [206], are still too computationally involved.

In Sec. 7.4, instead, I will show how it is possible to derive a formally
exact equation for Vgppr (which in the present formulation is defined only
as functional derivative of an unknown quantity, ®sppr) in terms of other
quantities, such as ¥ and G, which are in principle known, in the sense that
one knows how to build controlled approximations.
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Chapter 5

Neutral excitations

In this chapter I complete the introduction to the theoretical spectroscopy
methods that deal with electronic excitations. In Chapter 3 the one-particle
Green’s function was the natural quantity to describe the one-particle excita-
tions, as the ones that occur in photoemission experiments. Absorption and
EFELS instead involve neutral excitations and call for the definition of new
quantities.

So, after a general introduction to linear-response theory and to the con-
nection between microscopic theories and macroscopic measurements, I will
present the formalism of the Bethe-Salpeter equation (BSE), which accounts
for the two-particle nature of excitations measured in absorption experiments.
T will then show that time-dependent density-functional theory (TDDFT) and
time-dependent current-density-functional theory (TDCDFT) can be an ef-
ficient alternative to BSE to deal with perturbations that can be represented,
respectively, by a scalar or a vector potential.

BSE relies on an intuitive physical picture that allows one to find working
strategies, but calculations in the BSE framework are demanding. TDDFT
is more efficient but finding good approrimations is more difficult. So I will
discuss how in the recent past it has been possible to derive better approxi-
mations for the simpler TDDF'T approach from the working implementation
of the more complex BSE.

An in-depth introduction to linear-response theory can be found in the
book of Giuliani and Vignale [55]. In the review of Onida et al. [2], besides
an introduction to DF'T and MBPT methods, it is profitably discussed how it
is possible to combine the advantages of both approaches. Botti et al. [207]
have recently collected the results deriving from the application of TDDFT
to extended systems. Different theses provide a detailed introduction to the
different methods discussed in this chapter. So I refer directly to the works
of S. Albrecht [5] for the BSE, F. Sottile [/] and F. Bruneval [3] for the
combination of MBPT and TDDFT, A. Berger [208] and P. Romaniello
[209] for TDCDF'T.
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5. Neutral excitations

5.1 Linear response

I consider here an electronic system, described by the many-body Hamilto-
nian H (see Eq. (1.1)), subjected to a time-dependent external perturbation
Hq(t). The total Hamiltonian becomes:

Hy = H+ H(t). (5.1)

In particular I will deal with perturbations that couple a field F' with a probe
P:

Ai(t) = / dri F(r1, ) P(r1, ). (5.2)

Typically the perturbation is an electromagnetic field coupled with densities
or currents. In this framework it is convenient to adopt an interaction pic-
ture. Operators evolve according to H and states with H;(t). The first-order
variation of the expectation value of the observable O due to the perturba-
tion H 1 is:

5(0(1)) = —if(tr —t2)/d2<N\[O(1)7ﬁ1(2)]\N>, (5:3)

where 1 is a shorthand notation for ritjoq. In linear-response theory one
considers small variations dF' of the field . Using (5.3) it is hence possible

~

to evaluate the variation §(O(1)) from the Kubo formula [210]:
30()) = [ dzvor(1,2)3F(2), (5.4)

where xop(1,2) = —if(ty — )(N[[O(1), PIN) = 6(O(1)/0F(2) is a
(causal or retarded) response function.

By inserting a completeness relation and taking the Fourier transform,
the response function can be written in the Lehmann representation as:

_ Os(r1)Pi(r2)  O3(r1)Ps(r2)
vortrre) =3 | S R Rorm Y
where: )
Os(r1) = (N|O(r1)|N,s). (5.6)

The response function has poles at the excitation energies +(FEy— Es), corre-
sponding to transitions between the ground state |[N) and the excited state
IN, s) of the unperturbed Hamiltonian H. The first term in (5.5) is given by
resonant transitions, the second by antiresonant transitions. While the poles
of the one-particle Green’s function GG correspond to excitations that change
the number of particles, the poles of the response function correspond to
neutral excitations. As in the case of the Green’s function G, in the thermo-
dynamic limit xop displays a branch cut along the real axis. The response
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5.1 Linear response

function xop is built only using elements deriving from the unperturbed
system (Eq. (5.5) is still in the interaction picture). This is possible thanks
to fact that xop is calculated in the linear-response regime.

As a consequence of its causality character , the response function xop(w)
is analytic in the complex upper half-plane. Thanks to this property, the
real and imaginary parts of xop(w) are related through the Kramers-Kronig
relations [211][212]:

1 [T I !

Revop(w) = 1 [ s Xore) (5.7)
1 +o0o R !

Imyxop(w) = —/ dw’exloifw. (5.8)
T J oo W —w

In particular here we are interested in perturbations induced by electro-
magnetic fields, which can be represented generally by a scalar potential
Vper and a vector potential A’y

Hi(t) = /dr‘/;,er(r,t)ﬁ(r,t)—l—

1 / deA (v (1) + — / drA”, (e, )p(r.t). (5.9)

c 2c2
From now on, for simplicity of notation, I will set Ape, = —(1/¢)A’per. The
fields are coupled to the density p and the (paramagnetic) current j:
p(1) = (T (1)P(1)) = —iG(1,17), (5.10)

i) = % [W(l)w?(l) — (VT (1) 1/3(1)]> = %[(Vl = V2)(=iG(1,2)] -
(5.11)

The diamagnetic term Afmp of (5.9) in linear response can be neglected
(at the first order, for A, — 0 it is 0).

The linear response of the density p and the total current J (sum of the
paramagnetic and diamagnetic terms):

J(l) :j(l) +Aper(1)p(1)v (5'12)

thanks to (5.4), can be calculated as:

5p(1) = [ 2L D0V (2) + [ A1 20Apr (D) (51)
531 = [ d23,(1,2)8Voer () + [ d2(X5(1,2) + (151, D]5Aer(2),
(5.14)
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5. Neutral excitations

where the density-density x,,, current-current }_{jj, density-current >—<>pj and
current-density §j , response functions have been introduced:
Xpp(1,2) = —if(t1 — t2)(N|[p(1), p(2)]|N) = 6p(1)/6Ver(2),
Xi5(1,2) = —=i0(t1 — t2)(N[[3(1),J(2))N) = 85(1)/6Aper(2
Xp5(1,2) = =i0(t1 — t2)(N|[p(1),J(2))IN) = dp(1) (
(

)
)
(5.15)
)
Xjp(1,2) = =ib(t1 — t2)(N[§(1), p2)][N) = 65(1)/6Vper (2).

In particular, the density-density response function x,, is the causal
version of the time-ordered polarizability x, which has been defined in App.
A.5. Up to the factors +in in the denominators (see Eq. (5.5)), the two
coincide. Since from the context it is generally clear which one is needed, I
will write directly x,, as x.

Moreover, thanks to the conductivity sum rule:

Xjj(r1, 2,0 = 0) + p(r1)8(r1 — r2) = 0, (5.16)

where one neglects a small Landau diamagnetic part [209], Eq. (5.14) can
be simplified as:

0J(r1,w) = /dr2§jp(r1,rg,w)évper(rg,w)—i-

+/dr2[(>_()jj(rlar27w)_;jj(rlar2,0)]5AP€T(r27w)' (5.17)

5.2 Microscopic-macroscopic connection

In the previous section I have introduced the response functions. In the
remaining sections of the chapter I will discuss different possibilities to cal-
culate them. All these methods are based on microscopic theories and deal
with microscopic variables. Instead experiments measure macroscopic quan-
tities, which are properly averaged in space. It is important, and not trivial,
to establish a bridge between these microscopic and macroscopic worlds.
Since for perturbations with momentum transfer q — 0, the longitudinal
and transverse responses (measured respectively in EELS and absorption
experiments, see Sec. 1.2.2) coincide, I will consider here the simpler longi-
tudinal case. For a more general discussion I refer to the work of Del Sole
and Fiorino [213] and the review of Strinati [119].

The (longitudinal) microscopic dielectric function can be obtained by the
density-density response function x as (see App. A.5):

e 1(12) = 6(12) +/d3v(13)x(32). (5.18)
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5.2 Microscopic-macroscopic connection

In a periodic solid this relation can be expressed in the Fourier space as (see
also Eq. (3.65)):

caa(aw) =dee +va(@xee(q,w), (5.19)

where G is a reciprocal lattice vector and q belongs to first Brillouin zone.

When the system is perturbed by an external potential Vjer(q + G, w),
the total potential (sum of the external and the induced potential) felt by a
test-charge is:

‘/tot(q + Ga w) = Z ea%G/ (q7 w)‘/per(q + Gl? w)‘ (520)
G/

The total potential in general has different wave vector components than the
perturbing potential for the presence of microscopic fluctuations induced by
the inhomogeneities of the material. The difference between the microscopic
potentials and their macroscopic average is called local fields. To connect
the microscopic and the macroscopic quantities one has to take a spatial
average over a distance that is large compared to the lattice parameters and
small compared to the wavelength of the external perturbation [214]. Since
the microscopic quantities are lattice periodic, this procedure reduces to take
the spatial average over a unit cell.

A microscopic potential V' (r,w) can be expanded in its Fourier compo-
nents as:

V(r,w)=> Viqg+ G,w)eaor, (5.21)
qG
or:
V(rw) =Y "> V(q+ G w)eS =) UV (qr,w), (522
q G q
where: A
Vig,r,w) = Z V(q+ G,w)eCr. (5.23)
G

V(q,r,w) is periodic with respect to the Bravais lattice and hence is the
quantity that one has to average to get the corresponding macroscopic po-
tential Vas(q,w):

Vm(q,w) = éc /drV(q, r,w). (5.24)

Inserting (5.23) in (5.24), one has:
1 .
Vi(q,w) = Z Vig+ G,w)Q/dreZGr =V(q+0,w). (5.25)
G C

Therefore the macroscopic averaged potential Vj; is given by G = 0 compo-
nent of the corresponding microscopic potential V.
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5. Neutral excitations

In particular, in the standard spectroscopy experiments discussed in this
thesis, the external perturbing potential is a macroscopic quantity. For
instance it can be the electromagnetic field impinging on a sample that one
can measure in an absorption experiment. For the Eq. (5.25) only the G =0
component of Vjer(q + G, w) is different from 0. Therefore the macroscopic
average Vit s of the microscopic total potential Viy in Eq. (5.20) is:

V;tot,M (q7 w) = Eélzo,szo(qa w)v})er (q7 w)' (526)

Eq. (5.26) is a relation between macroscopic potentials, so it defines the
macroscopic inverse dielectric function e]*wl: Viot,m = eﬁ%er. In this way
one obtains:

EX/[1 (q’ w) = 661:07(}/:0((17 CU). (527)
Therefore, the macroscopic dielectric function turns out to be defined as:
1
em(q,w) = — . (5.28)

€G=0,G'=0(D W)

This corresponds to the result found by Adler [215] and Wiser [216].

It is important to note here that, since Vi, is in general a microscopic
quantity, because it contains the microscopic fluctuations due to the polariza-
tion of the medium, one could not obtain directly the macroscopic dielectric
function €ys from the inverse of the relation (5.20):

Voer(@+ G,w) = Y eg.a(q,w)Vier(q+ G, w). (5.29)
G_l

Since Ve, is macroscopic, (5.29) is just:

Voer(@,w) = 3 =06/ (0, ) Vior(q + G, w). (5.30)
G/

Hence:

V;)er (q7 w) - 6G=0,G’=0(q7 w)%ot,M(q7 w)+

+ Y ea—06(aw)Vir(a + G w). (5.31)
G'#0

Since Vper = €pViot,m, one has that ey = eg—o,g/=0 only if one neglects
the off-diagonal terms (G’ # 0) in Eq. (5.31). These off-diagonal terms
correspond to the rapidly oscillating contributions to the microscopic total
potential. The terms G’ # 0 in Eq. (5.31) are responsible of the so-called
crystal local-field effects (LFE). In fact, from Eq. (5.28), one has that ey =
1/661:0,61’:0 = €g=0,g'=0 only if eg g/ is diagonal, which corresponds to
a dielectric function in the real space that depends only on the distance
between r and r': e(|r — r').
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5.2 Microscopic-macroscopic connection

It is possible to demonstrate [2][4][5] that ep; can be directly obtained
using a modified density-density response function y:

em(q,w) =1 —va=0(q)Xg=0,c'=0(q, w). (5.32)

Whereas the density-density response function x satisfies the Dyson equation
(see App. A.5): x = P + Puy, X is obtained from:

X = P+ Puy, (5.33)

where the macroscopic component of v is set to zero: vg—g = 0. For
the other components G # 0, v = v. Neglecting local-field effects, the
macroscopic dielectric function is (see Eq. (5.31)):

eni " (q,w) = eg—o,ai=0(q,w) = 1 —va=0(q) Pa=o,c'=o(aq,w).  (5.34)
Therefore, comparing (5.32) and (5.34), one can see that it is the microscopic
part of the Coulomb interaction v that is responsible of the local-field effects.
In fact, setting @ = 0 in (5.33) would imply that Y = P and hence e}/ =
EM-
Local-field effects are tightly related to spatial inhomogeneities in the
system. Whenever a system is not homogeneous, even if the external field is
slowly varying, the induced charges can have rapid spatial variations. This
means that the off-diagonal elements of the dielectric function are impor-
tant. Typical examples where local fields play an important role are layered
systems [217], nanotubes [218] and finite systems like nanoclusters [219],
which represent themselves an inhomogeneity in the vacuum space. Instead,
bulk solids of sp semiconductors are often examples of homogeneous systems
where local fields play a minor role [220].

These criteria actually apply only for polarizable systems, where the
initial and final states involved in a particular transition are localized in a
common spatial region [221]. On the contrary, even in very inhomogeneous
systems, if the inhomogeneity is not much polarizable, the induced potentials
are small and consequently local fields are not so important [4].

Absorption and electron energy-loss experiments measure Imey; and
—Ime;/fl, respectively (see Sec. 1.2.2). Once eg—o,g/=o has been calculated,
the spectra are obtained from:

1
Abs(w) = lim Imeps(w) = lim Im— ) (5.35)
q—0 q—0 GGZO,G’:O(q’w)
EELS(w) = — lim Ime}} (w) = — lim Imeg"  o/_o(q, w). (5.36)

q—0 q—0
where, in particular, I considered the EELS at vanishing momentum transfer.
Equivalently []:

Abs(w) = — lim Tm[vg—o(a)Xe—0.6'=0(a, W)}, (5.37)
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5. Neutral excitations

EELS(w) = - lim Im{ug-o(a)Xa=0.c/=0(a )] (5.38)

The only difference between Y and y is the absence of the long-range term
vg=o of the Coulomb interaction in the Dyson equation (5.33). Therefore
vG=0 is the responsible of the difference between absorption and EELS spec-
tra in solids [222]. Bulk silicon absorbs in the energy range between 3-5 eV
and the plasmon resonance is at 16.8 eV. In finite system, instead, the long
range term has no importance. For this reason, when the limit q — 0 is
assumed, EELS and absorption mathematically coincide in finite systems.

5.3 The Bethe-Salpeter equation

Photoemission experiments in Chapter 3 have been described in terms of
a one-particle effective Hamiltonian for one-particle excitations: the quasi-
particles. In case of absorption experiments, instead, one has to deal with
neutral excitations due to the simultaneous creation of a quasielectron and a
quasihole (see Sec. 1.2.2). A one-particle description is no more adequate. In
this section I will therefore introduce the effective two-particle Hamiltonian
capable to deal with these neutral excitations.

In order to describe neutral excitation, in the MBPT framework the key
variable is the two-particle correlation function, formally defined as func-
tional derivative with respect to a nonlocal perturbation:

L(1,2,3,4) = —i (5.39)

Thanks to the rule of the derivative of the identity (see App. A.4), 6G/dVper =
~G(6G71/6V,er )G, Eq. (5.39) can be rewritten as:

5G~1(5,6)
L(1,2,3,4) = +i [ d56G(1,5)————2G(6,2). A
(L2384 = +i [ d56G(L5) T— 060, (540)
This permits to use the Dyson equation:
G1(5,6) = G (5,6) — Vper (5,6) — (5, 6), (5.41)

and get:

L(1,2,3,4) = +z’/d560(1,5)[— 5(3,5)0(4, 6)+

3[Vi(5)4(5,6) + (5, 6)]
B O Vper(3,4) J66.2). (5.42)
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5.3 The Bethe-Salpeter equation

Then, using the chain rule 63/6V,e, = (62/6G)(0G /6 Vper), one finds:

L(1,2,3,4) = —iG(1,3)G(4,2)+
S[Vi(5)6(5,6) + £(5,6)]
3G(7,8)

fi / d5678G(1,5)G(6,2) L(7,8,3.4). (5.43)
Ly(1,2,3,4) = —iG(1,3)G(4,2) describes the free propagation of an elec-
tron and a hole that don’t interact. So it is the two-particle correlation

function for independent particles. With this definition, the Bethe-Salpeter
equation (BSE) [223] reads:

L(la 2a 35 4) = LU(17 2a 35 4)+

(1]

+/d5678L0(1,2,5,6)[v(5,7)6(5,6)5(7,8)+ (5,6,7,8)]L(7,8,3,4),

(5.44)
where the four-point many-body interaction kernel:
0%(5,6)
=(5,6,7,8) = 5.45
(5,6.7.8) = i557.8) (5.45)

has been introduced. In the kernel of the BSE (5.44) the Coulomb term
v is summed to Z. It links the two-particle correlation function L to its
irreducible counterpart L: L = L+ LvL. As above, v = vg_o + 0. 0
is responsible of the local-field effects (see Eq. (5.33)) and vg—¢ of the
difference between absorption and EELS.

A connection between L and the (reducible) vertex T' (3.34) can be estab-
lished when the particular case of a local perturbation Vi, (3) is considered
in the definition of (5.39) of L [119]:

SG(L2)
L(1,2 = = d45G(1,4
(1.2:8,3%) = ~ij o +z/ 5G(1, 4)

0G~1(4,5)

Ver(3) 00D =

— —i/d45G(1,4)f(4,5,3)G(5,2). (5.46)

Analogously a similar link can be drawn between the irreducible L and the
irreducible vertex I'.
In spectroscopy experiments what is measured is the two-point response

function 5(1)
p(1
1,2) = ———. 5.47
X( ) ) 6‘/2067-(2) ( )
X is a contraction of the four-point L:
x(1,2) = L(1,17,2,2%). (5.48)
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5. Neutral excitations

So calculating L through the Bethe-Salpeter equation (5.44) permits to ob-
tain y and hence the spectra.

Furthermore, in case of a transverse perturbation (as for an electromag-
netic field at finite q), the perturbation is given by the vector potential A.
Analogously to what has been shown for a scalar potential (see App. A.2),

it is possible to demonstrate that (see Ref. [119]):
_9G(L2) 1
— L(1,2,3,4 . A4
"5A(3) 2 [(V3 Va)L({1,2,3, )Lzs+ (5:49)

Therefore, once L has been calculated thanks to the BSE (5.44), also the
other two-point response functions can be obtained from proper contractions
of L (see Egs. (5.10)-(5.11)):

11

Y55(1,3) 2—2—[<V1 Vo)(Va - VOL(L23.4)] . (5.50)

X 5(1,3) [ Vs — V)L +,3,4)L:3+, (5.51)
+

Xip(1,3) { L(1,2,3,3 )L:ﬁ. (5.52)

5.3.1 BSE in practice

In order to solve the Bethe-Salpeter equation (5.44) one has to approximate
the many-body interaction kernel = (5.45). The standard approximation
consists in using the GW self-energy (see Eq. (3.48)). In this way the
solution of the Bethe-Salpeter equation corresponds to the inclusion of vertex
corrections in P (or x, see Eq. (5.46)) through a second iteration of Hedin’s
equations. The kernel = becomes:

) [G(5,6)W (5,6)]

6
5 = . (5.53)

=(5,6,7,8) = ) 5G(7.5)

The derivative contains two terms: W and GOW/6G. The latter describes
the change of the screening due to the excitation. At the level of the GW
approximation it is a second-order effect and can be therefore neglected (but
in this way the correlation functions are no more conserving [131]). With
these approximations the Bethe-Salpeter equation becomes:

L(17 27 37 4) = LO(la 27 37 4)+

+/ d5678Lo(1,2,5,6)[v(5,7)8(5,6)5(7,8)—W (5,6)5(5,7)5(6,8)]L(7, 8, 3, 4).
(5.54)

The kernel that connects the independent-particle correlation function Lg
to the interacting L is given by the sum of two terms [224][225]. The first is

92



5.3 The Bethe-Salpeter equation

the unscreened exchange term v and is repulsive. The second is the screened
Coulomb electron-hole direct term W and is attractive. Without screening
(5.54) reduces to a time-dependent Hartree-Fock approximation. Looking
at the indexes of the delta functions of these two terms in (5.54), one imme-
diately realizes that the BSE is still a purely four-point equation and cannot
be contracted to obtain directly the two-point response function y, which is
what is experimentally measured. This represents the real bottleneck of the
Bethe-Salpeter equation approach in practical calculations.

For simple semiconductors dynamical effects in the electron-hole screen-
ing in W and in the Green’s function G tend to cancel [226][227], therefore
they are usually neglected in both. So, instead of W (1,2), in (5.54) in the
standard approach [2258][5][229][230][231][232] one uses a statically screened
instantaneous interaction:

iVV(I'l, ro,w = 0)5(t1 — tg), (5.55)

27
and for G the Green’s function obtained by a perturbative GW calculation.
This Green’s function is built with Kohn-Sham orbitals and quasiparticle
eigenvalues with GW perturbative corrections included and witj the quasi-
particle renormalization factors that are set to 1. Improperly, I will call
it “quasiparticle” Green’s function (see also App. A.6). In a more general
case, one can consider a Green’s function obtained from quasiparticle self-
consistent calculations [233]. Including dynamical effects in the screening
would give rise instead to a time-dependent interaction [234]. Since the
kernel is no more Hermitian, in principle this would permit to describe for
example excitonic lifetimes [220].

In a spectroscopy experiment one measures the response of the electronic
system to an external perturbation. The Bethe-Salpeter equation shows
that the first effect of the perturbation is the creation, inside the system,
of electron-hole pairs. This first response of the system is expressed by
the independent-particle term Ly. The perturbation, then, generates an
induced potential which alters the independent-particle picture through a
self-consistent response that modifies the potentials acting on the system. In
particular, in the BSE v derives from the variation of the Hartree potential
and W from the variation of the self-energy. In fact, after the absorption
of a photon, the electron still remains in the sample. So it can strongly
interact with the hole, leading to the creation of an exciton. The electron
and the hole cannot be considered as independent and one has to pass to a
two-particle picture in order to take into account these excitonic effects.

Hanke and Sham [224][225] solved the Bethe-Salpeter equation (5.54) in
a localized basis by inverting directly the four-point kernel at each frequency
w. When the dimension of the basis involved in the calculation becomes rele-
vant, the inversion procedure is too expensive. The Bethe-Salpeter equation
(5.54) can be solved also by diagonalizing a two-particle excitonic Hamilto-
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5. Neutral excitations

nian, which moreover provides information about the excitonic eigenstates
and eigenvalues. Alternative schemes based on the same excitonic Hamil-
tonian adopt the Haydock recursive algorithm [235][231][166] or k-point in-
terpolation procedures [232]. The two-particle Hamiltonian is obtained by
calculating the matrix element of (5.54) in the transition space, which is
constituted by couples of quasiparticle wavefunctions ¢,¢. [2][5]. In the
transition space, the resonant parts (that involve transitions from valence
v to conduction states c) of the two terms in the BSE kernel read (here I
consider the microscopic Coulomb potential © that yields L, otherwise one
would have v):

ﬁ(vc),(v’c’) = 2/drldrgqﬁz(rl)gbc(rl)z‘)ﬂrl — r3’)¢v/(r3)¢z/(r3), (556)

where the factor 2 is due to spin degeneracy, and:

W(vc),(vlcl) = /drldr2¢f)(r1)¢v/(r1)W(r1, ro,w = 0)¢C(I‘2)¢:/(I‘2). (557)

Written in this form, the two terms clearly show a different nature. While
W is a direct (screened) interaction between valence and conduction charge
densities, v instead is a dipole interaction between valence-conduction charge
fluctuations. In the transition space the Bethe-Salpeter equation becomes a,
Schrodinger equation [2][5]:

SoomY Almena) — gy A(mn2) (5.58)

(n1n2),(n3na)
(n3na)

for the effective two-particle excitonic Hamiltonian, which is defined as:

2
(51n2)’(n3n4) = €n 67115711713 nang (fm fm)( (nin2),(nana) — W(n1’n2) (n3n4))

(5.59)

After the excitonic Hamiltonian has been diagonalized, one can calculate

the dielectric function, thanks to the two-point contraction (see Eq. (5.48))
of L and Eq. (5.32). The final result is:

e2(w) —hm—Z‘ZA”C e |0) 5w — By, (5.60)

q—0 q

where, for simplicity, again only the resonant transitions v — ¢ have been
considered in the excitonic Hamiltonian. Comparing Eq. (5.60) with Eq.
(1.26), one can see that the inclusion of the excitonic effects has two con-
sequences on the spectra calculated using Fermi’s golden rule. First, the
energy of the transition is now FE) which in general is different from the
independent-particle value €. — €,. Second, the exciton wavefunctions coef-
ficients AY¢ mix the independent-particle transitions |v) — |c¢). When the
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5.4 Time-dependent density-functional theory

electron-hole interaction is not taken into account, the excitonic Hamiltonian
is diagonal and A% is different from zero for only one transition. In general,
instead, an excitonic transition A is made by different independent-particle
transitions |v) — |c).

We can make here a parallel with the spectral function of the one-particle
Green’s function. When the system is noninteracting, it is a series of delta
peaks corresponding to single Slater determinants. When the electronic in-
teraction is switched on, the quasiparticle peak is made by the mixing of
different contributions of many Slater determinants, rightly as an excitonic
transition is obtained by the mixing of different independent-particle transi-
tions.

This first-principles method based on the Bethe-Salpeter equations has
been applied many times in the last ten years. It has yield very successful
results in the calculation of optical properties of solids with continuum or

bound excitons (like, respectively, silicon [229] or solid argon [23(]), surfaces
[237], nanowires [238] and clusters [228] as well as in the calculation of
electron energy-loss spectra [111]. Nevertheless it is a computationally heavy

scheme and one would like to find a more efficient method that guarantees
the same accuracy. In fact, spectra in the BSE framework are obtained from
a contraction of a two-particle Green’s function (see Eq. (5.48)). Therefore,
one calculates more information than needed. An alternative method for the
direct calculation of the spectra is represented by time-dependent density-
functional theory (TDDFT), which I will introduce in the following section.

5.4 Time-dependent density-functional theory

It is possible to extend the (static) density-functional theory to the case of
time-dependent external potentials. The time-dependent density-functional
theory (TDDFT) is hence an alternative to the Bethe-Salpeter equation
in dealing with neutral excitations. In fact, Runge and Gross [239] have
proved that, for a given initial state, time-dependent potentials Ve (r,t)
and time-dependent densities p(r,t) are in a one-to-one correspondence (up
to a purely time-dependent function). Any observable is a functional of the
density p(r,t) and of the initial state, which, anyway, in our case will be
always the ground state of the system.

