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Abstract

The development of novel optoelectronic applications crucially depends on the de-
tailed understanding of light-matter interaction in the candidate materials. From
a theoretical point of view, this task is especially difficult in the case of quasi-2D
semiconductors, since their optical response is dominated by strongly bound exci-
tons and many-body perturbation theory (MBPT) must be employed together with
first-principles computer simulations. The case of hexagonal boron nitride (hBN)
is interesting because its large band gap and high absorption/emission efficiency
make it amenable for the fabrication of UV emitting devices. However, the specific
microscopic mechanisms that govern the appearance of complex fine structures in
the optical spectra of different types of hBN samples (monolayers, few-layers, bulk
samples) are poorly understood, leading to discrepancies between experimental and
theoretical results. In this Thesis, we first show how the interlayer interaction in mul-
tilayers leads to a Davydov splitting of the excitonic states of single-layer hBN. We
study and characterize the absorption spectra in single layer, multilayer and bulk
hBN systems, focusing on the exciton symmetry and optical activity. We show that
in multilayers, Davydov splitting leads to a surface localization of the lowest-lying
optically active excitons.

These additional spectral features still cannot explain, by themselves, the experi-
mentally measured optical fine structure. Therefore, we calculate exciton dispersion
curves in order to search for the existence of indirect excitons with lower energy
than the lowest direct exciton. We find that in bilayer hBN the nature of the optical
gap (direct) changes with respect to the single—particle gap (indirect). In contrast, in
bulk hBN (and thicker few-layers of hBN) both optical and quasiparticle gaps are
indirect, i.e., they display a pronounced minimum in the excitonic dispersion curve
between I" and K.

If the lowest exciton is indirect, as in bulk hBN, then phonon-assisted transi-
tions become relevant for the description of the optical spectra. The reliable ab initio
description of exciton—-phonon coupling in indirect absorption and emission is the
main focus of this Thesis. We have tackled the problem with two approaches. In the
static approach, we calculate the coupling of excitons with phonons in a supercell
via a finite-displacement method. The supercell is commensurate with the k—point
corresponding to the minimum of the exciton dispersion. In this way, we are able to
reproduce the rich fine structure in the luminescence spectrum of bulk hBN in good
agreement with experiment and to explain it in terms of exciton—-phonon coupling.

The finite—displacement approach is supposed to work for indirect optical spec-
tra in any material where the minimum of the exciton dispersion gives the domi-
nant phonon-assisted contribution. Since in the absorption case this is not always
true, we have employed a second, perturbative approach for the description of in-
direct absorption spectra which also includes dynamical effects and a microscopic
treatment of the coupling. We have implemented the required many-body quanti-
ties (namely, the exciton—phonon coupling matrix elements and self-energy) in the
Yambo many-body code. We expect this new method to allow us to overcome many
of the theoretical limitations of previous approaches to indirect absorption.
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Introduction

The interaction of light with matter is perhaps one of the most important natural
phenomena, its effects extending from the cosmological to the microscopic scale,
and from living organisms to inanimate objects. Down to the microscopic scale,
the interaction takes place via the atomic constituents, electrons and nuclei. If we
imagine two quantised, isolated energy levels with energies E; < Ey, with an elec-
tron occupying level i, the optical absorption process takes place when the electron
interacts with an incoming electro-magnetic field, whose quanta carry the energy
hw = Ef — E;. The electron has a certain probability to absorb this energy and move
to the level f, leaving i empty. Then, the system is in an unstable excited state. The
excited electron will soon relax back to level i by emitting a photon with energy hw.
This simple one—electron, two-level picture is considerably altered in a condensed
matter system, like a crystal, which contains ~ 10% particles per cm?: the electrons
are moving around the atomic nuclei which are arranged in an organized, symmet-
ric structure called lattice. In this case, the mutual interactions between the particles
complicate the response of the system to an incoming electro-magnetic field, with
various many-body phenomena possibly shaping it (e.g., metal or insulating char-
acter, magnetism, electronic correlations and screening, electron—lattice interaction,
)

This thesis is concerned with the theoretical calculation of optical spectra in
hexagonal boron nitride, a prototypical layered material, taking into account the
coupling of optical excitations with lattice vibrations. We introduce the topics be-
low.

Theoretical spectroscopy

Spectroscopy is the study of the response of matter to external radiation, an electro—-
magnetic (em) field. This radiation brings the system into an excited state. In par-
ticular, optical spectroscopy is concerned with the response of the matter system to
incoming em waves of frequencies (or equivalently wavelengths) broadly spanning
the range between infrared and ultraviolet light. Normally, the information about
the excited states of the system are encoded in a frequency—dependent response func-
tion, from which an optical spectrum can be obtained.