In particular the action A[p], which is defined on the Keldysh contour!
[241], is a functional of the density, with the property:

0A

— . .61
dp(r,7) lp(r,t) Vet (1, 1) (5.61)

Since a given time-dependent density p(r,t) can be reproduced by a nonin-
teracting system (which in general has also a different initial state) [212], it

'For an introduction to the Keldysh contour formalism see e.g. [210].
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is possible to generalize the Kohn-Sham scheme of DFT to time-dependent
situations. If Axg[p] is the action functional relative of the noninteracting
Kohn-Sham system:

%’p(m — Vis(r, 1), (5.62)
defining A,c[p] as:
1
Al = Arslel = 5 [ 120002012~ Al (5.69)

one finds that the effective Kohn-Sham potential Vi g(r,¢) in the time-
dependent case is:

Vis(r,t) = Vi (r,t) + Vege(r, t) + Vae(r, 1), (5.64)
where: 5A
Vie(r, t) = e ) 5.65
(. 1) dp(r, ) lp(r,t) (5.65)
So the solution of the set of effective one-particle equations:
1o .0
| =5V + Vs )| pilr,t) = iz i(r.1) (5.66)

yields the time-dependent density of the system:

N
plr,t) = 3 il ). (5.67)
=1

As DFT leads to a dramatic simplification in the solution of the time-
independent many-body Schrodinger equation (1.1), the same gain is ob-
tained in TDDFT with respect to the time-dependent version of the many-
body Schrédinger equation. But, as in the static case, Vy.(r,t) is unknown
and to be approximated. The simplest approximation is the adiabatic local-
density approximation (ALDA) [243], where at each instant ¢ one takes for
Vze(r,t) the exchange-correlation potential calculated in LDA with density
p(r,t):

Vi PA(e,t) = VieP A (o(x, 1)), (5.68)

TDDFT can be of course used to calculate the linear response of the
system to an external time-dependent perturbation Ve, (r,t). In this case
the time-dependent external potential of the formal theory can be taken as
the sum of the static ionic potential Ve, (r) and the external perturbation:
Veat(r,t) = Vegr(r) + Vper(r,t). Thanks to the Runge-Gross theorem, the
change of the density dp due to a variation of the external perturbation 6V,
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can be obtained equivalently as the change of the density in the Kohn-Sham
system as a result of a variation of Vig:

5p(1) = / d2x(1,2)6Vi (2) = / i2xrs(1.2Vis(@).  (5.60)

Using:
Viks(1)
— =§(1,2

V(1) V(1)
Vet (2)  0Vere(2)

(5.70)

one obtains the Dyson equation of linear response TDDFT [244]:

V(1,2) = vrs(L,2) + / 34xxs(L 303, A) + fuc(3 Ax(42),  (5.71)

where the exchange-correlation kernel f,. has been defined as:

IVae(1)
op(2)
While the true excitation energies are the poles of x (see Eq. (5.5)), the

noninteracting Kohn-Sham response function xxg has poles at the Kohn-
Sham eigenvalues differences.

fxc(172) - (5.72)

TDDFT constitutes an in principle exact alternative to the Bethe-Sal-
peter equation for the calculation of the response function y. The great
advantage of TDDFT is its efficiency. Since it deals directly with variations
of the density, the linear-response equation (5.71) is a two-point equation.
BSE is instead an intrinsically four-point equation, because it describes two-
particle interactions. On the other side, in the BSE the interaction kernel
is in principle exactly known (even though it becomes soon computationally
intractable) and, moreover, good approximations have been formulated in
practice. In TDDFT, on the contrary, the f,. kernel is unknown and one
has to devise some approximations.

The independent-particle polarizability x kg is built using elements from
a ground-state Kohn-Sham calculation (see also the general Lehmann repre-
sentation (5.5) for response functions of interacting systems):

1 . ' ,
XKks.Ga (Q,w) = D (urle T o ) ercrale TG o) x
Nch "
Ve
% ka(2 - fck—i—q) |: 1 _ 1 ]
2 W — (Eck+q - 6vk) +1n w— (Q}k - 6ckJrq) + 7
(5.73)

Since it is a polarizability for independent particles, x g can be calculated by
the product of two Kohn-Sham Green’s functions —iG g sG kg, analogously
to the RPA Py in MBPT, which is given by —iGG (see Eq. (3.50)).
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Once an approximation for the f,. kernel has been chosen, one can solve
the Dyson equation (5.71) to obtain x and hence the spectra. Setting f,. = 0
in Eq. (5.71) corresponds to the random-phase approximation (RPA), crys-
tal local fields included. The time-dependent local-density approximation
(TDLDA) is the simplest approximation to f,., where one has:

ALDA / / / / 8VchDA(p(r))
LA (et =0(r —1')o(t —t') p(0) (5.74)
TDLDA often gives good results in the calculation of spectra for finite
systems [245], electron energy-loss spectra [240] or, more generally, in the
case of finite momentum-transfer q [247]. When local fields are not essen-
tial, TDLDA and RPA results are similar [246]. TDLDA instead fails in
the calculation of absorption spectra of solids [2][1]. What makes the dif-

ference between absorption and EELS spectra in extended systems is the
long-range part of the Coulomb interaction vg—g. vg—o is absent in the
case of absorption (see Egs. (5.33) and (5.35)). So, in this case, the only
long-range term can derive from the exchange-correlation kernel f,.. This
long-range contribution is indeed essential to obtain good absorption spec-
tra in solids [248]. In fact, in systems with a band gap, for ¢ — 0 (as in
absorption) the head (i.e. the element G = G’ = 0) of yxs — 0 as ¢>. The
ALDA kernel is instead a contact potential, which means that it is constant
in q. Hence its contribution, multiplied by x kg, vanishes in the limit q — 0.
This explains the failure of TDLDA in the calculation of absorption spectra
of solids. Besides, rightly for this reason, a kernel f.. o q% for g — 0 is
essential to get any correction to an independent-transition picture. In real
space, this means that f,. must have an infinite range, as the Coulomb po-
tential which is proportional to 1/|r; — ra|. Some different ways to derive
such a long-ranged kernel are reviewed in the next section.

5.4.1 A kernel from many-body perturbation theory

The derivation of an exchange-correlation kernel with the proper long-range
contribution has been recently the subject of many different works [218][1]
[249] [250][251][252][3][253][254][200]. They all aim at combining the respec-
tive advantages of BSE and TDDFT.

The idea is to design a f;. kernel able to reproduce the good results of
BSE. In the interpretation of MBPT, the effect of such a kernel is twofold.
So fze can be split into two contributions [254]:

foe = FS0 + 2. (5.75)

First, fz has to transform each couple of Kohn-Sham fictitious particles into
a couple of (quasi)electron and (quasi)hole. From the independent Kohn-
Sham response function xgg it has to give back the independent-particle
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Py:
Fi0(1,2) = xxs(12) — Py (12). (5.76)

Here P, is the causal version of the time-ordered RPA polarizability that
defines the screening of W in GW: Py(1,2) = —iG(1,2)G(2,1) (see Eq.
(3.50)). In the BSE formalism Py(1,2) = Lo(1,1,2,2). In practice, Py, in
the standard BSE approach, is built with two quasiparticle Green’s functions,
with Kohn-Sham wavefunctions and GoWj quasiparticle energies. In essence,
f:,SP has hence to shift Kohn-Sham eigenvalues into quasiparticle energies.

Second, fy. has to describe the interactions between the (quasi)electron
and the (quasi)hole. These are the excitonic effects that mix the independent
transitions in Fy.

f2(1,2) = By (1,2) — P71, 2). (5.77)

This is the role played by W in the Bethe-Salpeter equation. The effects of
J agi) and fﬁ) are opposite: the former induces a blueshift of the spectrum (it
opens the band gap), the latter essentially a redshift. Therefore in f,. there
must be strong cancellation effects between the two. But, so far, people
have still found more convenient to start directly from Py (i.e. to calculate

explicitly GW corrections) instead of trying to approximate fa(;i) So it is in

particular on the excitonic part fx(i) of the kernel that the efforts have been
focused.

The excitonic kernel fﬁ) can be derived exactly in the many-body frame-
work. fﬁ) and the vertex function I" have the same role in P (see Hedin’s
equation (3.44) for P). They both account for the interaction between elec-
trons and holes in the pairs that build up the polarizability. They are both
the result of the self-consistent change of the potentials due to the pertur-
bation.

I will follow here the derivation of F. Bruneval et al. in [253]. The
irreducible vertex is (see Eq. (3.46)):

03(1,2)
I'(1,2,3) =0(1,3)4(1,2) + . 5.78
(1,2,3) =0(1,3)4(1,2) Vier (3) (5.78)
Thanks to the Runge-Gross theorem it is possible to rewrite I" as:
0%(1,2) dp(4)
I'(1,2,3) = 4(1,3)0(1,2 +/d4 , 5.79
3 = ol a2 o) ) O

where the one-to-one mapping between the perturbing potential and the den-
sity p has been explicitly exploited. In this way one gets two results. First,
an explicit equation for the vertex that involves only three-point quantities:

5%(1,2)
dp(4)

I(1,2,3) = 6(1,3)5(1,2) +/d4 P(4,3), (5.80)
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instead of the implicit integral equation with a four-point kernel (see Hedin’s
equation (3.43) for I'). Second, inserting (5.80) in Hedin’s equation for P

and using (5.77), one obtains an explicit exact expression for fﬁ):
0%(4,5)
op(2)
The three point quantity d%/dp plays here the same role as the interaction
kernel = of the BSE. Both stem from the change of the self-energy with
the perturbation. Therefore, as in the standard Bethe-Salpeter, ¥ is ap-

proximated at the GW level and the term 61 /dp, which corresponds to the
change of the screening for the perturbation, is neglected:

721,2) = —i/d345P0_1(1,3)G(3,4)G(5,3) (5.81)

0X(1,2) . 0G(1,2)
—iW(1,2 . 5.82
o) 20 (582
For W, as in the BSE, one takes the static approximation. Moreover
§G(1,2) / §G1(4,5)
——— =— [ d45G(1,4)———=G(5,2), 5.83
0(3) R T (5:59)
and 0G~1/6p is approximated as if G~1 were the resolvent of a local potential:
0G~1/6p = -Fy ! Summing up the various pieces, the final approximation

for the kernel is:
21,2 = /d3456P0—1(1,3)G(3,4)G(5,3)><

x W (4,5)G(4,6)G(6,5) Py *(6,2). (5.84)

This kernel has indeed the correct long-range contribution, as shown for
instance by Adragna et al. [250] in bulk silicon.

The same expression for fg) has been obtained in other different ways.
The works of F. Sottile et al. [!][219] and G. Adragna et al. [250][251]
suggested a direct comparison between the Bethe-Salpeter equation for the
four-point irreducible polarizability L:

L(1,2,3,4) = Ly(1,2,3,4)+
—/d5678L0(1,2,5,6)5(5,7)5(6,8)W(5,6)i(7,8,3,4), (5.85)

and the equivalent two-point equation in the TDDFT framework P = Py +
Py féz)P. Whereas the Bethe-Salpeter equation (5.85) cannot be contracted
to a two-point one, it is possible to rewrite the TDDFT equation for P as
a four-point equation for *P, with P(1,2) = 4P(1,1,2,2) (and analogously
for Py and Ly):

1P(1,2,3,4) = Lo(1,2,3,4)+
~|—/d5678L0(1,2,5,6)5(5,6)5(7, 8) (5, 7)4P(7,8,3,4). (5.86)
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Figure 5.1: Comparison between the experimental absorption spectrum of
bulk silicon (red dots) and theoretical spectra obtained in different approxi-
mation. RPA corresponds to set fy. = 0 in Eq. (5.71); in TDLDA one uses
the fyc kernel (5.74) in Eq. (5.71); in GW-RPA one sets W = 0 in the Bethe-
Salpeter equation (5.54); BSE is the result of Eq. (5.60); T3 is obtained using
the kernel (5.84). The two latter results are in very good agreement with the
experimental spectrum. From Ref. [1].

In particular, in the derivation of F. Sottile [1] one directly maps the
matrix elements W) (v7ery of W in the BSE (see Eq. (5.57)) into the matrix

elements F{y) (yrer) Of fﬁ) in the TDDFT equation. This can be done for

the transitions of interest. However, a complete mapping —W — fﬁ) is not
possible. In fact, in the two four-point equations, fz(? and W don’t contract
the same indexes. On the other side, the mapping between the two equations
permits a flexibility that can be exploited to find even more efficient kernels
[236].

In the approach of Adragna [251], instead, the two equations, (5.85) and
(5.86), have been expanded in a perturbative series, respectively in W and
fggg). In this perturbative expansion one retains only the first-order terms
in both. Requiring the equality of the two-point contraction of these first-
order terms, one gets back the expression (5.84) for fég) This perturbative
expansion can be derived on an equal footing also using a Kohn-Sham-based
many-body diagrammatic technique [255][256], as shown in the work of Stub-
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5. Neutral excitations

ner et al. [254]. Finally, the variational derivation of von Barth et al. [200]
has demonstrated how the (total) f,. kernel satisfies important conservation
rules.

The fyc kernel (5.84) yields similar spectra as the ones obtained by solv-
ing the Bethe-Salpeter equation. This kernel in fact has demonstrated to be
as accurate as the BSE in the calculation of absorption (and electron energy
loss) spectra of solids (see Fig. 5.1), surfaces [257], infinite molecular chains
and finite systems [258]. Moreover, on a theoretical level, the insertion of
the density-functional concept in the MBPT framework has permitted to
derive a simpler equation for the vertex function (see Eq. (5.80)). This in
turn has led to an exact expression (see Eq. (5.81)) for the TDDFT kernel in
terms of many-body quantities. In this way it has been possible to establish
a double, formally exact, link between MBPT and TDDFT and to mutually
exploit the advantages of both.

Adopting the same philosophy of this section, in App. B I discuss how
the density-functional concept can be exploited also to rewrite the Dyson
equation (3.30) between G and G and obtain a new equation for G where
the self-energy doesn’t appear anymore.

5.5 Time-dependent current-density-functional the-
ory

Time-dependent density-functional theory can deal only with longitudinal
perturbations, represented by a scalar external potential V.. It is instead
incapable to treat situations where a transverse perturbation, represented
by a vector potential Ay, is applied to the system. Perturbations of this
type are generally electromagnetic fields applied to the sample. In the case
of optical absorption, the momentum transfer q is vanishing, and one can
still calculate the longitudinal response, which coincides with the transverse
one. But for more general situations (also beyond the dipole approximation)
this equivalence doesn’t hold anymore.

There is also a more fundamental difficulty. DFT and TDDFT have been
proven only for finite system. In the demonstrations one always asks for
boundary conditions that cannot be always met in infinite systems. These
difficulties arise in particular when one deals with situations where a spatially
uniform electric field is applied to the system. The electric field can be
both time-independent [37] or time-dependent [259]. In particular, in the
latter case one finds that the external potential and the time-dependent
density are no more in a one-to-one correspondence. It is possible to find
situations where two different time-dependent electric fields give rise to the
same density. In these cases the current density should be chosen as the
basic variable. In fact, the two uniform electric fields still determine two
different currents.
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5.5 Time-dependent current-density-functional theory

Time-dependent current-density-functional theory (TDCDFT) considers
an electronic system subjected to an arbitrary perturbing electromagnetic
field, characterized by a scalar potential V., and a vector potential Aper.
Thanks to a gauge invariance, it is possible to choose a gauge in which the
scalar potential is eliminated and the external perturbation is fully repre-
sented by the vector potential Ay.,. Ghosh and Dhara [260] have demon-
strated that, given an initial state, there is a one-to-one correspondence
between external vector potentials A, (r,t) and current densities j(r,t), up
to a gauge transformation. This represents a generalization of the Runge-
Gross theorem. In fact, any scalar potential with a gauge transformation
can be represented by a longitudinal vector potential. Moreover, the current
j(r,t) determines the density p(r,t) thanks to the continuity equation:

ap(r7 t)+ Vj(r,t) = 0. (5.87)
In TDCDFT all the observables are functionals of the current density and the
initial state, which, again, will be always chosen as the unperturbed ground
state of the system. Analogously to what has been done for TDDFT, it is
possible [261] to introduce the action A, defined on the Keldysh contour, as
a functional of the current j, with the property:

0A

e = Aper(r, ). (5.88)

i(r.t)

One then introduces the action Agg for a noninteracting system and defines
the exchange-correlation contribution A;. to the action in the usual way:

Al = Axsli] - / d12p(1)p(2)0(1,2) — Areli]. (5.89)

By differentiating (5.89) one finds:

Aper(r,t) = Ags(r,t) — Ap(r,t) — Age(r, t), (5.90)
with: )
O Anlr i) +V / dr' o', o(jr —r'|) = 0, (5.91)
and A
5; (rfi) s = Age(r,t). (5.92)

In (5.90) retardation effects, linked to the transverse component of the in-
duced vector potential, are formally included in A,., but they are often
neglected [259][262][263]. Their macroscopic component, relevant in par-
ticular in extended system, can be formally added to the perturbing field

[119][213].
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5. Neutral excitations

The Kohn-Sham vector potential A g is the effective potential of the
Kohn-Sham system that has the same current j(r,t) as the real system [264].
The solution of the Kohn-Sham equations

[%(_ZV + AKS(r7 t))Q + Ueact(r) ¢i<r7 t) = iaatcpi(ra t) (593)

permits to obtain the current density as:

N
D (@F(r ) Vei(r,t) — ilr, ) Vi (r, 1))+
=1 (5.94)

N
+ Z ’@i(ra t)’2AKS(r7 t)
i=1

1

. t _

The response function §jj to the perturbation A, (r,t) can be calcu-
lated from a (tensorial) Dyson equation [261], which can be obtained simi-
larly to derivation of the TDDFT linear-response equation (5.71):

X;5(risr2,w) = Xjj.x5(T1,T2,w) + /dr3r4§jj,;{s(f171‘3,w)x

1 1 = _ (5.95)
x| = ;Vsmv4 + f2e(rs, 1'47‘«0)] ij(r4a r2,Ww),
where the unknown tensor exchange-correlation kernel:
< 0A (1)
fxc L,2) = . 5.96
(1,2) = "5 (5.96)

has been introduced. -

The exchange-correlation kernel f,. (and, equivalently, the exchange-
correlation vector potential) can be approximated as a local functional of
the current, making use of the homogeneous electron gas as reference system
[265][266]. The use of this approximation has led to contrasting results.
On one side, good results have been found for polarizabilities of polymers
[267]. At the same time, TDCDFT permits an efficient description beyond
TDLDA of the Drude peak in the spectra of metals in the nontrivial limit
w — 0q — 0 [209][268]. On the other side, absorption spectra for bulk
semiconductors are close to the ones obtained in TDLDA [205][269] and,
moreover, one finds unphysical imaginary parts in the calculation of atomic
excitation energies [270)].

«—

In Sec. 7.7 I will derive an exact expression for f,. and I will suggest
a new approximation of it, based on a many-body derivation, analogous to
the one discussed in Sec. 5.4.1 for the TDDFT kernel.
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Chapter 6

Vanadium dioxide

Vanadium dioxide (VOs) is the prototype of several metal oxides. It can be
considered as a paradigm for materials where the competition between the
tendencies towards electronic localisation and delocalization plays a key role.
At a temperature just above room temperature, VOs undergoes a double tran-
sition, from a metal to an insulator and from a rutile to a monoclinic struc-
ture. It has been long debated on which of the two components is the main
responsible in driving the transition. Moreover, many experimental results
are available that call for a reliable and consistent interpretation. But most
of the state-of-the-art theoretical approaches were unable to describe this
complex transition. Model interpretations succeeded in explaining only some
aspects of the properties of VOo, but a consistent global description of the
transition requires a first-principles calculation. In particular, in this work
I focused on the calculation of the electronic properties of VOs. I adopted
the parameter-free spectroscopy methods introduced in the previous chapters,
i order to find an interpretation to a recent photoemission measurement. I
will show that correlation effects in the photoemission spectra can indeed be
correctly interpreted in this framework, provided that quasiparticle energies
and wavefunctions are calculated self-consistently.

This chapter is organized as follows. I will first introduce the two compo-
nents of the phase transition and briefly present some experimental results
supporting each of the two historical interpretations of the transition. I
will then discuss my results, from DFT-LDA for the ground state to a self-
consistent quasiparticle calculation for the one-particle excitation properties.
I will show how it has been possible to explain the various features of the
spectra of the two phases in a consistent way. I will also put into evidence
the practical computational limits of the approach. This has motivated a
further work, aiming at finding simpler ways to calculate electronic spectra.
It will constitute the subject of the next chapter.
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6. Vanadium dioxide

Figure 6.1: Atomic structures of the high-temperature rutile metallic phase
(on the left) and the low-temperature monoclinic insulating phase (on the right).
Vanadium atoms are shown as large red spheres, oxygen atoms as small blue
(or light blue) spheres. The monoclinic structure is obtained by distorting the
rutile structure along the c-axis (vertical axis in the figure) with the effect of
doubling the unit cell. From Ref. [271].

6.1 The phase transition

Vanadium dioxide exhibits a first-order phase transition at a temperature
of 340 K and ambient pressure. At high temperature it is a metal and
its crystal structure is tetragonal (rutile). At low temperature it becomes
an insulator and at the same time undergoes a structural transition to a
monoclinic phase (see Fig. 6.1).

As a result, all its physical properties show a considerable change [272].
For instance, from the metal to the insulator, the resistivity has a jump of
five orders of magnitude [273], the third-harmonic optical signal intensity
decreases by a factor of 30 [274]. Similar changes occur for the magnetic
susceptibility, the thermal expansion coeflicients, the optical transmission
and reflectivity, the Seebeck coefficients, etc.

Since its discovery in 1959 by Morin [275], this transition has attracted
a great interest for both fundamental reasons and possible practical applica-
tions.

Vanadium dioxide is of technological interest because the phase transi-
tion occurs close to room temperature and is reversible (with typical hys-
teresis curves). Moreover, the transition can be obtained also in many other
different manners, not only by varying the temperature. In fact, it has been
achieved also by applying pressure [270], an electric field [277], or light [275].
Therefore, VO2 has wide applications in the design of ultrafast electromag-
netic switches [279, 280] and sensors [281] and, in general, in optoelectronics
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6.1 The phase transition

Figure 6.2: Structural distortion in the phase transition. V atoms are rep-
resented by full circles, O atoms by empty circles. The arrows indicate the
distortion that leads from a tetragonal unit cell (dotted line) to a monoclinic
one (solid line). From Ref. [280].

[282, 283].

Thin films of tungsten-doped vanadium dioxide have been proposed [284]
as windows coatings that always allow visible light to pass, but reflect in-
frared light, which causes heating, when the temperature is above 29 degrees
Celsius.

From the fundamental point of view, the nature of the transition has been
at the center of an intense debate for more than four decades. The issue
is whether the electronic correlation is so strong to localize the electrons
into a Mott-Hubbard insulator [285], or the structural distortions alone are
enough to induce the insulating phase (Peierls model) [256] (see Sec. 1.3.2);
in other words, whether the effects on the electronic properties of VO derive
from the structural transition or the electronic transition itself induces also
a structural distortion; whether the gap in the insulating phase is due to the
structural deformation or to electronic correlation.

Before entering into the details of the debate, here I will present sepa-
rately the two components (structural and electronic) of the phase transition.
I will then briefly review experimental evidences supporting one or the other
model.

In the rutile structure of the metallic phase (space group P4s/mnm or
Dit, No. 136 [257]), there are two VOq formulas per unit cell. If vana-

dium atoms are located at (0,0,0) and (%, %, %), oxygens atoms are then at
+(u,u,0) and £(5 +u, 1 —u, 3). A diffraction X-ray study [255] yields for
the lattice parameters of the tetragonal cell the values: agp = bp = 4.5546
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6. Vanadium dioxide

x Y z
Vo 0.242 0975 0.025
O; 010 0.21  0.20
O, 039 069 0.29

Table 6.1: Atomic positions in the unit cell (reduced coordinates) for the
monoclinic phase. After Ref. [271].

A and cr = 2.8514 f&, and for the oxygen coordinates u = 0.3001.

In the phase transition the lattice is slightly distorted. The V atoms
dimerize along the rutile c-axis, and the V dimers twist around the c-axis.
In the rutile, V-V distances along the c-axis are 2.85 A, in the monoclinic
phase they become 2.61 A and 3.16 A. The oxygen atoms, on the contrary,
stay almost at their original positions and do not follow the displacements
of the V atoms. The volume has a change of 0.044% [289]. The insulator
is slightly denser. The effect of the distortion is hence a lowering of the
symmetry and a unit cell doubling. Figure 6.1 shows a comparison of the
two structures and Fig. 6.2 represents the effect of the distortion on the
rutile structure.

In the monoclinic structure (space group P21/c or C3;, No. 14 [287])
there are then four VOy formulas per unit cell, that occupy the positions:
+(2,y,2), £(z, 1 —y, 3 +2). With this choice of the reference system [271],
the primitive vectors are: (0,0, —ans), (—bas, 0,0), (0, cpr sin Bar, —cpr cos Bar).
The monoclinic cell is obtained from the tetragonal by observing that: a; ~
2¢cgr, byr ~ ap, cyr >~ ar — cr. Lattice parameters for the monoclinic phase
have been measured by X-ray diffraction [200]: ap; = 5.743 A, by = 4.517
A, ey = 95.375 EA, By = 122.61°. The different atomic positions are reported
in Tab. 6.1.

Concerning the electronic phase transition, the first description has been
formulated in a molecular orbital picture by Goodenough [291]. In this
framework, bands in a solid are obtained from the overlap of atomic orbitals.
In other words, the electronic wavefunctions of the solid are seen as linear
combinations of the atomic wavefunctions. In VOy bands derive from the
one-electron energy levels of the V4T and O%~ ions. In particular, in the
rutile structure, there are ten V 3d bands, originating from the five 3d or-
bitals of the two inequivalent V atoms per unit cell, and twelve O 2p bands
from the four oxygen atoms (spin degeneracy — neither phase is magnetic
— permits to occupy bands with 2 electrons each). In the solid these V 3d
and O 2p orbitals hybridize, giving rise to bonding and antibonding bands
of ¢ or m character. The oxygen 2p states are lower in energy than the
vanadium 3d states and hence fill mainly the bonding bands. The 3d states,
being around the Fermi level, play the major role in the determination of
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Figure 6.3: Band scheme around the Fermi level for VOs in a molecular
orbital picture [201]. In the rutile phase the ¢, states d| and ©* overlap at
the Fermi level giving rise to the metal. In the monoclinic phase (M in the
picture) a gap is opened between the d| and 7* levels as a consequence of
the bonding-antibonding splitting of the d| state and the rising of the 7* one.
From Ref. [271].

the physical properties of VOs.

In the molecular orbital picture, the crystalline ionic electric field per-
turbs the atomic states and, in particular, lifts the 2I4+1 degeneracy of the
atomic states. In metallic vanadium dioxide, the rutile structure is obtained
from a body-centered tetragonal lattice of V atoms, each of them surrounded
by an octahedron formed by six O atoms. This octahedral crystal field splits
the V 3d states into low energy ¢o4 levels and high energy ey levels. The tg,
are threefold degenerate, the ey are twofold degenerate. The difference in
energy between the {55 and the ej is due to the different degree of hybridiza-
tion with the oxygens, which determines a different cost in the Coulomb
repulsion energy. The hybridization is larger for the ej and, therefore, the
bonding-antibonding splitting is larger for the e7, the bonding states being
actually mostly O 2p.

After [201], the to, state that points to the neighboring V atom along the
c-axis is called d|| (or ayy in [292]). It derives from the d,2_,2 orbital of the V
atom. The other to, orbitals (d,. and d,.) are indicated as 7* (679r in [292]).
The d|| state is hence mainly formed by d orbitals overlapping along the c-
axis. It is a highly anisotropic state and leads to a narrow band. It is rightly
the overlap of these d orbitals between adjacent vanadium atoms that causes
an average V-V separation that is shorter than e.g. the Ti-Ti distance in
TiOz (instead, the other V-V and V-O distances are not anomalous). The 7*
orbitals, instead, point towards the oxygen atoms and are more hybridized

with O p orbitals. They determine wider bands and more spherical states.

In VO, V has a d! configuration. A single d electron per V atom is shared
by these bands. The ty, levels (dH and 7*) are hence partially occupied,
giving rise to a metal. Figure 6.3 shows a schematic representation of this
band diagram in the molecular orbital picture.
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In the insulating phase the number of atoms per unit cell is doubled.
Therefore, also the total number of 3d and 2p orbitals is doubled. The effect
of the transition on the electronic structure is twofold. First, the d| band
is split into a bonding-antibonding combination. Second, the 7* states are
shifted above the Fermi level. The combination of these two effects opens
a gap of around 0.6 eV between the top of the bonding d| band and the
bottom of the 7* band [293]. The system becomes an insulator (see Fig.
6.3).

6.2 Peierls or Mott-Hubbard?

Historically, different models have tried to reduce the complexity of this
double phase transition and put into evidence its key factors. The Peierls
and Mott-Hubbard models represent two complementary interpretations of
the phase transition. In the former case the structural deformation drives
the electronic transition. In the latter it is the other way round: it is the
strong electronic correlation at the origin of the structural transition.

In the Peierls scheme [291], the upshift of the 7* levels is due to the
tilting of the V pairs, which increases the hybridization with the O atoms
and then the total 7-7* splitting. Moreover, the d) splitting into a bonding-
antibonding combination is a direct consequence of the V-V dimerization.

Instead, in the Mott scheme [285], the 77* upshift decreases the screening
of the Coulomb repulsion for the strongly correlated d| orbitals which are
then susceptible to a Mott transition.

Therefore, the central issue is whether the splitting of d|| is due to the V
pairing or to the opening of a correlation gap.

In favor of the Mott model are the large latent heat at the transition
(larger than expected from band-structure calculations) and the magnetic
Pauli susceptibility, unusually high for a paramagnetic metal (which implies
a high density of states at the Fermi level) [272]. Moreover, in the metallic
VOs- the resistivity has a linear dependence with the temperature without
any saturation [294, 295], as it should in normal metals, when the mean free
path becomes as short as the lattice constant [296]. So the high-temperature
phase of vanadium dioxide should be actually defined as “bad metal”, a
regime that could not be fully described by a Fermi liquid theory.

On the contrary, the lack of magnetic ordering in the insulator is strongly
against the Mott hypothesis (see Sec. 1.3.2). The other vanadium oxide,
V203, in the insulating phase is antiferromagnetic, as directly predicted by
the Mott-Hubbard model and, for that reason, constitutes a prototype of
Mott insulator.

On other hand, doping VO2 with small amounts of CrOs (~0.2%) [297,

| or the application of small uniaxial stress [299] lead to the formation
of two new metastable structures at low temperature. Both are insulating.
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One is triclinic (space group P1) and the other is again monoclinic (space
group B2/m C3;). The latter is called M> to distinguish it from the more
stable monoclinic M7 phase. In the M phase the V atoms form two kinds
of parallel chains along the c-axis, with a zig-zag displacement around the
c-axis (and no V pairing) in one chain, and a V-V dimerization (and no
tilting) in the other. In the Mj phase, instead, both chains are equivalent:
all the V ions are both paired and twisted. In the triclinic phase the two
kinds of distortions happen in a not equivalent way in the different chains,
giving rise to a lower symmetric structure.

Relevant in the Ms phase is the presence of local magnetic moments,
which, instead, are absent, in the more stable M; phase. The linear chains
of equispaced V atoms in the My structure can be in fact described as a non-
interacting spin-1/2 Heisenberg model [298]. The two monoclinic phases
are structurally very similar and the transition from one to the other is
continuous. Therefore, the discovery of the magnetic My phase has given
new credit to the Mott picture [300, 301].

Very recent pump-probe measurements [302, , 304] on VOq thin films
have shown that, contrary to previous experiments [305], the metal-insulator
transition and the structural phase transition from monoclinic to rutile may
not occur simultaneously, but, in any case, they disagree on which occurs
first.

If the Peierls explanation is valid, a change of phonon modes is expected
in the transition, as a clue of the importance of the structural degrees of
freedom. But in VO a direct study of the lattice dynamics is difficult: the
large incoherent scattering cross section of vanadium makes difficult any
coherent inelastic neutron scattering experiment.

An anisotropy in thermal expansion [239], with large thermal displace-
ments [2853], a lower Debye temperature than e.g. the neighboring rutile
TiO9, an elastic anisotropy in the metallic phase found by acoustic measure-
ments [300], are all hints of a strong electron-phonon coupling, supporting
the Peierls model hypothesis. In the metallic phase, the formation of a
charge-density wave has been predicted [307], accompanied by a lattice in-
stability at tetragonal R point (%,0, %) [288, , ]. This soft phonon
mode has been also measured by diffuse X-ray scattering [310].

On the other hand, in a recent Raman spectroscopy study [311] no shift of
Raman modes has been registered. The change is limited to the intensity of
the peaks, giving no evidence of phonon softening. This result is in contrast

with an older Raman study [312], which, on the contrary, supported the idea
of strong electron-phonon coupling. The large discrepancies in the Raman
spectra have been explained [313] as related to possible deviations from

oxygen stoichiometry.

In any case, from this brief summary of the different experimental obser-
vations on VOag, it is evident that no unique conclusion about the character
of the transition can be firmly drawn. Even experimental results themselves
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Figure 6.4: Photoemission spectra for the valence states of the metallic (red
dots) and insulating phases (blue dots). The data have been taken, at normal
emission, on a single crystal of VOy with photon energy of 700 eV. The Fermi
level has been determined using a silver sample. From Ref. [293].

are often contradictory. No single model, neither Peierls nor Mott-Hubbard,
is able to provide a complete and coherent explanation for all these experi-
mental evidences.

Recently, this need to go beyond standard model approaches has been
put forward by both experimental [293][314] and theoretical [292] works.
These conclusions call for an ab initio study of the electronic properties.
This is the scope of the following calculations.

6.3 Measurements of the electronic properties

6.3.1 Valence states

Many different direct photoemission studies can be found in literature [293,

, , , , , , ]. They measure the integrated excitation
spectrum of the valence bands (see Sec. 1.2.1). Only two [322, 323] report
also a partial angular-resolved photoemission analysis that would provide a
direct measurement of the band dispersion. To my knowledge, no inverse
photoemission data for conduction states are available.

All the photoemission spectra show a very broad O 2p structure at an
energy between 2 eV and 10 eV below the Fermi level. Figure 6.4 reports
the most recent measurement by Koethe et al. [293]. This O 2p structure
has two main peaks (at 5.4 eV and 7.5 eV [318]) and is very similar in the
metallic and insulating phases. The main difference between the two phases
actually concerns the narrow V 3d peak. The maximum of this peak is at
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Core level Ref. [318] Ref. [320]
V 2s 630.02
O 1s 529.75 529.9
Vop, 52348 523.5
V2pss  515.95 516.2
V 3s 68.95
V 3p 40.53 40.4
0O 2s 21.73 22.0

Table 6.2: Binding energies (eV) of core and semicore states in monoclinic
VO, from two different XPS measurements [318, ]. For the rutile phase
similar values are found [320].

a binding energy of around 0.9 eV [293] in the insulator and at the Fermi
level for the metal (with a very high spectral weight [293]). In addition, the
spectrum of the metal shows another feature at 1.3 eV [203, 315], between

the V 3d peak and the O 2p broad structure, that cannot be ascribed to any
V 3d state. It is hence a satellite.

On the other hand, all the various spectra differ much in the relative
intensities of these peaks and on the spectral weight change in the transition.
The origin of these large discrepancies can be traced back to the problem
of the actual bulk sensitivity of the experiment, to the different photon
energy employed (e.g. hard X-ray or helium lamp photons [315]), and also
to stoichiometry problems. In fact, the most stable ionic form for vanadium
is V3T, and not V4%, as it is for VOy. Therefore, a loss of oxygen is possible
at the relatively high temperature of the measurement for the metallic phase.
The experiment has to be carried out very carefully.

Moreover, the X-ray photoelectron cross section is much larger for the
V 3d than for the O 2p states. So, in principle, in this case one measures
mostly the V 3d spectral weight [320]. This means that the O 2p broad
band, measured by X-rays, shows a larger V 3d contribution than the actual
hybridization. On the other side, this is compensated by the fact that in
VO3 there are six O 2p electrons and only one V 3d electron per formula
unit.

Also core lines have been measured by X-ray spectroscopy [318, ]
For completeness and later reference, their binding energy is reported in
Tab. 6.2.

Information provided by photoemission is complemented by X-ray emis-
sion experiments (see Fig. 6.5). In this case the spectra are obtained by
transitions between valence bands and core holes and, in an independent-
particle picture, yield an alternative measurement of the valence states. In
particular the transitions: V La (3d4s — 2p3/5), V KG5 (4p — 1s), O Ka
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Figure 6.5: X-ray emission spectra for the monoclinic phase adjusted in
order to have the same energy scale as the XPS spectrum used as reference
(first curve from the top). The O Ka and V La spectra probe the distribution
of the O 2p and V 3d states, respectively. At low binding energies, the XPS
spectrum shown here corresponds to the blue curve of Fig. 6.4. The additional
O 2s peak at a binding energy around 22 eV is also visible in this picture.
The top of the O Ko curve is at the same binding energy (around 4 eV) as a
shoulder in the XPS spectrum (where O 2p cross section is smaller than the V
3d one and hence O 2p features are partially hidden). Two V La curves are
presented, corresponding to an emission after an electronic excitation (curve
1 in the picture) or a photon excitation (curve 2). The former also contains
the V L3 (3d4s — 2p,/3) emission spectrum. The V Kf5 spectrum measures
the V 4p states and shows their hybridization with the O 2p and O 2s states.
Dash curves are theoretical LDA densities of states. From Ref. [318].
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Figure 6.6: X-ray absorption spectra at the V Lg 3 edge (on the left) from
Ref. [314], and at O K edge (on the right), from Ref. [293]. For both edges
the spectra are taken with light polarization E || ¢ (solid lines) and E L ¢
(dashed lines). For the V Lg 3 edge also the dichroic spectrum is presented,
resulting from the difference between the two polarizations. In the insulating
phase it has a larger amplitude. In the O K spectrum of the insulator with
E || ¢, the additional d) peak at 530.1 eV is evidenced. The features at around
532 eV correspond to the ef states. The inset shows the hysteresis curve for
the intensity of the d peak. Not shown here, the O K spectrum, at higher
energies (around 543 eV), would display also the hybridisation between O 2p
and V 4sp states [317].

(2p — 1s) have been considered in the insulating phase [318] (see Fig. 6.5).
The O Ka spectrum, which directly measures the O 2p states, has a maxi-
mum at around 4 eV, in correspondence to a shoulder in the photoemission
X-ray spectrum (where features due to O 2p states are partially hidden by
their smaller cross section). The rest of the O Ko and V La spectra over-
lap in energy with the broad feature seen in the photoemission spectrum,
confirming that is due to the hybridization between O 2p and V 3d states.
Finally, the V Kf35 spectrum makes evident the hybridization between V 4p
and O 2p or O 2s states.

6.3.2 Conduction states

X-ray absorption spectra [293, 317, , 324, 325], in an independent-particle
picture, map the conduction bands above the Fermi level (see Eq. (1.35)).
The absorption spectra collected at the O K (1s — 2p) and V Lo 3 (2p — 3d)
edges probe the hybridization between the O 2p and V 3d unoccupied states
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(see Fig. 6.6).

The XAS spectra show that the 7* states dominate the lower part of the
conduction bands. From the metal to the insulator the 7* are shifted towards
higher energies by about 0.2 eV. The leading edge of the photoemission
spectrum for valence states (see Fig. 6.5) in the insulating phase is obtained
as the middle point between the maximum of the 3d peak and the Fermi
energy [293]. So it is located at a binding energy of around 0.4 eV. Adding
this value to the 0.2 eV shift in the opposite direction of the leading edge
of XAS insulating spectrum yields, in total, a gap of about 0.6 eV between
the top valence and bottom conduction bands in the insulator.

In the V Lg 3 spectrum the spin-orbit splitting between the levels 2p3 /o
and 2py /o is smaller (~ 6.6 V) than the separation measured in photoemis-
sion (~ 7.4 eV, see also Tab. 6.2) and their intensity ratio is not 2:1 as
expected [324][15]. This effect is due to the strong interaction between the
core hole and the final state [02].

Most noticeably, the spectra for the insulating phase show a strong de-
pendence on the polarization of the photons along the rutile c-axis. The
metal is instead more isotropic. In particular, in the O K spectrum of the
insulator an additional peak appears at a energy 1 eV higher with respect
to the * peak. This new peak is visible only for a polarization E || ¢. It cor-
responds to the d| antibonding state, which is present only in the insulating
phase. This state is mainly due to the overlap along the c-axis between V
3d orbitals and it is for this reason that it is visible only for a polarization
E || ¢. The combination of photoemission and absorption spectra yields a
total bonding-antibonding splitting of the d|| state of about 2.5 eV. Finally,
since for the 7* state there is a larger hybridization between O 2p and V 3d
orbitals, the 7" peak has a higher intensity than the dj.

6.4 LDA ground-state calculations

The aim of my work has been the interpretation of the photoemission spectra
that I have introduced in the previous section. But the starting point has
been the calculation of the ground-state properties of VOs. This section
presents the results of these calculations.

6.4.1 Pseudopotential generation

The first task in a plane-wave approach is the generation of reliable pseudopo-
tentials that make easier (and often even feasible) the calculations. In par-
ticular, in the GW framework the use of pseudopotentials has been recently
the subject of an intense debate [119][152][153][151][165] (see Sec. 3.3.3).
Therefore, I will dedicate some space here to the discussion of the genera-
tion of the pseudopotentials for vanadium and oxygen, which I will use in
the following calculations.
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State Energy [eV]

1s “5351.2
2s 601.1
2p -502.8
3s -69.8
3p ~44.0
3d 5.4
4s 4.8

Table 6.3: Energy levels in the vanadium atom calculated in LDA.

The V atom has the electronic configuration [Ar]3d34s. In an atomic
LDA calculation the valence states are quite well separated in energy from
the semicore states, which are the other states belonging to the third shell
(see Tab. 6.3). A first possible choice for the pseudopotential for vanadium
could then be to freeze in the atomic core all the states that are not explicitly
valence.

In this case three main issues have to be considered in the generation of
the V pseudopotential.

i.

ii.

Using pseudopotentials, the total electron density is decoupled into va-
lence and core densities. The exact exchange-correlation term, F,., of
the total DF'T energy functional has a nonlinear functional dependence
on the total density p = py+pc. In the pseudopotential framework, the
exchange-correlation term depends only on the valence density p,. The
exchange-correlation interaction between valence and core electrons is
usually included in the pseudopotential as a term that depends lin-
early on the valence density. This linear decoupling between valence
and core densities:

Ezelpo + pc] = Exclpv] + Exclpe]

often turns out to be a reasonable approximation. But, if core and
valence densities are not completely spatially separated, the nonlinear
exchange and correlation interaction between them has to be treated
explicitly, by including the so-called nonlinear core corrections in the
pseudopotential [326].

The 3d state in the V atom is only weakly bound. Therefore, assuming
transferability of the pseudopotentials, for the 3d pseudowavefunction
it is better to choose as reference state a ionic configuration [115] in-
stead of the neutral atom. In particular, for vanadium the ionic config-
uration s%7p%25¢% has been used, which assures a better localization
of the 3d wavefunction.
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Pseudopotential rk T‘Ci rnie  reference component
V ‘nlcc’ 2.50 2.62 2.00 1.50 S
V ‘semico’ 1.00 1.10 1.00 p
O 1.30 1.30 1.30 p

Table 6.4: Parameters employed in the generation of the different pseudopo-
tential used in the following calculations. Cutoff radii for the different angular
components are in atomic units. 7, is the radius for the partial core used in
nonlinear core-corrections. I have found similar parameters as the V ‘semico’
pseudopotential in the one adopted in Ref. [334].

iii. Considering for vanadium only the 3d and 4s states in valence could be
problematic. In fact, the all-electron wavefunctions of the V atom for
the valence states 3d and 4s and the semicore states 3s and 3p have a
large spatial overlap (see Fig. 6.7). For this reason a better approxima-
tion would be to treat the semicore states explicitly as valence states,
excluding them from the atomic frozen core. This turns out to be
mandatory in particular for GW calculations, where in the exchange
term it is rightly the spatial overlap between wavefunctions that really
matters. The same situation has been found also for other transition

metals, such as copper [327] or in the case of cadmium sulphide [150].
Pseudopotentials of the Troullier-Martins type have been chosen [325] in
the fully separable Kleinman-Bylander form [329]. Using the £hi98pp code

[330][331] to tune the cutoff radii, the transferability of these pseudopoten-
tials has been optimized in order to find a compromise with the energy cutoff
required for the convergence (the “softness” of the pseudopotential). After a
proper choice of the reference component of the pseudopotential, the absence
of spurious ghost states [332] has been carefully checked.

Two kinds of pseudopotentials for vanadium have been generated. In the
first one (called ‘nlcc’ in the following) only 3d and 4s states are included
in valence and a nonlinear core correction for the exchange-correlation po-
tential is considered. For the second pseudopotential (called ‘semico’) also
the 3s and 3p semicore states are added explicitly to the valence, leading,
of course, to more demanding calculations. In the insulator with the ‘nlcc’
pseudopotential there are 68 valence electrons per unit cell; with the ‘semico’
pseudopotential they become 100.

The generation of the pseudopotential for oxygen is an easier task. Oxy-
gen has an electronic configuration [He]2s?2p* and the core-valence parti-
tion is straightforward. Since already vanadium requires a high cutoff, the
pseudopotential for oxygen can be created in such a way to privilege its
transferability with respect to its softness. For this reason, cutoff radii for
oxygen have been chosen smaller than, for instance, in Refs. [3][333].
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Figure 6.7: Radial all-electron LDA wavefunctions of the V atom. The ab-
solute values of the wavefunctions of the semicore states 3s and 3p have their
maximum where valence state 3d and 4s wavefunctions have theirs. Therefore
this spatial overlap cannot be neglected, even though these states are quite
well separated in energy (see Tab. 6.3).

6.4.2 Ground-state atomic structures

Various LDA calculations for VOg are available in literature. To test the
quality of the pseudopotentials a comparison with them is hence possible.
Both the ‘semico’ and ‘nlce’ pseudopotentials (i.e. with or without semicore
states in valence) have been employed. For all the following calculations I
have made use of the Abinit package [335][330].

A 4 x 4 x 4 Monkhorst-Pack grid [113] of k points is enough to achieve
a good convergence (within 2 x 10~% Ha) in total energy calculations. This
grid corresponds to 16 k points in the irreducible wedge of the Brillouin zone
for the insulator and 6 k points for the metal. For the metal a Gaussian
smearing of 0.01 Ha for the Fermi distribution has been adopted.

The calculation with the ‘semico’ pseudopotential is much more demand-
ing. It requires an energy cutoff of 180 Ry to converge. Instead, the cal-
culation with the ‘nlcc’ pseudopotential converges already with 100 Ry. In
the latter case the wavefunctions are represented in a basis of around 13500
plane waves, in the former they become 32500.

The atomic structures have been calculated starting from the experimen-
tal ones. They have been fully relaxed until atomic forces and cell stresses
have become smaller than 5 x 1075 Ha/bohr.

Tab. 6.5 collects the geometrical structures for the monoclinic and rutile
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Rutile Exp. Theo. ‘nlec’  ‘semico’
a 45546 A 458 A 4659 A 4.536 A
c 28514 A 2794 A 2817 A 2.754 A

cell volume 59.2 A3 586 A3 61.1 A3 56.7 A3

Monoclinic Exp. Theo. ‘nlec’ ‘semico’
a 57517 A 5.629 A 5659 A 5.549 A
b 45378 A 4657 A 4.641 A 4522 A
c 53825 A 5375 A 5420A 5.303 A
o 122.646°  121.56°  121.46°  121.73°

cell volume 118.3 A3 120.1 A3 121.4 A3 113.2 A3

Table 6.5: Comparison between the structures calculated with the two dif-
ferent pseudopotentials, the theoretical results from Ref. [280], and the ex-
perimental data. The latter for the rutile are from Ref. [288], and for the
monoclinic structure from Ref. [290].

phases, obtained using the two pseudopotentials, and compares them with
the data (both experimental and theoretical) available in literature.

The LDA results for the lattice parameters are in good agreement with
the experimental structure (within typical errors of few percents [337]). On
one hand, this provides a confirmation of the reliability of the pseudopo-
tentials. On the other hand, this shows that even for VO, LDA is a good
approximation to calculate ground-state properties. In fact, VOq represents
a severe test for LDA, because d orbitals are generally localized around the
ions. VOg is hence quite distant from a situation where the charge density
is homogeneous, as in the case of the jellium which LDA is built on.

The same conclusions were reached by Wentzcovitch et al. [286], who
performed a Car-Parrinello molecular dynamics [335] simulation in LDA and
found equilibrium structure in good agreement with the experiment (referred
to as ‘Theo’ in the following). Wentzcovitch et al. [280] also have adopted
a similar pseudopotential scheme, but it is not known which electrons have
been included in valence (their cutoff is any case pretty low: only 64 Ry).

LDA has the tendency to overbind [339] and this is confirmed also by
the results obtained with the ‘semico’ pseudopotential. The in principle
less accurate ‘nlcc’ pseudopotential determines results even a bit closer to
the experimental data, but yields equilibrium unit cell volumes that are, on
the contrary, larger than the experimental ones. I performed also a test
GGA calculation for the monoclinic structure. In this case, the resulting
cell volume is 120.7 AS, in agreement with the LDA results.

In any case, both LDA pseudopotentials properly describe also the dimer-
ization of V atoms in the transition, as it is obtained by the calculation of
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Exp. Theo. ‘nlec’ ‘semico’
V-V (1) 262A 252A 257A 249A
V-V (2) 316A 314A 311A 310A

Table 6.6: V-V spacings along the c-axis in the monoclinic phase. In the
rutile structure, the V atoms are equispaced along the axis and their distance
corresponds to the lattice parameter ¢ (see Tab. 6.5). Experimental data are
from Ref. [290]. Theoretical data are from Ref. [280].

the V-V spacings in the monoclinic phase (see Tab. 6.6).

6.4.3 Kohn-Sham eigenvalues

Another way to assess the validity of the pseudopotentials is the calculation
of the Kohn-Sham eigenvalues and their comparison with the results that
can be found in literature.

The effect of pseudopotentials on the Kohn-Sham eigenvalues is twofold.
First, since employing different pseudopotentials generally determines differ-
ent lattice structure, this indirectly produces different Kohn-Sham results.
Second, even fixed a lattice structure, for instance the experimental one, the
choice of a pseudopotential has then a direct influence on the solution of the
Kohn-Sham equations.

In this analysis I will consider only the monoclinic phase of VO3. Results
for the rutile phase are analogous. If the two different pseudopotentials are
used adopting the same experimental equilibrium structure, the resulting
Kohn-Sham eigenvalues remain pretty similar, especially around the Fermi
level, as it is shown by Fig. 6.8. Differences between corresponding eigen-
values are never larger than about 0.1 eV for bands farther from the Fermi
level.

On the contrary, the effects due to the different lattice structures are
much larger, already around the Fermi level (see Fig. 6.9). While the bottom
of the conduction bands is at the C point in all the cases, the position of
the top of the valence bands varies with the structures in the ZD direction.
Similarly, the bottom conduction band has at the I" point a second minimum
which is below the top valence only in two cases. The differences become
even larger (of the order of 0.5 eV) for the other states, going farther from
the Fermi level, both for conduction and valence bands.

A quantitative comparison, as done in Tab. 6.7, of the overlap in energy
between the bottom conduction and top valence bands (which is defined as
“negative gap”) in all these cases confirms that there is no much difference
in using one pseudopotential or the other, once the lattice structure is fixed,
but the discrepancies increase if, instead, the same pseudopotential is used
starting from different geometries.
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Figure 6.8: Kohn-Sham eigenvalues for monoclinic VO5 calculated at the
experimental ionic positions. Comparison between the results obtained with
or without vanadium semicore states in valence (respectively ‘semico’ and ‘nlcc’
pseudopotentials). The differences are small, especially around the Fermi level.
In all the band structures the different top valence are always aligned.
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Figure 6.9: Kohn-Sham eigenvalues for monoclinic VO3 calculated with the
‘semico’ pseudopotential using the different lattice structures of Tab. 6.5. The
many curves in the picture show that the Kohn-Sham eigenvalues have a large
dependence on the different structures employed in the calculations.
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Lattice Pseudo Gap
exp nlcc -0.19 eV
exp semico -0.20 eV
nlce semico -0.19 eV

semico semico -0.06 eV
theo semico -0.15 eV

Table 6.7: Different values for the gap with different lattice structures (see
Tab. 6.5) and with the different pseudopotentials for vanadium that have
adopted in the calculations (see Tab. 6.4 ). A negative gap means that the
bottom conduction and top valence band overlap, giving rise to a metallic band
structure. The largest differences are obtained changing the lattice parameters.

From a physical point of view, these observations permit qualitatively
to conclude that a strong electron-phonon coupling is indeed expected for
the monoclinic vanadium oxide, since a small variation of the ionic position
determines a large variation of the electronic properties of the system.

Concerning the reliability of the pseudopotentials, the fact that both
give the same Kohn-Sham eigenvalues at a given lattice structure is a proof
that the inclusion in valence of the semicore states 3s and 3p of vanadium
doesn’t modify the Kohn-Sham results. At the LDA level, considering only
3d states in valence is already enough to obtain a reliable band structure,
if, for instance, the experimental lattice structure is used. On the contrary,
of fundamental relevance is the requirement of a proper treatment of the
exchange-correlation interaction between core and valence densities, through
the inclusion of the nonlinear core corrections in the pseudopotential. A
pseudopotential where these corrections are neglected yields a Kohn-Sham
band structure completely different, already on a qualitative level, with a
(positive) gap of 0.2 eV between valence and conduction states.

The validity of the pseudopotentials is finally assessed by a proper com-
parison with previous LDA calculations, which use different approaches.
Wentzcovitch et al. [2830] have adopted a similar pseudopotential plane-
wave approach. Continenza et al. [310] and Eyert [271] used a different
technique: an all-electron full-potential linearized-augmented plane-wave
(FLAPW) method [311]. The latter author calculated the Kohn-Sham eigen-
values with the experimental geometry, the others with the theoretical struc-
ture of Wentzcovitch et al. (‘Theo.” in Tab. 6.5).

They all show only the V 3d bands, but in all the three cases the band
structures are extremely similar to the present results obtained with the
corresponding ionic structures.

Wentzcovitch et al. found a slightly smaller negative gap (0.04 eV with
respect to 0.15 eV here), but the shape of the band structure remains the
same, with the top valence at Z and Y, and the bottom conduction at C.
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The results of Eyert, obtained with the experimental lattice parameters, also
compare very well, with the top valence in D and the bottom conduction
in C and an overlap in energy of 0.1-0.2 eV. In the case of Continenza et
al., in particular, the band structure is perfectly coinciding with the solid
blue curve of Fig. 6.9. In this comparison small differences could even be
expected, since the method employed by Continenza et al. is not based on
plane waves and, moreover, they didn’t make use of pseudopotentials. The
fact that the results are so similar provides a further demonstration of the
validity of the generated pseudopotential for LDA calculations.

6.4.4 LDA validation of the molecular orbital picture

Even though Kohn-Sham eigenvalues cannot be interpreted as quasiparticle
energies (see Sec. 2.2.1), they often yield the correct ordering of the bands,
whose character can be hence analyzed. A combined study of the LDA
band structures (see Fig. 6.10) and LDA density of states, projected on
the different angular momentum components (see Fig. 6.11), can therefore
provide a first-principle validation of the molecular orbital picture of Ref.
[291].

The general classification of the electronic structure is similar in the two
phases. In fact, for both the insulating and the metallic phases, three groups
of bands can be identified. In the energy range between -7.6 and -1.5 eV
below the Fermi level (only partially shown in the band-structure plots in
Fig. 6.10), bands are mostly O 2p, hybridized with V 3d states. The other
two groups of bands, from -0.6 eV to 5.0 €V, are, on the contrary, mostly V
3d. They show as well a not negligible contribution from O 2p. These two
groups have a small separation, visible in particular in the density of states,
at 2.0 eV above the Fermi level. In the rutile phase, the first V 3d group is
made of six bands and the second group of four bands. So the former can
be identified with the set of t3, states and the latter can be attributed to
the eg states. In the monoclinic phase the number of bands for each group
is doubled because the number of formula units per unit cell is also doubled.
A further symmetry analysis of the different 3d states has been carried out
by Eyert [271]. His results are in very good agreement with the ones shown
here.

This LDA study confirms the predictions done on the basis of the molec-
ular orbital picture of Ref. [291]. It provides the same description of the
O 2p — V 3d hybridization and the same assignments to the different group
of bands, even though the LDA electronic structures are metallic for both
phases.

The effects of the phase transition on the electronic properties of VOq
are evident in particular at the Fermi level. The band dispersion is generally
smaller in the monoclinic phase, especially for the t9, states, indicating that
the bands are more localized. In the rutile phase there is a high density
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of states around Ep. In particular, the density of states for the t9, states
has its maximum at the center of the corresponding group of bands. In
the monoclinic phase, on the contrary, the two highest peaks show up on
the two sides of this group, where the main part of the spectral weight is
shifted to. This reflects the upshift of the 7* states and the splitting of the
d| band into a bonding-antibonding pair, as expected from the molecular
orbital description. The LDA estimate of the amplitude of this splitting is
1.3 eV.

It is clear from this analysis that LDA yields a metallic electronic struc-
ture also for the monoclinic phase of VO3 rightly because it underestimates
the dj splitting, which experimentally is more than 2.5 eV [293][319].

Is this a failure of LDA and a demonstration of the strongly electronic
correlated character of VO3? Or this result is simply due the fact that DFT
in the Kohn-Sham formulation is not supposed to yield correct quasiparticle
band structures and leads to a band gap underestimation? The answer
to these questions will be the subject of a further analysis, based on the
GW approximation, the state-of-the-art first-principle method to calculate
quasiparticle excitations in solids.

6.5 Standard GW calculations

In a GW calculation the proper treatment of the semicore states (3s and 3p in
the case of vanadium) is of crucial importance. In fact, if the spatial overlap
between semicore and valence states is large, its contribution to the bare-
exchange self-energy term is expected to be large and cannot be neglected.
This has been already shown for example in the case of cadmium sulphide
[150], copper [342] and copper oxide [3][233]. In all these cases treating the
exchange interaction between valence and semicore states at the LDA level
in the pseudopotential resulted in a very large and unphysical upward shift
of the valence d states, that in the case of copper oxide led even to the
closure of the LDA gap. And, since the exchange self-energy doesn’t depend
on energy differences, the energy separation of those states, although large,
doesn’t have any relevance in this context. What really matters is their
common spatial localisation that contributes to build up the density matrix
on which the exchange operator depends.

These results made evident that in a GW calculation the semicore-va-
lence exchange interaction is not properly taken into account by a pseudopo-
tential that treats in a different manner states belonging to the same shell.
For this reason, in all the calculations for the determination of quasiparticle
properties of VOs, I have considered only the pseudopotential with semicore
explicitly treated in valence.

For the monoclinic phase, convergence has been achieved using 200 bands
(each represented on a basis of 5001 plane waves) for the calculation of the
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Figure 6.10: LDA band structure of the monoclinic and rutile phases of VOs.
For both the same color key is used. The topmost O 2p states are represented
in blue; in red the t, states and in green the ej states.
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Figure 6.11: Projected density of states for the two phases. In these pictures
only the main components near the Fermi level are shown. In this energy
region, bands result from a hybridization between O 2p and V 3d orbitals,
with different proportions of the two elements for the three group of bands
that can be distinguished in these plots.
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screening, and 150 bands (with 3001 plane waves) in the calculation of self-
energy corrections. The inverse dielectric function ealc, in the reciprocal
space is a matrix of dimension 301. Parameters of similar size have been
adopted also for the rutile phase. In both cases, the convergence has been
checked also with respect to the number of k points: a 4 x 4 x 4 Monkhorst-
Pack grid yields already converged results.

In the monoclinic phase the standard perturbative GW corrections (see
Eq. (3.60)) determine a rigid upshift of the whole t3, group of LDA bands
of almost 1.6 eV and a similar 0.8 eV rigid upshift of the lower group of O
2p bands. Once the top valence of the LDA and GW band structures have
been aligned, the global effect is then an increase of the gap between the
occupied O 2p and ty, bands. A similar effect can be found also for the
metallic phase, with an increase of the O 2p - to, gap of almost 0.5 eV.

In the monoclinic and in the rutile phases the GW corrections have
the same effect, as evidenced by Fig. 6.12. In both cases the t3, group
behaves as a whole. Hence, no gap is opened between the top valence and
bottom conduction bands, which belong both to the group of ¢, states. The
electronic structure of the monoclinic phase therefore remains metallic even
in GW.

This failure of standard GW to reproduce the insulating character of the
monoclinic phase seems supporting the hypothesis of strong correlation. In
fact, for example, even germanium has a negative gap at the LDA level, but
when GW corrections are considered in the same manner as in the present
GW study of VOg, a good agreement with experiment is achieved.

On the other hand, the standard GW method is based on a series of
hypotheses and approximations (see Sec. 3.3) that normally are valid for
a vast range of materials, such as semiconductors and simple metals where
GW is well grounded. But the same hypotheses might not be acceptable
for vanadium dioxide. Therefore, before concluding that GW is not able to
describe the electronic structure of VOg, one should check one by one all
these approximations and verify whether they are still valid in the case of
vanadium dioxide. It is rightly what I am going to discuss here.

First of all, standard GW corrections are usually evaluated as first-order
perturbation with respect to LDA (see Eq. (3.60)). In this way one calcu-
lates only the diagonal matrix elements (p;x|X|pik) to get the corrections to
the LDA eigenvalues €;1.. The off-diagonal terms (npik|2\g0jk> are instead ne-
glected. To check this assumption, a new band structure for the monoclinic
phase has been obtained by diagonalizing the full matrix, calculated taking
into account all the O 2p and V 3d states. These new GW corrections turn
out to be very similar to the perturbative results (see Fig. 6.13 for a direct
comparison). The qualitative effect remains the same: two upshifts of the
tag and O 2p states of different sizes, which induce a further small increase
of the gap between these two groups of bands. The diagonalization doesn’t
determine any difference in the relative positions of the top valence and the
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Figure 6.12: Comparison between LDA and perturbative GoyWq band struc-

tures for the monoclinic (upper panel) and rutile phases (bottom panel). The
top valence in both cases has been aligned.
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Energy (E-Ef) [eV]

Figure 6.13: Comparison between the band structure, ‘pert’, from standard
first-order perturbative GW and the band structure, ‘diago’, obtained by diag-
onalizing the full matrix (@;|Ho + X|@jk)-

bottom conduction states, leaving the system metallic and confirming the
validity of the first-order perturbation approach.

Moreover, the self-energy has a dynamical dependence that is linearized
around the Kohn-Sham eigenvalues &;, on which the GW corrections are
calculated (see Eq. (3.3.1)). To check the validity of this linearization,
the expectation values (p;x|¥(w)|pix) have been calculated at 9 frequencies
around e;x. The renormalization factors, Z;x, that come out from this lin-
earization, have been then obtained by linear interpolation. In this way the
error made in the linearization can be evaluated. In all the cases it results
smaller than 0.1 eV.

Therefore, after having assessed the validity of the approximations rou-
tinely adopted to solve the quasiparticle equation, the reliability of the stan-
dard GW self-energy itself has to be addressed.

One of the most relevant approximations usually made is the use of
a plasmon-pole model (see Sec. 3.3.2) to simplify the evaluation of the
frequency dependence of W(w). But the loss function of vanadium dioxide
is not characterized by one single peak [313] (see also Sec. 6.8), as for
example in the case of bulk silicon [143][144]. One then could reasonably
have some doubts concerning the plasmon-pole model approximation.

To verify the validity of this approximation, I explicitly calculated the
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6.5 Standard GW calculations

Monoclinic Phase
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Figure 6.14: Comparison between band structures calculated in the plasmon
pole approximation and using the contour deformation integral method, for
both the monoclinic (upper panel) and rutile (bottom panel) phases.
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convolution integral between G' and W), = W — v:
Y(w) = 2Zﬁ/dw’e”’w’G(w + W Wp(W') (6.1)

by making use of the contour integral method (see Eq. (3.68)), which, once
converged, doesn’t require any further hypothesis on the dynamical behavior
of the screened interaction. In the calculation of the contour integral, I
sampled the real axis with up to 40 frequencies in the energy range 0-1.5 Ha,
and the imaginary axis with 20 frequencies between 0 and 255 eV.

Also in this case, the band structures turn out to be very similar to the
ones calculated in the plasmon-pole approximation, especially for the rutile
phase (see Fig. 6.14). Remarkably, in the band structure of the monoclinic
phase, the band dispersion of both the top valence and bottom conduction
bands is reduced in this new GW band structure. In particular, the band
dispersion of the top valence is halved with respect to the LDA one. This,
moreover, leads to an appreciable reduction of the negative gap up to 0.05
eV. But the band structure is still metallic and its global shape remains
qualitatively unchanged. Therefore, it is possible to state that the plasmon-
pole approximation has a certain relevance, but it is not the main key to
explain the failure of standard GW.

Having excluded all the other possibilities, a last important issue has
to be considered with great care. It is the fact that the GW self-energy
in the standard procedure is built by making use of LDA eigenvalues and
wavefunctions. In particular, since in the case of the monoclinic phase, the
LDA band structure is metallic, the screening in W can be dramatically
overestimated on a LDA level. And therefore the GW gap corrections can
be underestimated rightly for this reason: W entering the self-energy is too
weak. This is a general shortcoming of the standard one-shot method [169]
that calls for the analysis of the issue of self-consistency in GW calculations.

A simple way to make a first test is to apply a scissor operator to the
LDA eigenvalues used in the construction of W. This means that all the con-
duction bands are rigidly shifted upwards by a quantity A in such a way to
get an insulating LDA band structure and artificially avoid an overscreened
w.

In fact, this is a first attempt to simulate a self-consistency in the quasi-
particle eigenvalues. If it were only a matter of overscreening due to the use
of LDA eigenvalues, a calculation where the quasiparticle eigenvalues are
updated self-consistently, and the wavefunctions are kept at the LDA level,
at a certain point should yield an insulating band structure with a screening
reduced accordingly. The scissor operator is supposed to produce directly
a similar insulating band structure and hence provide indications about the
relevance of this self-consistency in the eigenvalues, before doing explicitly
the full self-consistent calculation.
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Figure 6.15: Comparison between the GW band structure obtained from the
use of original LDA eigenvalues in W (‘scissor 0 €V’) and the band structures
where a rigid upshift A has been applied to the conduction LDA bands that
enter the screening for W (which is calculated using a plasmon-pole model).
Two values: A=0.5 eV and A=1.0 eV have been used.

Two different values have been tried for A: 0.5 eV in one case and 1.0
eV in the other. In both cases the plasmon-pole model has been used in the
calculation of the self-energy. But, even with such values, large enough to
produce a fictitious insulating LDA band structure, there is not an appre-
ciable gap opening between the bottom conduction and top valence (see Fig.
6.15). The effect of using such an insulating band structure in W is very
small: with the largest A the conduction states are shifted upwards by only
0.1eV.

Therefore, the conclusions that can be drawn from this analysis are that
the use of LDA eigenvalues and the corresponding metallic band structure
in the calculation of W is not the main reason of the failure of the standard
GW calculation either. The explanation must be more subtle. This has to
be the subject of a further analysis, where the issue of self-consistency, in
particular, is directly taken into account.

6.6 Self-consistent quasiparticle calculations

From the previous analysis it turns out that the issue of a self-consistent
calculation for the monoclinic phase of VO3 has to be carefully considered.

133



6. Vanadium dioxide

This issue is related to the validity of the LDA starting point, a fact that has
been shown to be potentially important in materials containing d electrons
[169](233][344].

In fact, in the standard approach, G and W are calculated using LDA
eigenvalues and wavefunctions. Therefore, a self-consistent calculation where
the LDA starting point has no more relevance is important rightly to assess
the validity of the quasiparticle band structure paradigm in VOs. If even in
this case a metallic band structure is produced, this would mean that either
it is the GW approximation itself that is not valid in this context and one
should think of vertex corrections, or the electronic correlation in VOg is so
strong to invalidate any possible one-quasiparticle band picture.

I have therefore performed self-consistent quasiparticle calculations, along
the scheme implemented by F. Bruneval [3][111]. In this approach, self-
consistency is obtained at the COHSEX level (see Sec. 3.5). The result is
then used as input for a further perturbative GW calculation. The work of F.
Bruneval has shown that this procedure yields results close to quasiparticle
self-consistent GW [169] (see Eq. (3.70)), at a lower computational cost.

In the self-consistent COHSEX calculation, the number of plane waves
used to represent the wavefunctions has to be increased a lot in order to
avoid an error propagation in the self-consistent loop. In the monoclinic
phase, for instance, convergence has been achieved only with 11999 plane
waves. In order to get the final result, 22 iterations have been necessary: a
very high number compared to what one is used to [111]. At each iteration
the topmost 26 occupied bands (the d)| top valence state and all the O 2p
bands) and 26 empty states have been recalculated for all the k points in the
irreducible wedge of the Brillouin zone. To avoid undamped oscillations in
the density, I have been obliged to use a very small mixing factor, a = 0.25,
in the density (see Eq. (3.82)). The calculations turned out to be extremely
delicate within this respect. In particular, I had to find a way to avoid
the occurrence of symmetry breakings and instabilities in the self-consistent
loop, that led to a missed respect of the degeneracies in the energies at some
k points. The calculations had to be very accurate, in order to avoid a
propagation of errors from one iteration to another.

The upper panel of figure 6.16 shows that the self-consistent COHSEX
calculation finally does succeed in opening an indirect gap, 0.78 eV, in the
band structure of the monoclinic phase. In particular, conduction bands
undergo an upshift of almost 1 eV. The COHSEX calculation doesn’t modify
noticeably their dispersions. As in LDA, the top valence stays at D and the
bottom conduction at C.

Perturbative GW starting from COHSEX wavefunctions and eigenvalues
has then the effect to reduce a bit the gap, which becomes 0.65 eV. But the
global shape of the band structure doesn’t change much from the COHSEX
results, as one can see looking at the bottom panel of Fig. 6.16. This final
result is in very good quantitative agreement with the 0.6 eV experimental
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Figure 6.16: (Upper panel) Comparison for the monoclinic phase between
LDA and self-consistent COHSEX band structures. In the latter a gap of 0.78
eV is opened. (Bottom panel) Perturbative GW corrections calculated on top
of the COHSEX results. They induce small modifications to the band structure.
In particular the band gap is reduced to 0.65 eV.
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Rutile Phase

Energy (E-Ef) [eV]

Figure 6.17: Comparison for the rutile phase between the band structures
obtained from a standard perturbative GW calculation on top of LDA and a
self-consistent COHSEX calculation. They turn out to be very similar.

value.

As expected, in the metallic phase the self-consistent COHSEX correc-
tions are, on the contrary, much smaller and the final band structure is very
similar to the results obtained by the perturbative GW on top of LDA (see
Fig. 6.17).

Now, of course, the interesting question to which one would like to find
an answer is why the self-consistent COHSEX is able to open such a gap in
the band structure of the monoclinic VOs.

First of all, in order to identify the origin of this result, I have also
done a COHSEX calculation where the wavefunctions are constrained to be
the LDA ones and only the energies are updated self-consistently. But in
this energy-only self-consistent COHSEX scheme, an almost zero gap, 0.02
eV, is found (Fig. 6.18). This is consistent with the calculation where a
scissor operator was applied to the LDA eigenvalues entering the screened
interaction W and which was not able to open the gap either.

It is therefore the change of the wavefunctions with respect to the LDA
ones that turns out to be of utmost importance.

Looking at the angular-momentum projected densities of states in Fig.
6.19, one can immediately realize that the hybridization between O 2p and
V 3d states remains unchanged going from LDA to COHSEX. Besides the
splitting between the top valence and bottom conduction states, the other
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6.6 Self-consistent quasiparticle calculations

Monoclinic Phase

Figure 6.18: Comparison between the fully self-consistent COHSEX calcu-
lation of Fig. 6.16 and a COHSEX calculation where the self-consistency is
limited to the energies and the wavefunctions are kept at the LDA level. The
latter is not able to open an appreciable gap in the band structure of the
monoclinic phase.

parts of the COHSEX electronic structure behave as a whole, with rigid
shifts, downwards for the occupied group of O 2p bands, and upwards for
the unoccupied group of to, bands.

I have then directly considered the projections of the COHSEX wave-
functions over the LDA states. To make the analysis easier, here I take into
account only the k points where the bands are not degenerate. For these
k points the maximum among the values of the projections |cK |? of each

COHSEX wavefunction ngl?HSEX over all the wavefunctions go%@]iA of the

LDA basis:
k |2 LDA | ;COHSEX\ |2

mrgx |Cmn| = Hlnc;iX ‘ <(Pmk ’¢nk >‘ (62)
provides an indication of the variation of the COHSEX wavefunctions with
respect to the LDA ones. If for a given COHSEX wavefunction ngSHSEX
the maximum is 1, it means that ¢SSHSEX has remained exactly the same
as the corresponding LDA wavefunction the self-consistent calculation has
started from. If, in addition, the maximum is the diagonal term |cK,|?, one
can conclude that also the band ordering has not changed. Equivalently, the
smallest the maximum of the projections |cK,,|* is, the more different from

the LDA starting point the COHSEX wavefunction has become.
These values are shown in Fig. 6.20. Most of them are very close to
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Figure 6.19: Projected densities of states for the monoclinic phase. Compar-
ison between LDA and full-consistent COHSEX results for the O 2p and V 3d
components. The hybridization between the two doesn’t change.

1, meaning a complete overlap between COHSEX and LDA wavefunctions.
But there is a not negligible number of them that are much smaller than 1,
demonstrating a considerable change of the wavefunctions. For instance, in
simple bulk systems the overlap between LDA and GW wavefunctions has
been claimed to be greater than 0.999 by the first ab initio GW calculations

[131].

This analysis shows that there is indeed a variation of the wavefunctions,
but the mixing occurs among wavefunctions of the same kind. This also
explains why the O 2p — V 3d hybridization doesn’t change much, as shown

by Fig. 6.19.

In particular, in VOg the largest number of small overlaps turns out to
be for the top valence and bottom conduction wavefunctions (around n=50
in Fig. 6.20). These are hence the wavefunctions that change most. Since
they play the major role in the opening of the band gap, they worth a further

study.

Therefore, for these states I have plotted the LDA wavefunctions in real
space and analyzed their variations in the self-consistent COHSEX calcula-
tion. In order to make this study simpler, in the upper panels (a)—(b) of
Fig. 6.21 I rather consider the two partial electronic densities (which are
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Figure 6.20: For each of the COHSEX wavefunctions (;SSSHSEX, a red dot
indicates the maximum value of the projection of COHSEX wavefunction over
all the LDA states oLDA of the basis (see Eq. (6.2)). At each index n the
different dots correspond to the different k points that have been considered.
Most of the projections are close to 1, but many of them are much smaller,
showing a large change of the COHSEX wavefunctions with respect to the
LDA ones. The vertical line for n = 50 separates occupied from empty states.

summed over all the k points):

LDA LDA
PP = Y e
k jietv
(6.3)
LDA LDA
Phbe Z |90
k,i€bc

for the top valence (tv) and bottom conduction (bc) states.

A confirmation of the localized character of these wavefunctions is clearly
found. Both are mainly V 3d states. In particular, the top valence shows to
be the d| state, with a strong polarization along the c-axis (vertical direction
in the pictures), due to its V-V bonding character. This is clearer if one
considers the periodic images along the c-axis of the unit cell represented in
Fig. 6.21 (a). The variations due to the COHSEX self-consistency are an
almost completely specular mixing between these two states. The spatial
regions where the top valence pi, increases (yellow surfaces in Fig. 6.21
(c)) correspond to the regions where the bottom conduction py. decreases
(purple surfaces in Fig. 6.21 (d)) — and vice versa. The global effect is an
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c)

Figure 6.21: (Upper panels) Isosurfaces of LDA densities (see Eq. 6.3) for
top valence (a) and bottom conduction (b) states. The isosurfaces are traced
at a value pMPA =0.005 a.u.—3. (Bottom panels) Differences with respect
to the COHSEX wavefunctions |pCOHSEX _ pLDA| —0,0005 a.u.=3. Yellow
surfaces are for positive variations and purple for negative ones. For a better
interpretation of the pictures one should consider also the periodic images along
the c-axis of the unit cell represented here.

enhancement of the anisotropy of the top valence state, which has a stronger
d| character, becoming even more polarized along the c-axis.

This is the key that explains the failure of standard GW (upper panel of
Fig. 6.12) in opening the gap and reproducing the photoemission spectrum
for the insulating phase of VO5. At the same time, it provides a justification
to the insufficiency of the energy-only self-consistent COHSEX calculation
(see Fig. 6.18).

The opening of a gap is hence due to a subtle effect involving the wave-
functions immediately below and above the Fermi level. Their modifications
induce large variations in the GW self-energy. The exchange term (X in Tab.
6.8) is a valid reference to estimate the effect of these spatial changes on the
self-energy corrections. Since it doesn’t depend on the energies, its varia-
tions reflect directly the spatial modifications of the wavefunctions. From
LDA to COHSEX the exchange term is increased — in absolute value, the
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k point X from LDA X from COHSEX
top val  bot con | top val bot con
D -21.350 -15.715 | -23.077 -14.650
C -21.441 -14.892 | -22.594 -13.979
r -21.514  -15.498 | -22.704 -14.496

Table 6.8: Expectation values of the Fock exchange term (in eV), calcu-
lated using LDA or COHSEX wavefunctions, for the top valence and bottom
conduction states for a selection of representative k points.

exchange is always negative — for the top valence and is reduced for the
bottom conduction states (see Tab. 6.8). These differences are partially
compensated by a change of the Hartree and correlation terms in the self-
energy. The total effect of the variations of these three terms induces the
0.65 eV gap between the top valence and the bottom conduction, in good
agreement with the experimental value of 0.6 eV [293].

6.7 Comparison with experiments and previous re-
sults

The previous analysis has shown the importance of performing self-consistent
quasiparticle calculations. In the monoclinic phase of VOs, the Kohn-Sham
LDA wavefunctions turn out to be a bad approximation of quasiparticle
wavefunctions. This explains the failure of standard GW, which is built on
top of LDA. COHSEX wavefunctions are instead a much better approxi-
mation to the GW wavefunctions, as it has been demonstrated also by F.
Bruneval et al. in the case of bulk silicon, argon [I11] and cuprous oxide
[233].

As for VOo, in the insulating phase the system becomes more electroni-
cally one-dimensional with a stronger polarization along the c-axis and this
leads to the gap opening. If this orbital redistribution is underestimated,
as it happens in LDA, the system remains metallic. These observation are
in agreement with the experimental findings from X-ray absorption spec-
tra [293][311], which have shown a large anisotropy in the spectra of the
insulating phase (see Fig. 6.6).

The gap is hence not a matter of treating strong electronic correlations
beyond LDA. LDA+U, with e.g. U=4.2 eV [317], is indeed able to yield
for the insulator a band gap in good agreement with experiment [316][347].
This result is interpreted as a demonstration of the important role played
by local static electronic correlations in the monoclinic phase. But, on the
other hand, LDA+U for a too high U yields a magnetic insulator and, in any
case, is not capable to describe consistently the metallic phase. The failure
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Figure 6.22: Comparison between LDA and self-consistent Hartree-Fock den-
sities of states for the monoclinic phase of VO5. While the LDA DOS is metallic,
the Hartree-Fock DOS shows a huge gap.

of LDA+U to reproduce the metallic character of the rutile phase has been
explained [317] as caused by an overestimation of the electronic localisation
as a result of the mean-field evaluation of the on-site Coulomb repulsion.

KS-DFT is not meant to yield quasiparticle band structures. And the
fact that the monoclinic VOg has a metallic Kohn-Sham band structure in
LDA is not related to strong correlation, as it is not either in the case of
NiO [135][348] or YH3 [349]. On the other side, DFT is an exact theory for
the ground state and LDA is a good approximation also in this case. In par-
ticular, it provides lattice parameters in good agreement with experimental
data (see Tab. 6.5).

Electronic correlation has however to be adequately treated. A Hartree-
Fock calculation, where no correlation at all is taken into account, yields an
insulator with the huge gap of 7.6 eV. As illustrated in Fig. 6.22, performing
a self-consistent Hartree-Fock calculation the electronic structure changes
completely with respect to LDA. Concerning the occupied states, the O 2p
states result downshifted by several eV and their bandwidth becomes much
larger. Moreover, the LDA gap between the O 2p and the d)| band is closed.
On the contrary, a gap is opened between the bottom conduction band and
the rest of the ?34 states, which are raised by some eV. The resulting density
of states is confuted by the experimental evidences.

The only difference between Hartree-Fock and GW is the screening of the
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Coulomb interaction. In particular, in the GW framework, W is screened
at the RPA level. Therefore, the RPA turns out to be an already sufficient
approximation to deal with electronic correlation in the description of the
one-quasiparticle properties of VOs.

On the other hand, the frequency dependence of the self-energy is not
very important for the determination of the quasiparticle energies. The com-
pletely static COHSEX approximation is already able to provide a correct
qualitative description of the phase transition. In fact, the dynamical GW
corrections on top the COHSEX results are really small (see the bottom
panel of Fig. 6.16). This observation is in agreement with the conjectures
of the DMFT studies [315][350][351]. In particular, Tomczak et al. [350]
have considered the DMFT self-energy in a dj bonding-antibonding basis.
They have shown that bonding and antibonding components are almost con-
stant in frequency in the occupied and unoccupied parts of the spectrum,
respectively. Their analysis is confirmed by the present COHSEX results.

However, whereas a static approximation is sufficient, the self-energy has
in any case to be spatially nonlocal. In the metallic phase static correlations
are negligible, as a consequence of a weak orbital polarization among ta,
states (in other words: the metal is electronically isotropic) [345]. The metal
is correctly obtained in the framework of single-site DMFT [345][352][353],
where dynamical correlations, beyond the static LDA+U model, are taken
into account. On the other side, standard single-site DMFT turns out to
be incapable to describe the insulating phase of VOy. With a low U no
insulating phase is obtained. With a high U (U > 5 eV) an insulator is
achieved, but at the price of creating also local magnetic moments, which
are actually absent in the insulating VOsy. Only calculations based on a

cluster extension of DMFT [292] managed to obtain both phases consistently
in a single picture. Contrarily to single-site DMFT, which is limited to a
local description of V atoms, Biermann et al. [292] in their calculation

considered the vanadium dimers as the key unit for the identification of the
DMFT impurity, introducing in such a way a k dependence in the DMFT
self-energy. Using a value for U of 4 eV, they have been able to reproduce
the main features of the photoemission spectra [293] of both phases. The
failure of standard single-site DMFT is essentially due to its incapability to
catch this fundamental spatial property of the self-energy. The nonlocality
of ¥ in the insulating VO3 is in fact tightly linked to the strong spatial
polarization of the V 3d states around the Fermi level.

The results presented here show that, once a self-consistent calculation
is carried out, the band quasiparticle paradigm is still valid also for VOs.
Remarkably, in order to obtain a quantitative agreement with experiments
it is crucial to take into account the degrees of freedom beyond the ¢, orbital
subset, to which DMFT calculations [292] are limited. In fact, a parameter-
free COHSEX calculation where the self-consistency is limited to the o, still
opens a gap, but only to 0.36 eV.
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Figure 6.23:
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The full self-consistent calculations are in very good quantitative agree-
ment with the photoemission spectra for both the insulating and the metallic
phases, as shown by Fig. 6.23. In this comparison different factors have to
be taken into account. From the theoretical point of view, a density of states
is meant to reproduce only the quasiparticle properties of the system. For
instance, finite lifetimes of quasiparticle excitations, that reveal quasiparti-
cle interactions or collective excitations, are not included in this description.
From the experimental point of view, the experiment has been done at a
temperature much above T = 0 K. To roughly simulate the effects of the
temperature, a Gaussian broadening of 0.15 eV has been applied to the plot
of the densities of states. Moreover, as already discussed in Sec. 6.3.1, in
the interpretation of the X-ray measurements, besides the experimental res-
olution, the fact that the photoelectron cross section is much larger for the
V 3d than for the O 2p states has to be properly considered.

In any case, figure 6.23 clearly demonstrates that the final results (blue
dashed lines in Fig. 6.23) are able to reproduce both the positions and the
bandwidths of the different groups of peaks of the experimental spectrum
for both the monoclinic and the rutile phases. In the energy range corre-
sponding to the O 2p some discrepancies still remain. In both phases in
the photoemission spectrum two main peaks are visible. On the contrary
the theoretical densities of states are characterized by three main groups
of peaks. But, considering the 3d projected density of states of Fig. 6.19,
it is possible to see that the peak at the lowest binding energy is largely
removed in that spectrum. These observations are confirmed also by the
analysis of X-ray emission spectra (see Fig. 6.5) and by a comparison with
UPS spectra [271], where this strong decrease in intensity around the top
of the O 2p bands is instead absent. Moreover, the absolute position of
the d|| peak in the insulating phase is somewhat underestimated by the fi-
nal calculations, but the dj bonding-antibonding separation, evaluated 2.5
eV, is very good agreement with the experimental data [293][319]. Also in
cluster-DMFT [292] the bonding d|| peak is found at the same position as
the COHSEX+GW result. In general, the comparison with the quasiparticle
features of the spectral functions calculated in cluster-DMFT is very good,
even though the latter study is limited only to the t9, states around the
Fermi level and contains adjustable parameters. Also the band structures,
although calculated in completely different manners, compare pretty well.
Discrepancies are limited to few details, like the dispersion of the topmost
tag which is flatter in cluster DMFT [350][351] than in the plot of Fig. 6.16.

The same good agreement is found also with the model GW calculation
performed by Continenza et al. [310] for the insulating phase. In their
approach, the Gygi-Baldereschi [118] model for the screened interaction W
and the self-energy has been used (see Sec. 3.3.2). They have been able to
reproduce correctly the insulating character of the monoclinic phase, also
thanks to the experimental information introduced in the model screening
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6. Vanadium dioxide

function. In their calculation, the details of the band structure are somewhat
different, since they used the theoretical lattice structure of Wentzcovitch
et al. [2806], but the differences remain of the same size as what has been
already found at LDA level (see Fig. 6.9). Also in their case the GW
corrections don’t affect much the shape of the bands (see the upper panel
of Fig. 6.16). Their qualitative picture agrees well with the present self-
consistent quasiparticle calculations. The results illustrated in this section
represent hence a fully parameter-free validation of their model calculations.

The bottom panel of Fig. 6.23 shows that the experimental spectrum
for the metallic phase is already well reproduced by the LDA density of
states. The task in this case for LDA was easier. The metal is electronically
more isotropic than the insulator, and LDA and quasiparticle wavefunctions
are much more similar. Further GW calculations induce only small changes,
still improving the agreement with the experiment, especially concerning the
position of the O 2p bands.

However, there is an interesting feature in the experimental photoemis-
sion spectrum of the metallic phase that is beyond the quasiparticle descrip-
tion. It is the satellite at a binding energy of 1.3 eV, which is interpreted in
the context of DMFT models as lower Hubbard band [292][345]. A proper
description of this feature would require the calculation of the complete
spectral function A(w). This calculation is extremely demanding in VOq, es-
pecially if one is interested in features beyond quasiparticle properties. This
kind of study in fact requires a higher degree of convergence in the vari-
ous parameters and a calculation of the correct frequency dependence of X,
beyond any plasmon-pole model. It turned out not to be feasible. More-
over, the GW approximation may not be sufficient for the description of the
satellite [35].

Nevertheless, the physical interpretation of this satellite has been possi-
ble thanks to a calculation of the electron energy-loss spectrum. This will
be the subject of Sec. 6.8.

6.7.1 X-ray absorption spectra

In the independent-particle theory X-ray absorption spectra provide a direct
information about the density of unoccupied states, projected on atomic
states according to dipole selection rules (see Sec. 1.2.2). In Fig. 6.24 I have

compared the experimental O K XAS edge of Koethe et al. [293] (see also
Fig. 6.6) with the calculated O p densities of states.
As already shown by previous calculations [271], one finds that at low

energy the LDA DOS is in pretty good agreement with the experimental
spectra. At high energy the agreement is less favorable, but, once the main
features of the experimental spectra are better resolved [271], the agreement
is still fair. The quasiparticle COHSEX corrections in the insulator instead
induce a shift of the calculated spectra to higher energies. In this way the
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Figure 6.24: Comparison of the experimental X-ray absorption spectra at
the O K edge of Koethe et al. [293] (see also the right panel of Fig. 6.6) with
the O 2p projected densities of states calculated with different approximations
for the monoclinic phase (upper panel) and the rutile (bottom panel).
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6. Vanadium dioxide

COHSEX O p DOS results blueshifted with respect to the experimental
XAS.

In fact, neither the ground-state LDA DOS nor the one-quasiparticle
COHSEX DOS are in general suitable to describe X-ray absorption spectra.
One should rather consider the presence of the (screened) core-hole [351], to-
gether with the excited electron in the appropriate conduction state. In the
calculation of the X-ray absorption spectra one should hence take into ac-
count the local fields and the core-hole (excitonic) effects [15][355][356][357].
The fact that the LDA DOS is in good agreement with the experiment is
probably due to a cancellation between quasiparticle corrections and exci-
tonic effects, as these results demonstrate.

The calculation of these spectra, where the excitonic effects are prop-
erly taken into account, could be indeed another way to verify the results
illustrated in the previous sections, but the inclusion of the core hole is
computationally demanding.

6.8 Calculation of electron energy-loss spectra

In the final paragraph of this chapter I am going to deal with the calculation
of the valence electron energy-loss spectrum of VOs for both phases. After
a brief discussion about some issues concerning the method employed in
the calculations, I will compare the results with the experimental spectra
measured by Abe et al. [313]. The analysis of the EELS at low frequencies
will be relevant in particular for the interpretation of the satellite in the
photoemission spectrum of the metallic phase.

6.8.1 Methodological issues

Electron energy-loss spectra have been calculated in the framework of the
time-dependent density-functional theory, using the Dp code [358]. They can
be obtained from the calculation of e~! (see Eq. (5.36)), where e 1 = 1+ vy
and y is the solution of the linear-response TDDFT Dyson equation (see Eq.
(5.71)): x = xks + XKs(v+ fee)X-

In the energy range 0-60 eV convergence has been reached with 300
bands represented by 7501 plane waves for the insulator, and 200 bands
with 4003 plane waves for the metal. When local-field effects are included
in the calculation, a matrix of order 301 is inverted for the monoclinic phase
and order 201 for rutile. A 4 x4 x4 and a 6 x 6 x 6 shifted grids of k points
have been used respectively for the insulating and metallic phases.

Two methodological issues will be discussed in this paragraph. I will con-
sider only the case of the monoclinic phase because for the rutile analogous
results are found.

The first issue concerns the effect of the different pseudopotentials that
include or not the vanadium semicore states 3s and 3p in valence (see Sec.
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Figure 6.25: Comparison of EELS spectra at vanishing scattering vector q
for the monoclinic phase of VO2 calculated with (‘semico’) or without (‘nlcc’)
the inclusion of V semicore states 3s and 3p in valence.

6.4.2). Fig. 6.25 shows a comparison between the calculations effectuated
with the ‘semico’ pseudopotential, where the semicore states are explicitly
in valence, and with the ‘nlcc’ pseudopotential, where the effect of semicore
states is treated indirectly via nonlinear core corrections. As expected, new
structures appear at high loss energies (E > 40 eV) when the spectrum
is calculated with the ‘semico’ pseudopotential. Since they correspond to
excitations of V 3p states, it is normal that their excitations are absent in
the case where they are kept frozen in the core. More surprising is the fact
that the two spectra have quite different shapes even at lower energies (20
eV < E < 40 eV). This result is worth a further analysis.

Therefore, in Fig. 6.26 I have compared the real and imaginary parts
of the dielectric function calculated with the two pseudopotentials. In the
spectrum for €5 the peak due to the V 3p states is clearly visible with the
‘semico’ pseudopotential and absent with the ‘nlcc’ one. The rest of the
spectra for eo are instead pretty similar. So, it is the real part of ej; that
makes the difference in the EELS spectra. The fact that in one case e
has one more peak implies, for the Kramers-Kronig relations, that also €;
has to follow the same behavior. While with ‘nlcc’ pseudopotential €; is
quite flat for E > 30 eV, with the ‘semico’ pseudopotential €; continues to
increase even beyond 30 eV. This behavior determines also a different EELS
spectrum. The relevant conclusion that can be drawn from this analysis is
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6. Vanadium dioxide

hence that one should use the pseudopotential that includes semicore states,
even if the interest were limited only to the valence excitations (E < 30 eV).
In fact, using the ‘nlcc’ pseudopotential would yield an overestimation of
the valence plasmon energy of several eV.

L. Dash et al. [359] have carried out a calculation of the energy loss
spectra for other transition metal oxide systems. In CusO the inclusion of
Cu semicore states in valence doesn’t affect the spectrum up to 60 eV. On
the contrary, in TiO9 a situation similar to VOg is found, even though in
that case the effects are less pronounced. Also in the EELS spectrum of
TiO2, a new peak due to the 3p states appears and also the plasmon peaks
at lower energies are shifted by some eV.

The spectra reported in Fig. 6.25 are obtained in TDLDA. One of the
advantages of theoretical spectroscopies is that in the calculation we can
separate the different parts of the interaction and consider their effects one by
one. In particular, in the case of the EELS of VOa, in Fig. 6.27 the effects of
the different terms of the TDDFT Dyson equation, x = xks+Xrs(V+ fze)X,
are shown (from now on, I'll consider only results obtained with the ‘semico’
pseudopotential). The calculation based on an independent-particle picture
(x = xks, i.e. v = fze = 0) would yield a huge overestimation of the V
3p peak (‘NLF’ curve in Fig. 6.27). The local fields have in fact a very
large effect on that peak, because the V 3p states are very localized and
polarizable. Local fields play a fundamental role in the calculation of EELS,
especially in the semicore region. On the contrary the effects due to the
exchange-correlation kernel are less important and limited to the semicore
peak where local fields have the largest impact. The ‘RPA’ (where f,. = 0)
and ‘TDLDA’ curves in Fig. 6.27 are almost indistinguishable up to 40 eV.

Similar relevant local-field effects for the semicore plasmon have been
found also in ZrOs [333] and TiOy [246]. The general conclusion about
EELS calculations in TDLDA at vanishing q has been demonstrated many
times [2][221].

In the experiment the observed intensity depends on the collection angle
0 of the spectrometer. In the calculations, instead, the spectrum is obtained
only at a certain scattering vector q. In order to compare the calculated
spectrum with the experimental result, one should proceed to a proper in-
tegration over the angle 8. For instance, in the rutile phase at vanishing q,
once calculated the dielectric functions for q parallel or perpendicular to the
c-axis, one would have [216][333]:

I(E) o< —nIm{e ' In[1 + (ﬂ2eJ_/¢92E6H)]} (6.4)

where 0 = mE/k3 (m is the relativistic mass of the impinging electron and
ko the norm of its wave vector). Similar expressions apply in the monoclinic
phase and at finite q.

Since in this case the experimental collection angle [ is not known [343],
it is not possible to make a proper comparison with the experimental spectra
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Figure 6.26: Analysis of the different behaviors of the real and imaginary
parts of the dielectric function, €j; = €1 +1ieo, that determine the EELS spectra
(bottom panel), calculated with or without V semicore states in valence (see
also Fig. 6.25).
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Figure 6.27: For the monoclinic phase, the TDLDA spectrum (where f,. =

ALDAY i compared to the spectra obtained in RPA (where f,. = 0, but local

field effects are taken into account) and neglecting also local fields (that is
v = fzc - 0)

regarding the intensities of the peaks. Yet, an analysis of their positions is
possible (see Fig. 6.28).

The agreement for both phases is in general very good and improves at
high energies where the details of the band structures become less important.
The peak in the loss spectra derive either by zeros of €1 that, in case also € is
small, determine plasmon resonances, or by structures in €5 due to interband
transitions. The attribution of the character of the different peaks turns out
to be the same in the experimental and theoretical spectra and confirms the
analysis of Abe et al. [313]. The peaks at about 5 eV, 43 eV and 52 eV
are assigned to the transitions: O 2p — V 3d, and (for the latter two peaks)
V 3p — V 3d. The peaks at 10 eV and around 25 eV are instead due to
plasmons, since they are in correspondence to zeros of €.

6.8.2 The satellite in the photoemission spectrum of the
metal

The energy loss spectra for the two phases are very similar at energies of
some tenths of eV. The fingerprint of the transition can be instead found
at lower energies, where the change of band structures around the Fermi
energy clearly shows up. In particular in the experiment [3413] a sharp peak
is observed at 1.2 eV in the spectrum of the metallic phase and it is absent
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Figure 6.28: Comparison of TDLDA calculation with the experimental spec-
trum of Abe et al. [343]. In the experiment the integrated loss function (see
Eq. (6.4)) is measured. Instead, in the calculation the integration over the
collection angle 8 has not been done. Therefore the comparison is limited to
the peak positions (the intensity is in arbitrary units). The agreement is very
good. For the monoclinic phase (upper panel) a momentum transfer q — 0 is
considered. For the rutile phase (bottom panel) the calculations are shown at
two different q (in Angstrom in the key).
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Figure 6.29: Experimental loss function for the insulating (on the left) and
metallic phases (on the right). They have been obtained from the experimental
measurements reported in Fig. 6.28 after having removed the contributions of
the direct beam and multiple scattering. From Ref. [313].

in the insulating phase (see Fig. 6.29 ).
This observation is confirmed also by the thermoreflectance measure-

ments of Bianconi et al. [360].
Consistently, in the same energy range, at a binding energy of 1.3 eV,
the photoemission spectrum of Koethe et al. [293] shows a satellite in the

metallic phase, which is not present in the insulating phase.

It is known that satellites in photoemission can be due to a coupling with
plasmon resonances. In this case the impinging photon excites simultane-
ously a hole and a plasmon (see Fig. 1.3 and Sec. 1.2.1). This can be shown
also analytically by considering, as done by Hedin [35] (and before him by

Lundqvist [361][362] and Langreth [363]), a polaron model Hamiltonian:
H=ecle+ Z gq(ag +al)cle + Z weatag (6.5)
q q

that in this case describes the coupling between a single (localized) state e
with plasmons of energy w, = wy+¢*/2 (represented in (6.5) by the creation
and annihilation operators ag,aq). The exact solution [35][363] of this model
yields a quasiparticle peak at w = E., solution of E, = €, + ReX(E,), and
a series of satellites at energies E. — nw, with n = 1,2,... (in the GW
approximation, instead, one obtains a broad satellite starting at w = E.—w,
and extending to w = —00).

A complete description of photoemission spectra for a real system would
require the ab initio calculation of the full spectral function, which is very
cumbersome in vanadium dioxide. Nonetheless, a calculation of the plasmon
in the energy loss spectra can provide physical insights to the explanation of
the satellite in photoemission. This is what I will discuss in this paragraph.

I have carried out a calculation of the loss function in the energy region
of interest for both the metallic and the insulating phases. There is no
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Figure 6.30: Calculated EELS of the metallic (solid lines) and insulating
phases, for different values of q (in atomic units). For both phases the spec-
tra are obtained in RPA. In the case of the insulator the energies entering
the independent-particle polarizability x ks are considered at the LDA level
(dotted line), for g=(0,0.09,-0.14), or with COHSEX+GW corrections (dashed
lines). In the inset: real and imaginary parts of e (respectively dashed and
solid) lines for the metallic phase.

difference between the results obtained in TDLDA or RPA, which is the
approximation also used to calculate in GW the screening e~ of W and
hence is more interesting in this context.

The RPA results for the metallic phase are shown (solid lines) in Fig. 6.30
in function of the momentum transfer q. In agreement with the experimental
results a sharp peak around 1.5 eV is found. On the basis of a Kramers-
Kronig analysis of the experimental data, this peak in the EELS spectrum
has been interpreted by Abe et al [313] as a d — d interband transition. Our
calculation, instead, clearly shows (see the inset of Fig. 6.30) that it is
caused by a zero of ¢;. Therefore this EELS peak has to be assigned to a
plasmonic excitation, as stated also in Ref. [360]. This feature, in turn, is
indeed due to a group of d — d interband transitions visible in the spectrum
of €5 at lower energy.

Since the LDA band structure is qualitatively wrong for the insulator, the
energies used in the calculation of the loss function are the results of the self-
consistent COHSEX+GW calculations. This approach is called GW-RPA.
It corrects the main error of the usual RPA approach (named LDA-RPA,
see the dotted curve in Fig. 6.30) and yields an energy loss spectrum in

155



6. Vanadium dioxide

good agreement with experiment. I also performed some test calculations
to see the effect of the change of the wavefunctions, from LDA to COHSEX,
for the insulating phase. In these preliminary results an enhancement of the
damping of the plasmon peak towards high energies is found.

These findings for the loss function permit to assign the satellite at 1.3 eV
binding energy in the experimental photoemission spectrum of the metallic
phase to a plasmon satellite. Moreover they show that a RPA calculation
is already sufficient to describe the difference between the metal and the
insulator, where the plasmon peak is absent.

In the insulator, on the contrary, this sharp plasmon resonance is strongly
damped and shifted to higher energies (see dashed lines of Fig. 6.30).

The results presented in this chapter show that in VOsy the treatment
of electronic correlation is adequate already at the RPA level, both in the
quasiparticle framework and for the interpretation of the satellite beyond
the quasiparticle picture. The key ingredient, in both cases, is the inverse
dielectric function ¢! that, on one side, provides directly the loss function
that one needs to describe FELS spectra, and, on the other side, determines
the screening of the Coulomb interaction that is used to build the self-energy
in the GW approximation for the calculation of photoemission spectra.

The calculations have shown that also for VOs the LDA is a good ap-
proximation for the calculation of ground-state properties. On the contrary,
the Kohn-Sham wavefunctions in the insulator are a bad approximation to
the quasiparticle wavefunctions. In particular, they underestimate the polar-
ization along the c-axis, which in turn leads to the gap opening. For this
reason the system remains metallic even in the perturbative GW scheme.
Remarkably, the self-consistent COHSEX calculations in vanadium dioxide
change the description of the quasiparticle properties of the insulating phase
not only on a quantitative level, by correcting the known LDA underestima-
tion of the band gap, but also on a qualitative level, passing from a metallic
LDA band structure to an insulating one.

The metallic phase, instead, is more electronically isotropic. In this case
the LDA wavefunctions are a better approximation to the quasiparticle wave-
functions and hence the task for the perturbative GW approach is easier.
Moreover, beyond the quasiparticle picture, the satellite in the metallic PES
has been explained as a plasmon resonance in the EELS.

Therefore, these calculations provide the first parameter-free consistent
explanation of the electronic properties of VOo. They demonstrate that a rel-
atiwely simple physical interpretation of all the different features of the PES
of the two phases is possible. Nevertheless, in order to make a direct compar-
ison with the experimental PES one should calculate the trace of the spectral
function. In vanadium diozide this calculation has not been feasible. More-
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over, even though the screening calculated at the RPA level, which enters the
screened potential W used in the GW self-energy, is in good agreement with
the experimental FELS, the GW approximation to the self-energy may be not
sufficient to obtain the satellite in the spectral function in agreement with
the experimental PES. One could still need to consider vertex corrections in
the self-energy, beyond the GW approzimation.

These limitations of the present first-principles GW approach has moti-
vated a further part of work, aiming at introducing a scheme for the direct
calculation of electronic spectra. This is the subject of the next chapter.
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Chapter 7

Effective potentials and
kernels for spectroscopy

The results presented in the previous chapter about vanadium dioxide have
clearly put into evidence the advantages and the limits of the present ab
initio MBPT approach. On the one side, thanks to its clear physical picture,
it has been possible to explain the photoemission spectra of VOsy in a simple
way and without resorting to adjustable parameters. On the other side, the
calculation of the spectral function, which would have required to determine
with higher precision the frequency dependence of the self-energy, has not
been practically feasible. This computational limitation has to be traced back
to the fact that in MBPT one often calculates more information than needed.
For instance, the trace of the spectral function can be obtained only after
having calculated the whole Green’s function.

Density-functional theory is instead an example of a method for a direct
calculation of the quantity of interest, i.e. the electronic density. So, in this
chapter, I will consider the Sham-Schliiter equation, that permits to establish
a link between the MBPT and DFT worlds and use the physical information
one can get from MBPT to find better approximations for the more efficient
DFT. I will then introduce a new general scheme, based on a generaliza-
tion of the Sham-Schliiter approach, for a direct calculation of the electronic
spectra. This will lead me to define ad hoc reduced effective potentials and
kernels that have the property of yielding the answer only to a limited ques-
tion one can have (e.g. the calculation of the spectral function and not of
the whole Green’s function, which contains much more information). I will
show how these effective potentials and kernels can be made simpler than the
corresponding many-body quantities. Moreover, I will discuss the transfor-
mation of spatial nonlocality into frequency dependence that one encounters
dealing with a reduced number of spatial degrees of freedom. I will present
several examples of this scheme. I will in particular focus on the definition
of a local, real and frequency-dependent effective potential for photoemission,
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which has been the main motivation of this work. Studying exactly solvable
model examples, I will show why the static and local exchange-correlation
potential of DFT is instead not able to yield the same results as this new
potential. I will compare the exact results with some approximations and
underline that the linearization of the generalized Sham-Schliiter equation is
an approrimation that one has to validate with care case by case.

The results discussed in this chapter demonstrate that, if one were able
to find working approximations, this new photoemission potential would rep-
resent an important simplification also for practical applications in order to
obtain spectra both at the GW level and, even more interestingly, beyond
GW, with the inclusion of vertex corrections.

7.1 Generalization of the Sham-Schliiter equation

The Kohn-Sham Green’s function Gk g is the resolvent of the Kohn-Sham
Hamiltonian:

i ho(1) ~ Vir() — Vee)] Gres(1,2) = 6(1,2). (1)
1

Using the eigenfunctions and the eigenvalues of the Kohn-Sham equation
(2.28), Gk reads:

_ ps(r1)ps(ra)
GKS(rla ra, w) - Z W— €5+ insgn(es — 'u) . (72)

From the Kohn-Sham Green’s function it is possible to calculate the elec-
tronic density as':

o(r) = —i / g—wew”GKs(r,r,w). (7.4)
s

In fact the convergence factor +iwn requires to close the contour in the
upper half-plane, where the poles of the occupied states lie (see Eq. (7.2)),

SO:
occ

. dw W
—1/% 1Ggs(r,r,w) Z\% = p(r). (7.5)

By definition the Kohn-Sham system produces the exact density of the real
interacting system (see Eq. (2.29)), which can be obtained also from the full
Green’s function G (see Eq. (3.8)):

—z/;l: G (r,r,w) = p(r). (7.6)

! Equivalently (see Eq. (3.21)):

occ

o
—l/ dwImGrs(r,r,w) Z lps(r)|” = p(r). (7.3)

m
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7.1 Generalization of the Sham-Schliiter equation

Combining Eq. (7.1) with the Dyson equation (3.30), it is possible to find a
new Dyson equation, linking Gxg to G:

G(rlyrZaw) = GKS(rl,rQ,W)+

+ /drgdr4GKS(r1, r3, w)[X(rs,ry,w) — Vie(rs)d(rs — rg)|G(ry, ra,w).
(7.7)

The frequency integrals of G and Gk yield the same exact density (see Egs.
(7.4)-(7.6)). Using this condition in the Dyson equation (7.7), one gets:

/dwdrgdmei‘“”GKg(rl,rg,w)[E(rg,r4,w)—ch(rg)é(rg—m)]G(m,rl,w) =0.

(7.8)
Thanks to Egs. (7.4) and (7.6) the other two terms in Eq. (7.7) cancel
exactly. Eq. (7.8) can be solved for V., obtaining:

/dr3ch(1‘3)/dweiw"GKs(fl,rs,w)G(fB,1”1,w) =
:/dwdrgdmeiw"GKS(rl,rg,w)E(rg,r4,w)G(r4,rl,w). (79)

Eq. (7.9) represents an exact definition of V. in terms of G and X. It is a
nonlinear integral equation for V. that has been derived for the first time
by Sham and Schliiter in [89][364]. It has been then extended to the case
of time-dependent potentials by van Leeuwen [365] (in this case one would
define the equation on the Keldysh contour).

In practical applications, the Sham-Schliiter equation is used in its lin-
earized version, where G is replaced by Gig everywhere, including in the
functional dependence of the self-energy: X[G] — X[Gkg]. In this way Eq.
(7.9) becomes:

/dI‘szC(I‘g)XKs(I‘l, rg,w = ()) =
b
27

dwdrgdr4eiw”GKg(r1, r3,w)X(rs,rq,w)Grs(ry, r1,w), (7.10)

where the static density-density response function yxs(w = 0) has been
introduced (see Eq. (5.73)). The linearized Sham-Schliiter equation (7.10)
is still a nonlinear equation in V..

Given a the self-energy, Eq. (7.10) permits to define the corresponding
exchange-correlation potential V.. This potential yields the same density
up to the first-order in the difference ¥ — V..

The linearized Sham-Schliiter equation is the central equation of the
optimized effective potential method (see Sec. 2.2.3). In fact Eq. (7.10)
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7. Effective potentials and kernels for spectroscopy

is the same equation as Eq. (2.37), which had been derived in the OEP
framework. In particular, if one uses for ¥ the exchange-only approximation
Y = X, where ¥, = iGgsv (see Eq. (3.38)), then the exact-exchange
approximation to V. is recovered (see Eq. (2.40)).

The linearized Sham-Schliiter equation (in both the static and time-
dependent cases) has been derived also in a variational approach by Casida
[366] and von Barth et al. [200]. This implies that if the self-energy is ®-
derivable (see Sec. 4.3), then also the exchange-correlation potential V. and
the f. kernel derived from it are conserving. This means that the response
functions calculated in this way obey conservation rules (for instance for the
particle number, the total momentum, etc.).

The linearized Sham-Schliiter equation has been exploited in many dif-
ferent contexts. For instance, Godby, Sham and Schliiter [112][367] have
used it to show that in sp semiconductors the LDA V. is very similar to
the exchange-correlation potential calculated employing in (7.10) the GW
self-energy. Niquet, Fuchs and Gonze [308] have demonstrated that V. ob-
tained from Eq. (7.10) has the correct asymptotic behavior. For this reason
Eguiluz et al. [369] in this way found an exchange-correlation potential that
reproduces correctly the image potential at the jellium-vacuum interface,
which is completely missed by the LDA potential. Tokatly and Pankratov
[255] have derived from the linearized Sham-Schliiter equation (7.10) a dia-
grammatic expansion using G kg as bare propagator. In this way they have
been able also to study the properties of the exchange-correlation kernel f,..

The Sham-Schliiter equation permits to make a link between two worlds:
DFT and MBPT. The density-functional theory is a very efficient scheme
to calculate directly the electronic density p(r). Using DFT one doesn’t
have to calculate the Green’s function G(r,r’,w) to get p from it (see Eq.
(7.6)). This is instead the case for other quantities of interest beyond the
ground-state density, in particular for the spectral function A(w) that one
can presently obtain only after having calculated G(r,r’,w) (see Eq. (3.15)).
This has been the main computational drawback in the calculation of the
electronic properties of VO3 in the previous chapter. Nevertheless, MBPT-
based approaches have been successful also for VOs thanks to the physical
intuition that helps in finding good approximations, based on the simple con-
cept of elementary excitations, such as quasiparticles, plasmons, etc. which
have largely used for the explanation of the properties of VOs.

Hence, one would like to combine the advantages of both approaches:
the clear physical picture of MBPT and the computational efficiency of DFT.
The Sham-Schliiter equation, in particular, permits to exploit the physical
information contained in the Green’s function G to design better approxima-
tions for V., beyond the LDA. Therefore, the main idea that I will develop
in this chapter is that the Sham-Schliiter approach can be actually used in
other contexts and for other quantities of interest beyond the electronic den-
sity. In particular, I will consider a generalization in two different directions:
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7.1 Generalization of the Sham-Schliiter equation

- by considering other quantities, besides the electronic density, that can
be calculated from the one-particle Green’s function: in principle the
expectation value of any one-particle operator (see Eq. (3.6)). For
example, in the following I will discuss the definition of an effective
potential that permits to obtain the trace of the spectral function that
one needs to describe photoemission (see Sec. 1.2.1);

- by considering other Dyson equations involving other kinds of Green’s
functions. In particular, I will study the case of the response func-
tions, which are a particular kind of two-particle Green’s functions,
that one needs to describe spectroscopy experiments involving neutral
excitations (see Secs. 7.6-7.7).

This generalization of the Sham-Schliiter approach defines a very general
scheme to design reduced potential and kernels aimed at obtaining directly
certain quantities that can be otherwise calculated indirectly from some
Green’s function.

Iillustrate here the general scheme for the case of the one-particle Green’s
function. Then, in the following sections, some practical applications will
be discussed, also involving two-particle Green’s functions.

I suppose that one wants to calculate the quantity 7' that is a part
of the information carried by G. For instance, T can be the expectation
value of a one-particle operator (see Eq. (3.6)), like the electronic density p.
Symbolically I express this relation between T' and G as: T = p{G}, which
means: 1T is a “part” of G. I introduce another Green’s function G that has
the property of having the part p{.} in common with G: T' = p{Gr} = p{G}.
I now suppose that G stems from an effective potential V7, according to
Gr = (w—ho—Vyg —Vp). If, in particular, G and G yield the same density
(and hence the same Hartree potential Vi), a Dyson equation between G
and Gt can be written as:

G=Gr+Gr(¥-Vp)G. (7.11)

It is also possible that G doesn’t reproduce the correct density. In this
case one should consider a further correction in the Dyson equation. But in
the practical applications I won’t deal with such situations. Since p{Gr} =
p{G}, taking the part of interest p{.} of the Dyson equation (7.11), one
immediately finds:

p{Gr (X —Vp)G} = 0. (7.12)

The aim is then to make an ansatz for the form of Vp with a simpler structure
than ¥ and for which one can still solve the equation (7.12). In this way
the two equations (7.11)-(7.12) define two conditions that can be solved self-
consistently in the two unknowns G and V. In this way one could use the
simpler potential Vp to get the same result concerning the quantity 7" as if
one used the more complicate self-energy.
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7. Effective potentials and kernels for spectroscopy

In the example that T is the density p, Vr actually is the static and local
exchange-correlation potential V., which is much simpler than X, Gp is
the Kohn-Sham Green’s function Gxs and Eq. (7.12) is the Sham-Schliiter
equation (7.8).

I will consider now some practical applications of this general scheme.

7.2 The photoemission potential

To first approximation, angular-integrated photoemission experiments mea-
sure the trace of the spectral function A (see Eq. (1.18)), which is the
imaginary part of the Green’s function (see Eq. (3.15)):

1
A(ry,ro,w) = ;sgn(u — w)ImG(ry, ra,w). (7.13)

Thanks to a first generalization of the Sham-Schliiter equation (7.9), I will
define here an effective reduced potential, Vgr, that reproduces exactly the
diagonal in real space of the spectral function: A(r,r,w). In this way both
the trace of A and the electronic density are reproduced (see Eq. (7.3)). The
potential Vsp defines a new Green’s function Ggp = (w—ho — Vg — Vsp) ™!
that has the property:

ImGgp(ry,ri,w) = ImG(ry,ri,w) (7.14)

(ImG and ImGgp change sign at the same frequency and the factor 1/7 in
(7.13) here is irrelevant). A possible ansatz for the potential Vg is a spatially
local, but frequency dependent operator: Vsp = Vgp(r,w). Moreover, it is
also possible to choose Vggr to be real.

In this way, the Dyson equation linking Vgr to X is:

G(ri,r2,w) = Ggp(ri,r2,w)+
+ /drgdr4G5F(r1, r3,w)[X(rs,ry,w) — Vop(rs,w)d(rs — rq)]G(ra, ro,w).
(7.15)
By plugging the condition (7.14) into (7.15), one gets:

/dr3dr41m[GSF(I'1,1‘3,w)2(r3,1‘4,w)G(1"4,1‘1,w)] =

:/drgVSF(rg,w)Im[GSF(rl,rg,w)G(rg,rl,w)}. (7.16)

Solving this equation for Vgp, one finds the definition of Vgr in terms of G
and X:

Vsp(ry,w) = /erdrgdr4C_1(r1,r4,w)><
X Im[Ggp(ry, ro,w)X(ra, r3,w)G(rs, rq,w)], (7.17)
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7.2 The photoemission potential

where ((r1,ro,w) = Im[Ggp(ri,ro,w)G(rz,r1,w)]. So a solution to Eq.
(7.16) exists if ¢ is invertible. When this is possible is a delicate question
that I have not addressed. At the same time I have implicitly assumed to
deal only with “V-representable” ImG(r,r,w).

Unless ¥ is static and local, Vgr could not be chosen to be static. In the
general case, the right-hand-side of Eq. (7.17) is frequency dependent. This
also means that a local and static potential, like the Kohn-Sham potential
Vs of DFT, is not capable to reproduce the diagonal of the spectral function.
Also a static and nonlocal ansatz for Vgg would not be correct. In this case
instead of Eq. (7.16), one would get:

/dr3dr4lm[G3F(r1,rg,w)E(rg,r4,w)G(r4,rl,w)] =

:/dI‘ng‘4VSF(I'3,I‘4)IIH[GSF(I‘1,I‘3,Ld)G(I‘4,I‘1,w)], (718)

which is clearly not possible, unless ¥ is static (and real). And in this case
one would trivially have: Vgp = X..

Already Sham and Kohn in [110] suggested a local-density approximation
to the self-energy. The resulting approximate self-energy gave rise to a local
and dynamical potential [370]. The potential Vgp that I have just introduced,
instead, is the local and dynamical potential that yields the exact diagonal
of the imaginary part of the Green’s function G. It is not an approximation
of the self-energy, as I will show in the following.

Through Eq. (7.17) it is possible to construct a fictitious system of
independent particles moving in a local but frequency-dependent potential
which reproduces ImG(r, r,w) of the real system. Since also the electronic
density p(r) is correctly reproduced, this represents a generalization of the
Kohn-Sham scheme of DFT.

Since they both yield the exact density and hence the same Hartree
potential V7, it is possible to write a Dyson equation linking G g and Ggp:

Gsp(ri,r2,w) = Ggrs(ri, ro,w)+
+ /drgGKg(rl,rg,w)[VSF(rg,w) — ch(rg)]GSF(I'g,I'Q,w). (7.19)
Since:

1 [# 1 [
—/ dwImGgg(r,r,w) = —/ dwImGgp(r,r,w) = p(r), (7.20)

™ J_co T J—00

one has:

n
/dr3Vzc(1‘3)/ dwlm[Gs(ri,r3,w)Gsp(rs, ri,w)] =

—00

I
/dr3/ dwVsp(rs,w)Im[Grgs(ri,r3,w)Gsp(rs,ri,w)], (7.21)
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7. Effective potentials and kernels for spectroscopy

and hence a new Sham-Schliiter equation for V.., defining the exchange-
correlation potential V. in terms of Vgp.

The frequency w enters the definition (7.17) of Vsp as a parameter. In
other words, at each w one has the definition of a local potential. Moreover,
for each w it is possible to introduce a set of Kohn-Sham equations for the
new fictitious system of independent particles:

v2

(= 5 + Vear(r) + Vir (1) + Vor(r,0) ) (1, 0) = es(@)&(r,w). (7:22)

In particular, since Vgp is real, the eigenvalues ¢;(w) are real and at each

w the eigenfunctions & form an orthonormal set. The Green’s function
associated to this system reads:

fi (rlv w)f;‘(rg, w)
(w) + insgn(ei(w) — p)

Gsp(ry,ro,w) = Z — (7.23)

Whereas by definition

ImGgp(r,r,w) = —7 Z sgn(e;(w) — p)|&i(r,w)*0(w — & (w)) (7.24)

is equal to ImG(r,r,w), nothing general can be said about the poles of
Ggsr in (7.23). As the Kohn-Sham eigenvalues ¢; are not the one-particle
excitation energies of the real system, the poles of Ggp, i.e. the solutions
of the equation w — ¢;(w) = 0, do not have to be the quasiparticle energies
either. In other words, from Ggp it is possible, in principle, to describe the
photoemission spectra, through the trace of the spectral function. But it
is not possible to have access to the k-dispersion of the quasiparticle bands
that is measured in angular-resolved photoemission spectra.

The novelty of the potential Vg that distinguishes it from the exchange-
correlation potential of DFT is its frequency dependence. In particular, from
the definition (7.17) of Vgr one can realize that a local potential can yield
the correct spectral function only if it is frequency dependent. In the next
section I am going to discuss rightly the frequency dependence of the new
potential Vgp.

7.3 Transforming nonlocality into frequency depen
dence

In the next two sections I will consider two illustrative model systems de-
fined by a self-energy ¥ that permits to calculate exactly the corresponding
Green’s function G. The full Green’s function GG then will be the exact ref-
erence. I will prove how the effective potential is able to reproduce the trace
of spectral function associated to the exact G. In both models, in particular,
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7.3 Transforming nonlocality into frequency dependence

I will consider static nonlocal self-energies to show that, even in these cases,
the resulting local effective potential is frequency dependent. The effective
potential for the spectral function in these models can be also exactly cal-
culated. Therefore it will be possible to additionally discuss how common
approximations to the exact Sham-Schliiter equation perform with the new
frequency-dependent potential.

7.3.1 A scissor operator in a two-level system

As a first illustrative example, I will study here a minimal model consisting
of only two levels: one valence state |v) and one conduction state |c). In this
case Vgr would be defined only in a discrete set of frequencies. Therefore,
to exemplificative purposes, I will consider a slightly modified effective po-
tential. In fact, by asking that a new potential Vgz reproduces the diagonal
of G, and not only its imaginary part, one has a new Green’s function Ggp
such as: égp(r, r,w) = G(r,r,w). The reduced potential Vgp is in general
complex and is defined by:

Vsp(rl,w) = /erdrgdr45_1(r1,r4,w)x
x Gsp(ra,r2,w)S(rs, 13,w)G(r3, ra,w), (7.25)

where ((r1,12,w) = Gsp(ri, ra, w)G(r2, r1,W).

In the continuum limit, in any non one-dimensional system, the real part
of the Green’s function ReG(r,r’,w) diverges at r = r’/, since it accounts also
for the density of all the empty states. In fact, from a mathematical point
of view [371], one has that in the limit r — r’, the asymptotic form of the
Dyson equation (3.27) becomes:

V2G(r,r,w) = 6(r — 1), (7.26)
which, in the three-dimensional case, has the (real) solution:
1 1
Gr,r'w) = ———— 7.27
() =~ (7.27)

which diverges for r = r’. So in this case one prefers to define directly the
reduced potential Vg that reproduces only the imaginary part of G(r,r, w).
But in the two-level model studied here this problem doesn’t occur and one
can rather consider the potential Vg, defined in Eq. (7.25).

In sp semiconductor the main effect of GW corrections to the LDA Kohn-
Sham eigenvalues is a rigid upshift of the conduction energies with respect to

the valence ones [131]. This effect of the GW self-energy can be represented
by the introduction of a “scissor operator” [372]:
S=V()+AD> le)dl, (7.28)
&
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where |c) are the conduction Kohn-Sham wavefunctions. The self-energy
(7.28) is the sum of a local operator, V', and a nonlocal operator, T', the
projector on the conduction states: ¥ =V 4 T. Moreover X is static, since
A is a (positive) number.

I will consider the self-energy (7.28) in the two-level model and calculate
the exchange-correlation potential V. of DFT and the potential Vgp.

Inserting the self-energy (7.28) in the Sham-Schliiter equation (7.9) for
Ve one gets immediately the result: Vi (r) = V(r). In fact, in order to
contribute to V., the nonlocal part of ¥ should mix valence and conduction
states (otherwise the frequency integration of the right-hand-side of Eq. (7.9)
yields a result equal to zero).

So, in the two-level model the self-energy (7.28) can be equivalently
rewritten as:

Y = Vaelv)(v] + (Ve + A)lc)(c]. (7.29)

Written in this form, it is clear that the self-energy is diagonal in the space
of Kohn-Sham wavefunctions |i). ¥ is static and Hermitian. Therefore the
quasiparticle wavefunctions associated to this self-energy are still the Kohn-
Sham wavefunctions: ¢, = ¢, and ¢. = @.. The only effect of X is a shift
of the conduction energy of a value equal to A. The quasiparticle energies
are in fact: E, = ¢, and E. = €. + A. The Kohn-Sham Green’s function
G ks and the full Green’s function G read:

)= Pu(r1)ey(ra) wc(m)soi(l?)’
W= € — 1N W — €. +17n
_ pu(r1)py(ra) pe(r1)ey(r2)
)= w—e€,—in  w—(e+A)+in (7.31)

Grs(ri,ro,w (7.30)

G(rh ro,w

With the self-energy (7.28) the effective potential Vp is: Vgp(r,w) =
V(r)+U(r,w) = Vge(r)+U(r,w), where the term U stems from the nonlocal
part T of the self-energy. It represents the correction beyond V. that one
has to take into account to mimic the effect of the quasiparticle corrections
on the Kohn-Sham eigenvalues. In other words, it is the responsible of the
band gap opening.

For the two one-particle wavefunctions ; of the system, here I consider
in particular the case of two plane waves. The generalized Sham-Schliiter
equation (7.25) becomes a nonlinear equation in U = U(w), i.e. a function
constant in space, where:

(W—é€)(w—¢€, —U(w))

Y A — e —a U@+ - - D) w—ea—U@)

(7.32)

Eq. (7.32) is a quadratic equation in U. It hence yields two, in general
complex, solutions, depending on the values of A and ¢; = €, — ¢,. In Fig.
7.1 T consider the case of two real solutions. The first is a well-behaved
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Figure 7.1: The two exact solutions of Eq. (7.32), corresponding to the
following choice of the parameters defining the model: €, = 2, e, =4and A =1
(arbitrary units). In this case both solutions are real. The same values of €,, €.
and A will be used also to represent the approximate solutions in the following
figures. The continuous solution (upper panel) is always 0 < U(w) < A. The
solution in the bottom panel has a discontinuity at the energy (e, + €.+ A)/2,
corresponding to the energy, in the middle of the gap, where G(w) = 0.

continuous solution, for which U(w) = 0 when w = ¢,, and U(w) = A when
w = € + A. Moreover, in the limit w — oo it is U(w) — A/2. The
second solution is discontinuous in the middle of the band gap, where G = 0.
In both cases U(w) turns out to be strongly frequency dependent. This
means that the spatial nonlocality of the static self-energy (7.28) has been
completely transformed into the frequency dependence of Vgp.

The rigid shift A in (7.28) corresponds to the derivative discontinuity of
exchange-correlation potential in DFT (see Eq. (2.33)), i.e. the difference
between the quasiparticle and the Kohn-Sham gaps. This simple two-level
model shows that this discontinuity is accounted for by the local potential
Vsp rightly through its frequency dependence.

The fact that more than one solution exists indicates that one could
have chosen an even more restricted ansatz for Vgp in (7.25). Moreover,
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w

Figure 7.2: Comparison between the exact continuous solution of the upper
panel of Fig. 7.1 (in red) and the self-consistent solution (in black) of Eq.
(7.33). They are pretty similar.

one can easily understand that by adding more states to the model, the self-
consistent equation leads to higher order polynomials and therefore to more
and more solutions. It becomes then mandatory to try to restrict the solu-
tion. In particular, in the continuum limit it would be clearly problematic
to work with the diagonal of G in real space, as discussed at the beginning
of this section. But even in this case it is still possible to solve the gener-
alized Sham-Schliiter equation (7.17), with the scissor-operator self-energy
(7.28), for the real potential Vgp that yields only the imaginary part of the
diagonal of G. If the wavefunctions |v) and |c) are still plane waves, this
model corresponds to the simple Callaway homogeneous model for insulators
[373]. In this case one finds that Vsp(w) = 0 for w < €, and Vgp(w) = A
for w > €.+ A. In the gap, between ¢, and ¢, + A, where ImG = 0,
different solutions are possible for Vgp(w). One can for instance impose
that Vgp(w) is a continuous function in w. On the other hand, the static
exchange-correlation potential V. of DF'T cannot produce the correct band
gap, because at w = €, and w = ¢, + A it should assume different values, in
correspondence to the derivative discontinuity A.

Eq. (7.32) yields the exact solutions of the generalized Sham-Schliiter
equation for Vgp in the two-level model. Knowing the exact solutions, one
can also verify how common approximations to the Sham-Schliiter equation
perform for Vgp.

In particular, in the OEP approach in DFT one linearizes the Sham-
Schliiter equation (7.9) by replacing G everywhere with Gig. Here it is
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w

Figure 7.3: Comparison between the exact solution (see the upper panel of
Fig. 7.1), in red, with the first-order solution of the linearized generalized Sham-
Schliiter equation (see Eq. (7.35)), in orange. The latter has the maximum
at the Kohn-Sham conduction energy w = ¢.; the former at the quasiparticle
energy w = €. + A.

possible to linearize analogously Eq. (7.25) by replacing G everywhere with
Ggp. This linearized generalized Sham-Schliiter equation is still a nonlinear
equation in U:

(w— € — Uw))?
(w—e—UW)*+ (w—e—Uw)*

Uw) = A (7.33)

Eq. (7.33) is a cubic equation in U. Since the coefficients of the polynomial
in U are real, at least one solution is real. This solution can be found either
by solving directly the third-order equation in U or by considering the fact
that Eq. (7.33) is a quadratic equation in w [371]. In the latter case the

solution is:
Ueg £,/Uez(A -U)
. (7.34)

2U — A

The function w(U) is real for U < A. So this corresponds to an approxi-
mation of the continuous solution of the exact Sham-Schliiter equation (see
the upper panel of Fig. 7.1). In fact the two branches of w(U) define one
continuous function U(w), which is very similar to the exact solution (see
Fig. 7.2).

The linearized generalized Sham-Schliiter equation can be approximated
to the first order, by setting Ggp equal to the zero-order Green’s function,
where U = 0. This corresponds to replace Ggp in the linearized generalized
Sham-Schliiter equation with Gxg. In this way the linearized generalized
Sham-Schliiter equation is no more a nonlinear equation in U, but an explicit
definition of U. For this reason this approximation yields only one real

W(U):U+€v+

171



7. Effective potentials and kernels for spectroscopy

solution:
(w— ev)2

(w—€)?+ (w—€)?
This solution is quite different from the exact one (see Fig. 7.3). In particu-
lar it has a maximum at w = €., and not at w = €.+ A as the exact solution.
This is due to the fact that the perturbation induced by the self-energy is
not small and cannot be caught within a first-order perturbative approx-
imation. Nevertheless, if, using this approximate solution, one calculates
consistently the first-order perturbative correction to the Kohn-Sham eigen-
values (taking U(w) at the corresponding Kohn-Sham eigenvalue instead of
the quasiparticle energy) one still finds the correct quasiparticle energies:

Uw) = A (7.35)

E, =e, + Z,U(ey) = € (7.36)
E.=e.+ Z.U(e.) = €.+ A (7.37)

The linearization of the generalized Sham-Schliiter equation relies on
the fact that the exact Ggp and the full G could be similar also outside the
diagonal r = r/, where they are equal by definition. This assumption can be
casily verified here, where both the exact Ggp and G are known. A simple
illustrative way to make this comparison is to replace Ggp with G in the
exact Sham-Schliiter equation (7.25), which becomes a non self-consistent
equation in U:

(w—€)?

Ulw) = (W—€)2+ (w—e€.—A)2

(7.38)

In this case one finds a solution (see Fig. 7.4) similar to the exact continuous
solution (see upper panel of Fig. 7.1). This implies that the Green’s function
Ggr obtained by the exact continuous potential Vg is similar to G even
outside the diagonal. This is not the case for the Green’s function Ggp
obtained from the second exact solution, which is equal to G only on the
diagonal. As soon as one compares these two Green’s functions outside the
diagonal, they turn out to be very different.

The symmetric choice is to replace G in (7.25) with the ezact Ggp cal-
culated with the continuous potential U(w) obtained by (7.32). Again, this
approximation should not be meant as a self-consistent equation for U, but
another explicit definition of an approximate U(w). For this reason this ap-
proximation, where one uses the exact Ggp, is different with respect to the
solution of Eq. (7.33) where Ggr is not the exact one. As expected, this
approximate U(w) is very similar to the exact continuous solution (see Fig.
7.4), confirming that the full Green’s function G and the reduced Green’s
function Ggp, corresponding to the exact continuous solution, are similar.

Of course, in practical applications, where one knows neither the exact
full Green’s function G nor the exact Ggp, the only possible approxima-
tion, among the ones discussed here, would be just the linearization (7.33).
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7.3 Transforming nonlocality into frequency dependence

Figure 7.4: (Upper panel) Comparison between the exact continuous solution
in the upper panel of Fig. 7.1, in red, and the solution, in blue, obtained
by replacing Ggr with G in Eq. (7.25). (Bottom panel) Comparison with
the symmetric approximation of Eq. (7.25), where G has been replaced by
the exact Ggp associated with the continuous solution. In both cases, the
agreement is good.

But here, where everything is exactly known, it has been interesting to con-
sider also the other situations in order to discuss similarities and differences
between G and Ggp, which in turn could be important also in practical
applications.

7.3.2 Screened exchange in homogeneous electron gas

As a second example, I will consider in this section the homogeneous electron
gas. Since it is an infinite three-dimensional system where ReG(r,r,w) = oo,
it is preferable to turn back to the effective potential Vgpr, defined in Eq.
(7.17), that reproduces only ImG(r,r,w).

Moreover, I will consider static self-energies of the form: X (r — /) =
iG(r —r';t — tT)ua(r — r’'). So X has a statically screened-exchange form
where the screened Coulomb potential is vy (r — ') = v(r —r')e~I"="I/2 For
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7. Effective potentials and kernels for spectroscopy

a larger screening length A, ¥ is less screened and more effectively nonlocal.
Therefore, A tunes the effective range of the interaction: from A =0 (X = 0,
Hartree approximation), to A = oo (completely unscreened Hartree-Fock),
all the intermediate values of A can be considered, and, in particular, App =
(4pp/m)~1/? (Thomas-Fermi screening).

In order to ease the comparison of results issued by different self-energies
>x, here it is convenient to set the zero of the Green’s functions energy to the
Fermi level. This corresponds to use the grand canonical ensemble at zero
temperature, where the full Hamiltonian is H' = H — uN [374]. So in the
following in all the Green’s function stemming from different self-energies,
the Fermi level will be at w = 0.

In homogeneous systems all local quantities (like V. and V) are con-
stant in space. In particular, the exchange-correlation potential of DFT is a
number. From the Sham-Schliiter equation one has V. = 3(p = pp,w = 0).
This implies also that the DFT Kohn-Sham density of states, for any self-
energy, differs from the Hartree DOS only for a rigid shift. The exchange-
correlation potential V. is not meant to reproduce this property of the sys-
tem, but only the electronic density. On the other hand, the potential Vgp
retains a degree of freedom more than V., that is its frequency dependence:
Vsr = Vsp(w). Therefore, the Green’s function Ggp is:

2
w+p—p?/2—Vsp(w) +insgn(w)’

Gsp(w,p) = (7.39)

where the factor 2 accounts for spin degeneracy.

Also in this model it is possible to solve exactly the generalized Sham-
Schliiter equations for Vgp(w). In fact, from (7.39) one has:

d
ImGsp (r,r,w) = —2msgn(w) / 0w+ p—p*/2 = Vsp(w)) =

- _‘fsgn(w)e(w + 1 — Vsp(w))yw + p— Vsp(w). (7.40)

Requiring that this is equal to ImG(r, r,w), one finds a unique local potential
Vsp (for Vep(w) < w+ p):

Vor(w) = w+ = (sImGlrr, W) (7.41)
When ImG # 0, from Eq. (7.41) one has automatically Vsp(w) < w + p.
When ImG = 0, in order to get InGgr = 0 it is enough that Vgp(w) > w+p
and many (infinite) solutions are in principle possible.

Using Eq. (7.41), I have calculated the exact Vsp(w) for different values
of A (see App. C.2). The spatial nonlocality of the static self-energies has
been completely transformed into the frequency dependence of Vgp. In
particular, looking at Fig. 7.5, one observes that the more nonlocal ¥ is,
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Figure 7.5: Transformation of nonlocal statically screened exchange self-
energies X (p) (upper panel), see App. C.2, to the frequency-dependent local
potentials Ver(w) (bottom panel), for different screening lengths A in HEG
(Arr = (4pp/7)~1/? is the Thomas-Fermi length). A Wigner-Seitz radius r,
(see Eq. (1.40)) corresponding to the aluminum density has been considered.
The key is common to both panels. The w-dependence of Vgp is stronger for
more nonlocal self-energies. Below band-edges, where InG = 0, Vgp(w) has
been defined continuous and equal to a constant larger than w + p. In the
inset: comparison between the exact solution (7.41) and the first-order pertur-
bative solution of the linearized generalized Sham-Schliiter equation (7.46) in
the Hartree-Fock case.
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7. Effective potentials and kernels for spectroscopy

the more dynamical Vsr becomes. This frequency dependence is an essential
property of Vgp, which radically distinguishes Vgp from the static V..

So the effective potential Vgp, as the exchange-correlation potential V..
in DFT, is neither an approximation to the self-energy nor a model self-
energy. In particular, the frequency dependence of Vgr is not the frequency
dependence of 3. The frequency dependence of Vgr has instead two contri-
butions. The first contribution (which has not been considered here) stems
from the genuine frequency dependence of ¥, i.e. from dynamical correla-
tions. Instead, the second contribution, which is that one considered here,
owes its origin just in the reduction of the number of spatial degrees of free-
dom in Vgg with respect to ¥. Vgr is local and X is nonlocal. The spatial
nonlocality of ¥ becomes a further frequency dependence in Vgp.

Also in this case it is interesting to compare the exact solutions with
some common approximations to the exact the Sham-Schliiter equation. In
particular, I will examine here the approximation that consists in lineariz-
ing the Sham-Schliiter equation replacing G with Ggr everywhere in the
situation where one considers the unscreened self-energy (i.e. A = 00). The
equation to solve is:

d
Vsr(w Irn/ G%p(w,p) Im/(Q:)gG%F(w,p)Em(p), (7.42)

where ¥, (p) is the Fock exchange operator.
Once the integrals have been explicitly calculated (see App. C.1), Eq
(7.42) becomes:

™ ReQw) = (ReQw) 1 N Qw) -1
Vol ~ Naw? T2 lew el 79
where: )
Q*(w) = o (w—i—u Ver(w )—i—insgn(w)). (7.44)

For w+pu—Vgp(w) < 0, one has Re@(w) = 0. In this case both the left-hand-
side and the right-hand-side of (7.43) are 0 and there is an infinite number
of solutions Vsp(w). For ReQ(w) # 0 the solution to Eq. (7.43) is:

Vop(w) = —2’%@ + 2|§eQ "o : D (7.45)

The integral equation (7.42) has become a nonlinear equation in Vsp(w).
The first-order perturbative solution is obtained setting Vsrp = 0 in Eq.
(7.44), or, equivalently, Gsr = G in (7.42). In this case one gets:

w+PF/2)_ QPF(l Vo fl‘)

o +—1 N (7.46)

Vsr (3

™
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w

Figure 7.6: Exact solution of the linearized generalized Sham-Schliiter equa-
tion (7.45). The plot has been done for the same ry value as the one used in
the calculation of the exact Vgp(w) in Fig. 7.5. Up to three possible solutions
Vsr(w) at fixed w are found. Therefore the approximate solution (7.45) of
the linearized generalized Sham-Schliiter equation reveals to be substantially
different with respect to the exact result (the red curve in the bottom panel of
Fig. 7.5).

which shows a logarithmic divergence at the Fermi energy w = 0 (see the
inset of Fig. 7.5). From Eq. (7.40) this means that also the corresponding
ImGgp(r,r’,w) diverges for w = 0, which is evidently unphysical. This
divergence is due to the fact that the Fock self-energy has an infinite spatial
range and is not an analytic function at the Fermi energy (at p = pp).
And in fact the divergence in the approximate Vsp(w) disappears when the
screening of the Coulomb interaction is taken into account.

It is clear that an iterative solution of the linearized generalized Sham-
Schliiter equation (7.42), starting from a divergent solution, is not expected
to converge. Anyway, in the nonlinear equation (7.45) the frequency w can be
considered as a parameter. For each w, one can solve the nonlinear equation
in Vgp, using standard numerical methods, like the bisection method. The
result is shown in Fig. 7.6.

Comparing this self-consistent linearized solution with the exact result
(the red curve in the bottom panel of Fig. 7.5), one observes that the approx-
imate solution reveals to be substantially different from the exact one over
a wide range of energies. These results demonstrate that the linearization
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7. Effective potentials and kernels for spectroscopy

of the Sham-Schliiter equation is a procedure that one has to validate case
by case.

It is also interesting to compare the reduced effective potential Vop(r,w)
with the approaches of dynamical mean-field theory and spectral-density-
functional theory (see Sec. 4.2-4.3), where one is analogously interested in
calculating the spectral function A(w) using simpler quantities than the full
Green’s function G. This will be the subject of the next section.

7.4 Spectral density-functional theory

The complex potential of SDFT Vgppr(r,r’,w), introduced in Sec. 4.3, is

in principle not known, because it is defined as a functional derivative of

an unknown functional (see Eq. (4.37)). Instead, thanks to the generalized

Sham-Schliiter approach, it is possible to get an exact alternative definition

of Vgppr in terms of quantities that are in principle known, such as G and

>.. This new result could be used to have new physical insights on Vgprr.
The Dyson equation linking Vsppr to 3 is:

G(I‘l, ro, Ld) = GSDFT(r17 PQ,W)+

+ /drsdr4GSDFT(7’1,Ts,w)[E(I'37I‘4,w) — Vsprr(rs,re,w)|G(ra, ra, w).
(7.47)

Vsprr(ry, ro,w) is the potential that yields G(rq,re,w) = Gsprr(ry, ra,w)
where ©(Q.) = 1, i.e. for r1 € Q. and ro € Q. (see Fig. 4.3). Using this
condition in (7.47) one gets:
Vsprr(rs, e, w / dr1/ er/drBdrllGSDFT(rE)arla w)x
QC Qloc
x Gsprr(ri,r3,w)S(rs, 14, w)G(rs, v, w)G ' (r, 16, w). (7.48)

Whereas G~ and Gt ISDET are the full inverse, defined in the whole space
(see App. A.4), Gt sppr and G, if they exist, are the local inverse in Q¢
and Q.

/ drgéngT(I‘l, rs, w)GSDFT(r?)y ro, w) = (5(1‘1 — 1‘2), (749)
Q¢

/ dr3G(ry,r3,w)G ! (rs, 1o, w) = §(r1 — 12). (7.50)
le’

Eq. (7.48) represents an exact definition of Vgppp. It is an explicit expres-
sion for Vsppr in terms of quantities that are in principle known. It is still a
nonlinear equation in Vgppr that has to be solved together with the Dyson
equation (7.47).
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It is interesting here to compare Vsprpr with Vsp (see Eq. (7.17)).
Whereas Vg is a real and local operator, Vgppr is a complex and non-
local operator. Vgppr doesn’t coincide with X either, because Vgppr is
short-ranged. It is different from zero only in the region of space where
©(Qoc) = 1, while ¥ is defined in the whole space. Moreover, as it has been
discussed in Sec. 7.3 for Vgp, also Vspprr has a frequency dependence which
is not the frequency dependence of 3. In fact, the conversion of spatial non-
locality into frequency dependence to a certain extent (depending on the
range of ) is true also for Vsppr.

The effective potential Vsprr in practical applications is always approx-
imated using (cluster) DMFT. In cluster-DMFT one restricts the functional
dependence of the Luttinger-Ward energy functional I'zy to Gy (see Sec.
4.3). In this way, in the Sham-Schliiter equation (7.48) for Vsppr all the
Green’s function are replaced by G, included in the functional dependence
of ¥.. Therefore, in the cluster-DMFT approximation, Vsppr(ri, re,w) =
Y (r1,ro,w), where X is built using Gy, instead of G. Using Eq. (7.48) one
could instead directly define new approximations for Vsprr. For example,
in DFT Casida [366] and von Barth et al. [200] have derived the linearized
Sham-Schliiter OEP equation (7.10) for V. by restricting the variational
freedom of the Klein functional I'x[G] to the domain of the Kohn-Sham
Green’s function Ggg. One could obtain a linearized generalized Sham-
Schliiter equation also for Vgppr in a similar manner.

7.5 Density-matrix functional theory

The density matrix is the key variable of density-matrix functional theory
(see Sec. 2.1).
The density matrix v(r,r’) (see Eq. (2.5)) can be calculated from the
Green’s function G as:
dw
y(r,r') = —i/we“"”G(r,r',w). (7.51)
27
So one could think to generalize the Sham-Schliiter equation also to calculate
v(r,r") directly from a reduced potential Vpys. One would have:

dw
o (r,r') = —i / ﬁewnam(r, r,w), (7.52)

where Gpy = (w —ho— Vg — VDM)fl.

But ypas in general cannot be made equal to 7. The former is associ-
ated to a Kohn-Sham system of independent particles, described by a Slater
determinant. So ypps is idempotent [72]: 'y%)M = vpym. The latter is the
true density-matrix of the real interacting system. So it is not idempotent
[72]. In other words, a given density matrix cannot be at the same time
V-representable and noninteracting V-representable.
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7. Effective potentials and kernels for spectroscopy

The density matrix « can be equal to ypps when the self-energy is static.
In this case one could make the ansatz:

/drgdr4deDM(r1,rg,w)VDM(rg,r4)G(r4,rg,w) =
:/drgdr4deDM(r1,rg,w)Z(rg,r4)G(r4,r2,w). (7.53)

But in this one would find, trivially, Vpys = 2.

Therefore, the density-matrix functional theory represents an example
where the generalized Sham-Schliiter approach cannot be applied. This pos-
sible generalization of the Sham-Schliiter equation has been studied also by
Casida in [360].

7.6 Time-dependent density-functional theory

So far, I have considered only Dyson equations involving one-particle Green’s
functions. In this and the following section I will show that the generalized
Sham-Schliiter approach can be applied equivalently also to Dyson equa-
tions between response functions, which are a particular kind of two-particle
Green’s functions.

The Bethe-Salpeter equation for the four-point irreducible polarizability
L reads (see Eq. (5.85)):

L(1,2,3,4) = Ly(1,2,3,4)+

+/d5678L0(1,2,5,6)5(5,6,7,8)E(7,8,3,4), (7.54)

where E = 10X /G is the excitonic four-point kernel. Equivalently in TDDFT
the equation for the four-point irreducible polarizability 4P is:

4P(17273>4) = L0(1727374)+
+/d5678L0(1,2,5,6)5(5,6)5(7, 8)f ) (5,7)4P(7,8,3,4). (7.55)

In both cases the starting point is Ly that already includes quasiparticle

corrections. So in Eq. (7.55) only the excitonic term féz) of the exchange-
correlation kernel of TDDFT appears (see Eq. (5.75)). The two Dyson
equations (7.54) and (7.55) can be combined giving:

L(1,2,3,4) =1P(1,2,3,4)+
+ /d56784P(1,2,5,6)[E(5,6,7, 8) — 6(5,6)8(7,8) £ (5,7)]L(7,8,3,4).
(7.56)
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In TDDFT fﬁ) is the two-point kernel that yields the correct two-point
polarizability P(1,2) = 4P(1,1,2,2) = L(1,1,2,2). Using this condition in
Eq. (7.56) one finds:

/d56784P(1, 1,5,6)=(5,6,7,8)L(7,8,2,2) =
= [astPL9) 26, 1P(2), (157)

which can be solved for fé? leading to:

712)(3,4) = /d125678P—1(3, 1)*P(1,1,5,6)2(5,6,7,8)L(7,8,2,2) P~1(2,4).

(7.58)
This is an exact equation for fg). It is equivalent to Eq. (5.81). In both

cases the kernel fﬁ) has been related to many-body quantities, finding an
explicit exact expression. The exact kernel (7.58) can be approximated from
a first-order linearization of the generalized Sham-Schliiter equation (7.57),
setting P(1,2) = Py(1,2) = —iG(1,2)G(2,1), *P(1,1,2,3) = Lo(1,1,2,3) =
—iG(1,2)G(3,1) and L(1,2,3,3) = Lo(1,2,3,3) = —iG(1,3)G(3,2) (where
G are “quasiparticle” Green’s functions). Moreover, as in standard BSE (see
Sec. 5.3.1) E is approximated by —W, where in W one takes a statically
screened Coulomb interaction (see Eq. (5.55)). In this way one gets:

721,2) = /d3456P0—1(1,3)G(3,4)G(5,3)W(4, 5)G(4,6)G(6,5)P;1(6,2),

(7.59)
which is rightly the many-body kernel (5.84) obtained in Sec. 5.4.1. In this
case the linearization of the generalized Sham-Schliiter equation turns out
to be a very good approximation for the calculation of optical spectra (see
Fig. 5.1).

Remarkably, in (7.59) while W is static, the kernel fﬁ) is in general
frequency dependent. Therefore, also in this case we observe a conversion of
spatial nonlocality into a frequency dependence, associated to a reduction
of the number of degrees of freedom, when one passes from the four-point L
to the two-point P and from the four-point = to the two-point f...

I a(:z) is the kernel that reproduces the two-point diagonal part of the four-
point irreducible correlation function L: P(1,2) = L(1,1,2,2). In this sense
it plays the same role as Vg with respect to the diagonal part of G (see Sec.
7.2). But in TDDFT one obtains a further advantage. In fact, the Dyson
equation between GG and X involves two-point quantities. When the effective
potential Vgp is introduced, the simplification is given by the fact that the
Vsr has a reduced number of degrees of freedom with respect to . But
the Dyson equation between Ggr and Vgp still involves two-point quantities.
Here, instead, a great advantage is already given by the structures of the
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equations themselves. While the Bethe-Salpeter equation is a four-point
equation, the TDDFT Dyson equation becomes a two-point equation. So
the definition (7.58) of the TDDFT kernel already permits to obtain a great
simplification.

Moreover, what is actually measured in experiments like absorption is
not the whole two-point polarizability, but only a part of it. So one could
think of a further reduced kernel aimed at reproducing only the part of
interest of the two-point polarizability. This is what I will discuss in the
next section.

7.6.1 The absorption kernel

The absorption spectrum is calculated from (see Eq. (5.37)):

Abs(w) = — lin%) Im{vgzo(q)/drldrgx(rl, rg,w)eiq(r““)}, (7.60)
q—)

where y in TDDF'T is obtained directly from the two-point Dyson equation
X = P+ Pvy and in the BSE approach is obtained from the contraction of the
four-point L, calculated from the four-point Dyson equation: L = L + LoL.
So in an absorption spectrum one doesn’t measure the whole polarizability
X, but only the q — 0 limit of F(q,w), where:

F(q,w) = / dridrox(ry, vy, w)e' =T, (7.61)

F(q,w) turns out to be the quantity of interest that is directly measured
in the experiments. Therefore one could devise a kernel, f.;s, that yields
only F(q,w), rather than the whole y. In principle, this kernel f,s could
be even simpler than the TDDFT kernel f,., which has to yield the whole ¥.
Moreover, in this context, q plays the role of a parameter. For a different q
in F(q,w) one has a different kernel fgps.

In particular I will consider here the ansatz of a dynamical local kernel:

fabs(w)d(5,6)0(7,8)4(5,7) (7.62)

This ansatz can be used in the Dyson equation connecting the four-point
L with the four point 4y:

L(1,2,3,4) =* x(1,2,3,4)+
—|—/d56784>‘<(1,2,5,6) [5(5,6,7, 8) — 8(5,6)8(7, 8)5(5,7)fabs}i(7,8,3,4).
(7.63)

The choice of this ansatz is particularly appealing, since f,ps is completely
spatially local (it is a contact potential). So this could be an important
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simplification with respect to the f,. kernel, which is a two-point function.
The frequency dependence of fu;s in part stems from the spatial nonlocality
of fic, in the same way as the frequency dependence of Vg is partly due to
the spatial nonlocality of X.

Using the usual expression for = (see Eq. (5.55)):

1
2(1,2,3,4) = —5 W (r1, 12,0 = 0)d(f1 — 12)3(1, 3)8(2,4), (7.64)

and asking that f,;s reproduces F(q,w), from the Dyson equation (7.63)
one gets:

1 - .
— 271_/deE)GZl)((l,1,5,6)[/{/(576)[/(5’67272)6101&11‘2) —
:fabs/d1254>2(1,1,5,5)L(5,5,2,2)eiQ(r1‘r2). (7.65)

In order to get a practical approximation for fups, Eq. (7.65) can be lin-
earized similarly to Eq. (7.58), finding:

1 [ d1256G(1,5)G(6, D)W (5,6)G(5,2)G(2, 6)eiar1—r2)

Jabs = = 27 [ d125G(1,5)G(5,1)G(5,2)G(2,5)e!alr1—r2)

(7.66)

For each frequency w and momentum transfer q, fqps in (7.66) is given by the
ratio of two numbers. The numerator of Eq. (7.66) is nothing else than the
full kernel (7.59), without the terms P, ', where, after a Fourier transform
to the reciprocal space, one takes the head (the element G = 0,G’ = 0) of
the matrix GGWGG. The denominator of Eq. (7.66) can be rewritten as:

—/d5/d1{—iG(l,5)G(5,1)6“1"1} /d2[—¢G(5,2)G(2,5)e—iqr2 . (7.67)

So it is given by the product of the wings (the elements G = 0 or G’ = 0)
of two polarizabilities Py written in the reciprocal space.

However, one could further improve the ansatz used here, thanks to
the fact that the kernel f.,;s has an implicit parametrical dependence on
the momentum transfer q. One could explicitly impose to fups a specific
dependence on the momentum transfer q in order to have a simpler mapping
from the full TDDFT kernel f,.. In particular, in Sec. 5.4.1 I discussed how
the fi. kernel of TDDFT has to be a long-range term. So one could exploit
the available known physical information on f,. to design a better ansatz
for f.ps where the linearization procedure could lead to better results. In
this sense a better ansatz for the reduced kernel f,;s could be:

5(5,6)5(7, 8)m, (7.68)
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which would have the same long-range term as the f,. kernel in Eq. (7.59).
In this case the denominator of Eq. (7.66) would become:

/ d1257G (1, 5)G(5, 1)u(5, T)G(7, 2)G/(2, T)e'ar—r2), (7.69)

which in the reciprocal space is still the products of the wings of two polar-
izabilities Py, one of which is now multiplied by the Coulomb potential v,
stemming from the ansatz (7.69).

This equation has been implemented along this way by F. Sottile in the
Dp code [358]. Remarkably, as one can see in the upper panel of Fig. 7.7,
such a simple kernel is indeed able to reproduce the absorption spectrum
of bulk silicon obtained with the full many-body kernel (7.59). But it fails
in solid argon (bottom panel of Fig. 7.7), where strong bound excitonic
effects are present [236]. In this case the linearization of the generalized
Sham-Schliiter equation for fu;s turns out to be a too severe approximation.

7.7 Time-dependent current-density-functional the-
ory

As it has been done in Sec. 7.6 with the f,. kernel of TDDFT, the generalized
Sham-Schliiter approach can be used also to obtain an exact expression for

the f,. kernel of TDCDFT. Moreover, along the lines of Eq. (7.59), a new
approximation for f,. will be suggested.

The irreducible current-current response function Pj; can be calculated
from the four-point irreducible correlation function L as (see Eq. (5.50)):

N

ij(l,?)) = %i [(Vl — Vg)(V;), — V4)E(1, 2,3, 4):| (7.70)

2=1+,4=3+

Analogously, from the irreducible four-point polarizability in TDCDFT Pj;
is obtained as:

g 11
Py(1,3) = 2i9i

121

[(vl — Vo) (Vs — Va)*P(1,2,3, 4)} (7.71)

2=1+,4=3+
Asin the TDDFT case (see Sec. 7.6), also here I assume that 4 P is calculated
from Lg, where the quasiparticle corrections have already been included. So

also in this case I will consider only the excitonic part f gfc) of the exchange-

“—

correlation kernel f,. of the TDCDFT. In TDCDFT the exact two-point

kernel f (fc) yields a current-current response function obtained from (7.70)
which is the same as the current-current response function (7.71) calculated
from the exact Bethe-Salpeter equation. Inserting the condition of equality
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Figure 7.7: (Upper panel) Absorption spectrum of bulk silicon, calcu-
lated with 256 shifted k points. Comparison between the full many-body
fue kernel (see Eq. (7.59)) and the absorption kernel fups (7.66) for q =
(0.0001,0.0002,0.0003). (Bottom panel) Absorption spectrum of solid argon,
calculated with 2 k points. With so few k points the spectrum is far from
being converged. But the strong bound exciton is already clearly visible. In
this case the simple kernel f,ps is not stable and is not able to reproduce the
spectrum obtained with the full many-body f,. kernel, although it creates a
bound exciton (for comparison in the picture also the absorption spectrum in
RPA is represented). A scissor operator of 6 eV has been used.
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7. Effective potentials and kernels for spectroscopy

between the two Eqs. (7.70)-(7.71) in the four-point Dyson equation (7.56),
one gets:

(V1= V2)(Vs — Va) / 56784 P(1,2,5,6)[2(5, 6,7, 8)+
— F26.10(,6)8(7,8)L(7,8,3,4) } =0, (7.72)

that is:
/ d5678(V1 Vo) P(1,2,5,6)]5_+Z(5,6,7,8) (Vs—Va) L(7, 8,3, 4)|,_ss —

= / d57(V1 — Va2)' P(1,2,5,5)|o_1+ f 2 (5,7)(Vs — Va)L(7,7,3,4)|;_5+-
(7.73)

The generalized Sham-Schliiter equation (7.73) represents an exact definition

of f gfc), analogous to the one obtained for the fé? kernel in TDDFT (see Eq.
(7.58)). In fact, one could use a unified quadrivector formalism, considering
at the same time both TDDFT and TDCDEFT.

Linearizing (7.73) one obtains a new approximation for f{2):

F2(3,4) = (Pogo) (3, 1)* Pojp(1,5,6)
X W(5,6)%Po_5(5,6,2) (Po.) 1 (2,4), (7.74)

where I have defined the independent-particle response functions as:

Eo,jp(l,?)) = %[(vl —V2)Lo(1,2,3, 3+)L:1+, (7.75)
Po ,5(1,3) = %[(vg - ViLo(1,1%,3,4)] (7.76)
1 4=3*1
3Pop(1,3,4) = %[(vl - Vo)Lo(1,2,3,4)] (7.77)
3P ,5(1,2,3) = %[(Vg — V) Lo(1,2, 3,4)}423+. (7.78)

So far in TDCDFT f . has been mostly employed as a local functional
of the current [205][266] (see Sec. 5.5). Recently also an approximation
in the exact-exchange framework has been proposed [261][200], but it has
been applied only to the homogeneous electron gas. From the experience
in TDDFT we know that the screening of the Coulomb interaction is of
fundamental importance in the f;. kernel [375]. For this reason a pure
TDEXX (without any further spatial cutoff in the Coulomb interaction [376])
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7.7 Time-dependent current-density-functional theory

is not a good approximation for the calculation of absorption spectra in
solids. As in the many-body TDDFT kernel of Sec. 7.6, in Eq. (7.74) instead
the screening is taken into account, thanks to the presence of the statically
screened W. So Eq. (7.74) represents an alternative approximation for the
TDCDEFT kernel whose validity one could try to explore.

All the examples presented in this chapter have demonstrated that the
generalized Sham-Schliter approach is a very powerful tool. It permits to de-
fine a general scheme for the introduction of ad hoc effective potentials and
kernels aimed at the direct calculation of the quantities of interest, which oth-
erwise would be calculated from contractions of one-particle or two-particle
Green’s functions. The general approach has been successfully applied in very
different contexts, ranging from a potential for photoemission to a kernel for
absorption, from SDFT to TDCDFT.
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Chapter 8

Conclusions

Our point of view has radically changed since Dirac’s times. It is true
that the full solution of the many-body Schrodinger equation (1.1) is out
of reach. But the calculation of the many-body wavefunction is usually not
even desirable [377]. In fact one generally would like to find answers only
to limited questions, like the excitation energies measured in a spectroscopy
experiment. In order to reduce the complexity of the problem, a successful
strategy is then to work directly with reduced quantities that are able to
provide the particular searched answers.

A prominent example is the one-particle Green’s function GG, whose poles
correspond to the quasiparticle excitations measured in photoemission. The
Green’s function G is the key quantity of many-body perturbation theory
(MBPT), where one defines an effective Hamiltonian containing the self-
energy, a nonlocal, dynamical and complex potential that accounts for re-
laxation, exchange and correlation effects in the electronic systems.

In this thesis I have made use of many-body methods to calculate the
photoemission spectra of vanadium dioxide, which is a prototype material for
the discussion of correlation effects in solids. In particular, I have adopted
Hedin’s GW approximation to X [127]. In this framework, I have shown that
correlation effects in the photoemission spectra of both the metallic and the
insulating phases of VOq are correctly reproduced, provided that quasipar-
ticle energies and wavefunctions are calculated self-consistently. Moreover,
I have discussed the failure of the standard perturbative GW method [130]
to describe the spectrum of the insulating phase. This failure has essen-
tially to be ascribed to the underestimation of the spatial anisotropy of the
top-valence LDA wavefunctions which are used to calculate the GW pertur-
bative corrections. In fact, the orbital switching of these states is the main
responsible of the transition from the isotropic metal to the electronically
more one-dimensional insulator. If this effect is not properly accounted for,
as in LDA, then the system remains metallic. In order to get rid of the
LDA starting point, I have performed a self-consistent calculation at the
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8. Conclusions

COHSEX level, a static approximation of the GW self-energy. The result of
the COHSEX calculation has been used as input for a fully dynamical final
perturbative GW calculation. The resulting spectra are in good agreement
with recent experiments [293].

Beyond the quasiparticle picture, the photoemission spectrum of the
metallic phase displays a satellite feature, which is instead absent in the
insulating phase. In the electron energy-loss spectrum of the metal a sharp
peak is found at the same energy as the binding energy of the satellite in the
PES. This peak disappears in the insulating spectrum. The calculations have
proved that this peak in the EELS is associated to a zero of the real part of
the dielectric function. So it is a plasmon. Therefore also the satellite in the
photoemission spectrum can be explained as due to the plasmon resonance
of the energy-loss function.

Hence the MBPT approach has demonstrated to be successful also in the
case of vanadium dioxide. The intuitive physical many-body picture indeed
permits to find working strategies, like the GW approximation. Therefore
MBPT is used also when in principle one could employ more simplified ap-
proaches, in particular, DFT-based ones. The latter lead to more efficient
schemes, but in these cases finding good approximations is more difficult.
Many-body methods are computationally expensive because one calculates
more information than needed. In the MBPT framework, measurable spec-
tra are in fact obtained from contractions of one-particle or two-particle
Green’s functions. Nonetheless, this surplus of information can be actually
extremely precious in helping to find good approximations for DFT-based
schemes. The combination of the two approaches in the recent past has
already proved to be a rewarding strategy [253]. For instance, it has been
possible to derive from the Bethe-Salpeter equation an exchange-correlation
kernel in TDDF'T that is able to describe absorption and energy-loss spectra
of a wide range of materials [207].

In this thesis I have studied the Sham-Schliiter equation, which permits
to establish a direct link between the many-body and density-functional
worlds. I have considered a possible generalization of the Sham-Schliiter
approach for other quantities besides the electronic density. This general-
ization has permitted to formulate a very general scheme for the design of
ad hoc effective potentials and kernels for a direct, and in principle exact,
calculation of the answers to the limited questions one generally has. As
a particular example of this general approach, I have introduced an effec-
tive “photoemission potential” that yields the trace of the spectral function
which is measured in photoemission experiments. This effective potential
turns out to be dynamical but local and real. In particular, I have shown in
two model examples that an important contribution to its frequency depen-
dence stems from the spatial nonlocality of the corresponding self-energy. 1
have discussed other generalizations of the Sham-Schliiter equation in vari-
ous contexts: from spectral density-functional theory to linear response in
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TDDFT and TDCDEFT. I have proved that the conversion of spatial non-
locality into frequency dependence is a general feature that one encounters
whenever an effective potential or kernel with a reduced number of spatial
degrees of freedom is introduced.

In studying possible approximations for these potentials and kernels I
have recovered the many-body TDDFT kernel. I have also derived an analo-
gous many-body kernel in the TDCDFT framework whose validity would be
interesting to assess. Moreover, I have shown that an OEP-like linearization
of the generalized Sham-Schliiter equation is a delicate operation that one
has to validate case by case. This result leaves open the way to find working
approximations, in particular for the photoemission potential. Currently I
am exploring the possibility to formulate local approximations to it. The
possibility to use a simplified potential, instead of the complicate self-energy,
would be very useful, especially when self-consistency is important, as in the
case of vanadium dioxide. At the same time, it could be helpful to exploit it
also in calculations that need to include vertex corrections beyond the GW
approximation (see also App. B).

A particularly important field of applications for the first-principles meth-
ods employed in this thesis is for sure constituted by strongly correlated
systems. In this context, after the calculation of the electronic properties
of VO3, one could address its optical spectra, that require to take into ac-
count excitonic effects, for instance using the Bethe-Salpeter approach or the
simpler TDDFT scheme. Then, the next natural candidate to be studied
could be vanadium sesquioxide (V203). Stoichiometric V203, at ambient
pressure, undergoes a transition from an antiferromagnetic insulator to a
paramagnetic metal and represents the prototype of Mott-Hubbard insula-
tor.

Extending the application of well grounded first-principles methods to
the more correlated system, more complex physical aspects have to be taken
into account. This implies that also the self-energy becomes a more compli-
cate object to deal with. At the same time, the increased complexity requires
to introduce simplified approaches in order to keep the problem practically
tractable.

This is what I have started to learn in this thesis.
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Appendix A

Derivation of some equations
in MBPT

A.1 Equation of motion of the Green’s function

The Hamiltonian of a system interacting via a two-particle Coulomb poten-
tial v can be written in second quantization as:

N ~ ~ 1 ~ o N N
H= /dr1¢+(1‘1)h0(r1)¢(f1)+2/dl‘ldl"21/)+(F1W+(1"2)U(|f1—1‘2|)¢(1"2)¢(f1)7
(A.1)
where hg is the one-particle term of the Hamiltonian ho(ri) = —V3/2 +
Vet (Arl) and 1(rq) are fermionic field operators that anticommute according

to {(r1), $(r2)} = 0 and {)(r1),9)* (r2)} = 6(r1 —r2).
The equations of motion for the field operators in the Heisenberg picture
are:

O 51) = ho(1)d(1) + / d20(1,2)i* (209 (2)d (1),

i
. ot A A - (A.2)
i) = ~ha(D* (1) = 97(1) [ d20(1, 257 (2)52).
1
where 1 is a shorthand notation for rit107. Since:
9 - . . P o n
ig (1) = [0(1), H] = (), Hle ™, (A:3)

in order to get the first of (A.2), one has then to evaluate commutators like

(see (A1)): [(r), o (r1)d(ry)] and [(r), & (r1)d T (r2)d(r2)d(r1)]. Anal-

PN

ogously for the equation of motion for )™ (1).
The Green’s function is defined as (see Eq. (3.1)):

G(1,2) = —i(N|TH ()9 (2)]IN), (A.4)
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A. Derivation of some equations in MBPT

where |N) is the exact ground state of the interacting system and 1[1 are
Heisenberg operators. From the definition of T-product:

G(1,2) = =i[0(t1 — ta) (N[ ()T (2)|N) = (2 — 11) (N[ (2)(1)| V)]
(A.5)
Calculating the 0/0t; derivative of G, for the first term in the right-hand-
side of (A.5), one has:

o [0 — NI @)IW)] =
= [0t = ) (NI )IN) + 6011 ~ £2) (V]9 ()9 ()N,
1 1
(A.6)
Analogously for the second term. Since:
0 —0(t1 — t2) = —QG(tQ —t1) = 0(t1 — t2), (A.7)

oty oty

and, summing up the derivatives of the the two terms in Eq. (A.5), one has:

0

, , YN
i55,6(1,2) = —ii)o(1,2) —1<N\T[Zafhw(1)¢+(2)HN>‘ (A.8)

Using the equation of motion (A.2) for the field operators in (A.8), one gets:

0

ig G(1,2) =0(1,2) — iho(L)(N|T (1) (2)]|N)+

i/d3v(1,3)<N!T[¢3+(3)¢3(3)1@(1)¢+(2)]|N>- (A.9)

Since field operators inside the T-product can be exchanged:

TR (NP1 (2)] = TRHE)H(L)ET (3T )T (2)]

. AR, . (A.10)
T B)()PT (37T (2)] = TR (1)dB)dH (3P (2)],
and, defining the two-particle Green’s function as:
G2(1,2,3,4) = (=) (N|TH ()P 2)T (49T 3)]|NV), (A.11)
one finally obtains:
8—h()G(12)—6(12)—'/d3 (1,3)Go(1,3,2,3%) (A.12)
o, 0 IR '
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A.2 Schwinger’s functional derivative

A.2 Schwinger’s functional derivative

In presence of an external perturbing potential V., the total Hamiltonian
becomes:

Hyt = H + Hy, (A.13)

where H is given by Eq. (A.1) and the perturbation is:

i = / A1+ (1) Vper (1)(1). (A-14)

The perturbation V., will be made vanish at the end of the derivation.

In this case it is more convenient to adopt an interaction picture [119],
where operators still evolve according to the unperturbed hamiltionian H
(see (A.3)) and states evolve between two times ¢ and t' according to:

() = U, 01w (0)), (A.15)

where the time-evolution operator U (t,t') has been introduced.
The time-evolution operators form a unitary group and satisfy the equa-
tions of motion:

zQU(t, "y = Hi(H)U(t,t),
ot (A.16)

8 . .

U, ) =-U(t,t")H(t),

with the boundary condition U(t,t) = 1. The formal solution to these
equations is:

U(t,t") = T exp ( —i/t/t dtlﬁl(t1)>. (A.17)
In this way the Green’s function is redefined as [127][119]:
Gz - VIO oo roiyir@IN)
(N|U ( , +00)[V)

where |N) is some state of the system with H; = 0. This definition coincides
with Eq. (3.1) when Hy = 0 and |N) is the ground state.
I will now demonstrate that for t <t; <t,ort/ <t; < t:

SU(t, ')

AT I UL CLI MO OGRS (A.19)

If ¢; doesn’t belong to the interval [¢,¢'] (or [t/,t]), then the derivative is 0.
Note that when ¢ = ¢/, (A.19) is nomore defined.
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A. Derivation of some equations in MBPT

When the perturbing potential changes as: Vpe, — Vp’eT Voper + 0Vper,

the evolution operator changes as: U — U + 6U. The first of the equations
of motion (A.16) has to be rewritten as:

i%[ff (t,t) + 6U(t,¢)] = [Hi(t) + SHL (O[T, ¢) + U, V). (A.20)

Keeping only the first-order terms, one has:
z’gtéf](t, "y = SH (U (L, ') + Hy(t)dU (t,1"). (A.21)

It can be verified that the solution of (A.21) is, for ¢ > t':
t
SU(t, ) = —2'/ dt U (t, t1)0Hy (t1)U (t1, ), (A.22)
tl

which, once the functional derivative is performed, proves (A.19) for ¢’ <
t; < t’. The same procedure can be similarly applied for the second of
(A.16), for which it holds analogously:

z;ﬂw(t t') = ~U(t,t")0H(t') — 5U (t,t')Hy (t'). (A.23)

Now, combining this result with the following general rule for the func-
tional derivatives [119]:

§ [Nv(x)y 1 ON[v(x)] dD[v(x)]
520 Loon) = D@l oty PO M@0 (420
it is possible to evaluate 0G(12)/0Vper(3), with the result [126][378]:
25(17(3 =G(3,3M)G(1,2) — Ga(1,3,2,3T). (A.25)

A.3 The Dyson equation

The equation of motion of the full Green’s function G and the Hartree
Green’s function Gy are:

za‘?l—ho( ) — vH(l)]G(m) —5(1,2)+/d32(1,3)G(3,2), (A.26)

[Zaatl — ho(1) — H(1)]GH<1,2) =5(1,2). (A.27)

The Hartree Green’s function is the resolvent of the Hartree Hamiltonian
(built with the exact density of the system):

GA(1,2) = [Zaal ~ho(1) — VH(1)}5(1,2). (A.28)
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Inserting (A.28) in (A.26) leads to:
/dg[G;,l(L 3) — 3(1,3)]G(3,2) = 5(12). (A.29)
Multiplying (A.29) on the right with G~1(24), one has:
G4(1,2) — 2(1,2) = G(1,2). (A.30)

Finally, the Dyson equation:
G(1,2) =Gg(1,2) + /d34GH(1,3)E(3,4)G(4, 2) (A.31)

is obtained by multiplying (A.30) on the left with G(3,1) and on the right
with G(2,4).

A.4 Derivative of the identity

A Green’s function G and its inverse G~! are defined by:

/d3G—1(1,3)G(3,2) =4(1,2). (A.32)
Deriving (A.32) with respect to the external potential V., yields:
0G(3,2)
d3G—1(1,3) d3—————G(3,2 A.33
/ 6‘/}767" / 5‘/})67" ( ’ )7 ( )
which can be solved for 60G/6Vper:
6G(1,2) / §G1(4,5)
d45G(1,4)————=G(5,2). (A.34)
0Vper(3) Vper(4)
It is interesting to note that by adding to (A.34) an arbitrary function C
that satisfies G=1C = 0 another solution of (A.33) can be found [379]. But

if we consider GG for the ground state only, then C' must be zero.

A.5 Hedin’s equations

The definition of the time-ordered screening

5‘/;501&( )
0Vper(2)”

where Vi is the total classic potential, sum of the Hartree potential Vg and
the perturbing potential Vj,, permits to rewrite the equation (3.33) for the
self energy X

“(1,2) =

(A.35)

§G71(4,2)

»(1,2) = —i/d34u(1+,3)G(1,4)M

(A.36)
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as:

- 6G71(4,2) 0Viw(5)
5(1.2) = i [ asu(r3)600,4) 5 (2 T

5%01‘,(5)

(A.37)
= —z’/d345v(1+,3)G(1,4) e '(5,3).

Defining the screened potential W and the (irreducible) vertex as (see also
Eq. (3.40)):

W(1,2) :/d361(1,3)v(3,2), (A.38)
. 6GTH(1,2)
I'(1,2,3) = @) (A.39)
one gets:
»(1,2) = z’/d34G(1,3)W(1,4)F(3,2,4). (A.40)

As for the reducible vertex I' (see Eq. (3.37)), thanks to the Dyson
equation (3.29) G™! = G5! — %, the equation (A.39) for vertex I' can be
rewritten as:

5%(1,2)
3G(4,5)

P(1,2,3) = 6(1,3)5(1,2) + / 44567 G(4,6)T(6.7,3)G(7,5). (A.41)

Moreover, from the definition (A.35) of e, one can explicitly write:
e 1(1,2) = 6(1,2) —|—/d3v(1,3)x(3, 2), (A.42)

where the reducible polarizability x(32) = dp(1)/6Vper(2) has been intro-
duced. Using the chain rule:

o= [

the (irreducible) polarizability P(1,3) = dp(1)/6Viet(3) can be similarly de-
fined. The combination of (A.35) and (A.43):

x(1,2) = /dBP(l, 3)e1(3,2), (A.44)
used together with (A.28), yields a Dyson equation linking x to P:
x(1,2) = P(1,2) + /d34P(1,3)v(3,4)x(4, 2). (A.45)

It is important to remind that the polarizabilities appearing in these equa-
tions are all time-ordered quantities. The fact that the density p is p(1) =
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—iG(1,17) and the derivative of the identity (A.34) performed with respect
to Vit permit to write an equation for P:

P(1,2) = —i/d34G(1,3)F(3,4, 2)G(4,17). (A.46)

Finally, combining its definition (A.38) with Eqs. (A.42) and (A.44), one
obtains a Dyson equation also for W:

W(L,2) = v(1,2) +/d34v(1,3)P(3,4)W(4, 2). (A.47)

The four equations (A.40), (A.41), (A.46) and (A.47), together with the
Dyson equation (3.30), constitute the closed set of Hedin’s equations.

A.6 How to get a two-point Bethe-Salpeter equa-
tion?

The Bethe-Salpeter equation is a four-point equation, as extensively dis-
cussed in Sec. 5.3. Nevertheless, in this section I will show how it is possible
to derive a two-point approximation to the exact BSE simply by making
the hypothesis that the “quasiparticle Green’s function” Ggp stems from a
local potential. Ggp is defined as the Kohn-Sham Green’s function where
the Kohn-Sham eigenvalues are replaced by the quasiparticle energies, which
include GW corrections.

The Bethe-Salpeter equation reads (sums over repeated indexes are un-
derstood):

L(la 2a 37 4) = L0(17 2a 3a 4)+
+ Lo(1,2,5,6)[v(5,7)0(5,6)5(7,8) + =(5,6,7,8)]L(7,8,3,4). (A.48)
The many-body excitonic kernel

5%(5,6)
5G(7,8)

=(5,6,7,8) =i (A.49)

is usually approximated by taking (5,6) = iG(5,6)W(5,6). In this way
one gets:

L(1,2,3,4) = Lo(1,2,3,4)+
+ Lo(1,2,5,6)[v(5,7)8(5,6)8(7,8) — W(5,6)5(5,7)5(6,8)]L(7,8,3,4).
(A.50)

But in actual calculations X(5,6) = iGgp(5,6)W(5,6), where W is the RPA
screened interaction and Ggp is the “quasiparticle” Green’s function. Here
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A. Derivation of some equations in MBPT

I will explicitly show how the BSE is modified by taking into account the
derivative of iGgp(5,6)W(5,6).

Using the chain rule §X/6G = (62/0Ggp)(6Ggp/dG) and neglecting, as
usual, the derivative §W/JG, one has:

§X(5,6)  6%(5,6) 0Gqp(9,10)
5G(7,8)  0Gop(9,10) 6G(7,8)

5Gqp(9,10)
d0G(7,8)
(A.51)
Making the hypothesis that Ggp stems from a local potential, one has

= iW(5,6)8(5,9)8(6, 10)

5Gqp(9,10)

3G(7,8) = —iGqop(5,9)xgp(9,10)8(7,10)6(8,10)Gop(9,6).  (A.52)

So the direct term W (5,6)d(5,7)d(6,8) in the original BSE (A.50) turns out
to be replaced by:

iW (5,6)Gqp(5,9)xop(9, T)Gor(9,6)5(7,8). (A.53)

Defining the new kernel f(5,6,7) = iW(5,6)GQp(5,9)Xé}D(9,7)GQP(9,6),
the Bethe-Salpeter equation becomes:

L(1,2,3,4) = Lo(1,2,3,4)+
+ Lo(1,2,5,6)[v(5,7)3(5,6)5(7,8) + £(5,6,7)5(7,8)|L(7,8,3,4). (A.54)

This equation has a three-point kernel instead of a four-point kernel, as the
original one (see Eq. (A.50)). Therefore it can be contracted directly to a
two-point equation, by considering x(1,2) = L(1,1,2,2). This contraction
immediately gives:

X(1,2) = Py(1,2) + PP (1;5,6)[0(5, 7)6(5,6) + £(5,6,7)]x(7,2). (A.55)

Introducing the identity 6(1,3) = Py(1,4)P; *(4,3), (A.55) can be rewritten
as:

x(1,2) = Py(1,2)+
+ Py(1,4) Py (4,3) P (3:5,6)[u(5,7)8(5,6) + £(5,6,7)]x(7.2), (A.56)

which is the two-point equation:

having introduced the kernel F(3,4) = Py (3, 5)P(§3)(5; 6,7)[v(6,4)0(6,7) +
f(6,7,4)].
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Appendix B

Density functional in the
Dyson equation

In Sec. 5.4.1 I have shown how F. Bruneval et al. [253] have introduced the
density-functional concept in the many-body framework, finding a simpler
equation for the vertex function I'. Analogously, here I will discuss that,
thanks to the Runge-Gross theorem, it is possible also to rewrite the Dyson
equation between Gy and G.

The self-energy is implicitly defined by (see Eq. (3.26)):

, 0G(3,2)

d4¥(3,4)G(4,2) = d4 4 .

[ arse.060.2) =i [an G

Here §G(3,2)/6Vyper(4) is nothing else than a three-point reducible polariz-

ability x* (see Eq. (A.43)). So the Dyson equation (B.4) can be rewritten

as:

G(1,2) = Gu(L.2) + [ 431566 (1,3)0(35x(5.0x (6,413, 21)

(B.2)

(B.1)

where the identity xx~' = 1 has been inserted.

The scope of MBPT is the calculation of the Green’s function G. The
important observation to make here is that in Eq. (B.2) there is no need to
introduce the self-energy in order to calculate G. From Eq. (B.2) the Green’s
function G can be obtained by making use only of response functions, whose
calculation has been discussed in Chapter 5.

Moreover, thanks to the Runge-Gross theorem (see Sec. 5.4), it is pos-
sible to use the chain rule §G/0Vpe, = (0G/6p)(0p/Vper) in Eq. (B.1) and
get:

. 0G(3,2) dp(b)
/d42(3,4)G(4, 2) z/d45@(3,4) 5p(5) Voo (4)
)

5G(3,2)

D56

= i/d45v(3, 4 (B.3)
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B. Density functional in the Dyson equation

where, contrary to TDDFT, x, like all the other quantities used here, is a
time-ordered polarizability. Inserting this relation into the Dyson equation
(3.30):

G(1,2) = Gy(1,2) + /d34GH(1,3)E(3,4)G(4, 2), (B.4)

one has the final result

5G(3,2)

5205 (B.5)

G(12) = Gu(1,2) +i/d345GH(1,3)v(3,4)X(5,4)

where Gy = [w—ho — Vi(1,2)] 7! is the resolvent of the Hartree term of the
full Hamiltonian (i.e. it is built using the exact electronic density, not the
density obtained in the Hartree approximation).

The interesting result found here is that also in this other equation for
G the self-energy ¥ doesn’t appear anymore. All the many-body effects are
hidden in the term 0G/dp. If one were able to find a good approximation
for this term, one would obtain G directly, without using . A first ap-
proximation of this term could be 0G/dp = G KSX;SG KS, stemming from
the approximation G = Ggg in 6G/dp. X;({g has poles that lie between the
poles of x ks, which are in correspondence to the Kohn-Sham one-particle
transitions. As shown by F. Sottile et al. [230], when these poles are in
the quasiparticle band gap, they give rise to spurious structures in the ab-
sorption spectra. A better approximation to dG/dp would be instead to
use a quasiparticle Green’s function Ggp and get: 0G/dp = GQPPO_lGQP
with the hypothesis that Ggp derives from a local potential. Ggp is built
with Kohn-Sham eigenfunctions and eigenvalues with self-energy corrections
included and Py has poles in correspondence to differences between quasi-
particle energies.
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Appendix C

Integral equations

If the self-energy > and the full Green’s function G are assigned, the gener-
alized Sham-Schliiter equation

/dr3VSF(I“3,UJ)Im[GSF(I“1,r37w)G(r3,r1,w)] =

= /drgdr41m[GgF(r1, r3,w)X(rs, rq,w)G(ry, r1,w)] (C.1)
together with the Dyson equation:

G(rly ro, w) = GSF(rla ro, W)+

+ /drgdr4GSF(r1, r3, w)[X(rs,ry,w) — Vop(rs,w)d(rs — r4)]G(rq, ro,w)
(C.2)

constitute a set of two equations for two unknowns, Ggr and Vgp, that have
to be solved self-consistently.

In particular, Eq. (C.1) is a Fredholm integral equation of the first kind
in Vgp. For each frequency w, it can be cast in the form:

/ s A(z1, 22)U (52) = F(21). (C.3)

If the kernel A can be written as:

Az, 20) = Z Dy(x1)Hi(z2), (C.4)

it follows:
/d$2A(l’1, .TQ)U(xg) = Z Dl(Il) /dl‘2H1($2)U(x2) = F(:L‘l), (CE))
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C. Integral equations

whence the necessary condition:

= Z aiDi(:z:l), (Cﬁ)
where «o; = (H;|U). The general solution of Eq. (C.4) is [380]:

= ZﬁiHi(xl)v (C.7)
with:

g=T"a, (C.8)
where I';; = (H;|Hj). So I';; must define an invertible matrix. In fact,

putting U(x2) = >_; BjHj(x2) in Eq. (C.4) one finds:

/dmg ZDi(x1)H¢(:cz) ZﬁjHj(@) = Z Di(z1)B;li; = F(z1), (C.9)
[ J 1]

which, compared with (C.6), yields: «; = Zj I';j8; and therefore (C.8).
Moreover, if U(zs) = U(za) + ®(x) with (H;|®) = 0 Vi, then also U is a
solution of Eq. (C.4).

C.1 Linearization of the generalized Sham-Schliiter
equation in HEG

In this section I will explicitly calculate the integrals in the linearized gener-

alized Sham-Schliiter equation (7.42) for Vsp in the homogeneous electron

gas in the situation where the self-energy is the exchange Fock operator.
The equation to solve is:

d
Vsr(w Im/ G%p(w,p) Im/(271:)3G%F(w,p)Em(p), (C.10)

where ¥, (p) is:

5.0 = - [ oyatlor — )T (©11)

Setting k = p/pr, one has explicitly [50]:

1—l<:2 ‘1+k‘>

S (k) = —%F (1 + In (C.12)

which is nonanalytic in £ = 1 (see Eq. (1.36)). I will follow here the
derivation of I. Tokatly [371]. The Green’s function Ggr(w,p) (7.39) can be

rewritten as:
2 2

pE Q2 (w) — k%’
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C.1 Linearization of the generalized Sham-Schliiter equation

where k = p/pr and Q*(w) = (2/p%)[w + p — Vsr(w) + insgn(w)]. So, for
the left-hand-side of Eq. (C.10), one has:

dp 41 [Fo° 4rpak? 4
— = —= dk =
4 “+o00 k2
~ e | Mg .

4 +oo k:2
= — dk .
pF /oo (Q+k)*(Q — k)?

I use the residue theorem to calculate the last integral. The contribution
deriving from the upper semicircle centered at the origin and radius R van-
ishes for R — oo since the integrand behaves like 1/k? for k — oo [381].
The integrand has a second-order pole for k£ = £@Q. If Im@Q) > 0 I close the
contour in the upper complex half-plane. This contour includes the pole
k = @. The residue is:

d K 1
[@7@ - WLQ -0 (C.15)

If Im@ < 01 close the contour in the lower complex half-plane. This contour
includes the pole K = —@). The residue at £k = —(@ has the opposite sign
with respect to the residue at k = (), which is compensated by the fact that
the contour is now closed in the clockwise direction. So:

dp 4 2mi 2
ﬂuG( D)= 00010~ mrQ (C.16)

For the right-hand-side of Eq. (C.10) one has to calculate the integral:

S LY P
83 8 k—al (k2 -Q?)?%

T “+o00 ]{52
=—— [ dg® | dfsin6 dk
w3/o qq/o . /oo (k2 — Q2)2(k? + ¢* — 2kqcos0)’
(C.17)

where k = p/pp and q = p’/pp. The last term can be rewritten as:

k2 k2
(k2 — Q1)2(k? + ¢2 — 2kqcos§) — (k — Q)*(k + Q)*(k — qe'?)(k + ge)’
(C.18)
The integral in k& can be done using the residue theorem. For Im(@) > 01 close
the contour in the upper half-plane. There are two poles: the second-order
pole k = @ and the first-order pole k = ge?. For ImQ < 0, the contour is
in the lower half-plane, the residues have opposite sign, and the integration
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C. Integral equations

is in the opposite direction. So the result is the same. The integral over the
residue of the pole k = ¢e' is zero:

4 0 2mig2e?? sin 0 " 0 nqe'?? B
0 d (220 — Q2)2¢(e® — ¢i0) — | d (220 — Q2)2 ~

T [T qei¢ T f q
), P 5 L g~ (©19

The residue of the second-order pole in k = @ is:

[i i |- [l (C.20)
dk (k 4+ Q)2(k? + ¢2 — 2kqcos0ly=q  4Q(q% — 2qQ cos 6)?’ ’
So:
dk dq 47 4
4 [ ot = O g G o = (©.21)
4 21 (1 g 7 — Q?
=— ——— [ dq¢* | dfsind = 22
7 4Q /0 “ /0 "7 = 20Q cos 0)? (€22
2 /1 9 /’+1 q2 _ Q2
=— —— d dx = C.23
2Q Jo ) @ QT 2Qqu)? (C.23)
41 1 9 7>
= ﬂ_QQ/O dqq ma (C.24)
which yields the final result:
4 Q. 1Q+1

Hence Eq. (C.10) results:

VSFWm{W;cS@} = ‘Im{ﬁaé}iw) - Q(;)) In| 88 . 1 |} ©2)

and then (see Eq. (7.43)):

7 ReQ(w) ReQw) 1. 1Q(w)—1
or o~ g1l

sr(w) (C.27)

IR

In particular, if ReQ(w) = 0 both sides are 0.

C.2 Screened-exchange self-energy in HEG

In this section I will calculate the general form of the screened-exchange self-
energy in the homogeneous electron gas that is plotted, for some values of
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C.2 Screened-exchange self-energy in HEG

the screening length A, in the top panel of Fig. 7.5. The self-energy defined
in the real space reads:

S(r 1) = iGr — 1t — t7) e IrI/A (C.28)

v — x|

and in the Fourier space (introducing k) = A71):

SR KL TSTRY

873 |p — q)* + k2

/1 P+ ¢? —2pq:c+k2 B

Ly [P7 ¢ 2, 1.2 s 2
= —— dg—In|(p+q)° + k / dq— In|(p 21k =
1

_ 1., 9 ) L p4q
— %{b/@\ln[(p-i‘(n + k3] — 2pk) tan ( i )+

1 1 :
— 5+ + 2(p+q) + 5(¢* — ") n[(p +0)* + K3+

L. 2 2 -1 (P—4
— bk)\ln[(p—q) + k3] — 2pky tan ( I )+

B %(p —q)?+2p(p—q) + %(QQ —p*)In[(p—q)* + ki]: }pF'

(C.29)
The final result is [332]:
L gl (p+pr)” + K3
by =——dZ(pt+ k2 —pHn | L A
A(p) 2p7r{2(pp A1) [(p P ki} .30,

+ 2pk) [tam_1 <p — pF) — tan~! (p +pF)} + 2pr}.
kx kx

In particular, in the limit A — oo, that is ky — 0, the Hartree-Fock self-
energy > (p) is recovered:

1 /1 p+pF
Alp) — opm 2(pp p°)2In + 2ppp

2 .2
_@(1+pF P p+pF
™ 2pEp D —PF

(C.31)

() = 3 (p).

Using the self-energy (C.30) it is possible to calculate ImG(r,r’,w) and
then use Eq. (7.41) to obtain Vgp.
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