In general, when light (coming, for example, from a laser beam) encounters the
surface of a material, it is partly reflected and partly transmitted within. Inside the
system, as light propagates in the presence of electronic and ionic charge densities,
it may be scattered or absorbed. In the latter case, and if our system is semiconduct-
ing, only em waves with energy hw larger than the energy gap of the material may
be absorbed. The system (at least in the absence of defects) will be transparent to
the remaining light. Such light can then be collected in a detector upon exiting the

1n our case, we will always consider the response of the system to be linear, that is, its interaction
with the external field is weak enough to be described by first-order perturbation theory. Similarly,
the interation between the electrons and nuclei inside the material will be weak enough so that they
may be initially considered as separate systems.



system and compared with the initial incoming field: the missing frequencies are the
absorbed ones. This is the simplest way to obtain an absorption spectrum.[1] Clearly,
the intensity, number, and energy of the spectral features depend on the probability
of light absorption. Therefore, by analysing absorption spectra we are able to obtain
a wealth of information on the electronic structure of the system. For example, the
onset of the absorption spectrum is an approximate measure of the energy gap of the
material: depending on its value, the material might become a valuable core com-
ponent of a transistor, LED, solar cell, or be a transparent substrate to other crystals,
et cetera. Furthermore, the intensities of the spectral peaks hint at the strength of the
coupling between the electronic wave functions and the incoming em wave, as well
as at the electronic density of states: this may give some insight into the possible
usage of the material in an efficient light absorbing or emitting device. We can then
conclude that optical spectra open a window into the inner, microscopic features of
the system, revealing the quantum interplay between its particle constituents.

When the energy carried by the light is transferred to a system previously in
its ground state (i.e. at equilibrium, undisturbed by external probes), we say that
the system enters an excited state, or that an excitation is created. The simplest
conceptualisation of such an excitation is the picture in which an electron is pro-
moted from a valence band (an allowed energy-momentum level for the system
at rest) to a conduction band (an allowed higher—energy level), that is the creation
of an electron—hole pair. Conversely, suppose now that a non-monochromatic laser
field excites many electrons to various conduction bands, or that a high—frequency
monochromatic field sends an electron well above the energy gap. The excited—state
relaxation dynamics of these electrons, taking place afterwards, will complicate the
description of the system. However we can imagine, in the simplest case, that the
excited carriers will relax fast to the respective band edges, and only then recombine
(i.e. restoring the ground state of the system) with a certain probability. When this
happens, the system must lose energy, and if the recombination is radiative a photon
with the appropriate frequency will be emitted. This process is called photolumines-
cence. The frequency-resolved detection of the emitted photons constitutes a lumi-
nescence (or more broadly emission) spectrum. Luminescence spectra are in general
more difficult to interpret than absorption ones, because they depend on the great
variety of relaxation processes that may take place when the system is pushed out
of equilibrium. However, since luminescence usually takes place only in a localised
region of the sample (close to where the laser excites the system), these experiments
are in most cases much easier to carry out than absorption ones. Furthermore, some
features that are not present or negligible in the absorption spectrum may become
dominant in the luminescence one (and viceversa), so that a comparison of the re-
sults from both techniques allows for a more complete insight into the electronic
structure of the system and the physical mechanisms regulating the excitation pro-
cess. Materials with high luminescence yield, for example, are well-suited for the
fabrication of light-emitting devices such as lasers.

If the electron—electron interaction inside the system is highly screened, the elec-
trons” behavior approaches that of non—interacting particles moving in an electro-
static potential generated by the “frozen” atomic nuclei. If this is not the case, addi-
tional effects have to be considered to correctly describe the process of electron-hole
creation. For example, when an electron jumps to an excited state, it causes a redis-
tribution of the remaining electrons in response to its change of position and energy.
In particular, the electron will drag (or be pushed by) a cloud of nearby particles,
affecting its motion, energy, scattering rates et cetera. We call the excited electron



“dressed” by its cloud a quasiparticle. A quasiparticle may also be formed by the ex-
cited electron plus its interaction with the nearby quantised lattice vibrations, i.e. the
phonons. Indeed, the atomic nuclei are not frozen in their equilibrium positions, but
oscillate around them in a type of collective motion determined by their own interac-
tion with the electronic charge density. This picture may be additionally complicated
when the electron non—negligibly interacts with its corresponding hole: in fact, the
hole acquires an effective positive charge because of the electron’s departure from its
energy level in the valence band. The presence of an electron-hole interaction means
that electron and hole motions are correlated. This can be in general conceptualised
by considering the electron and the hole (which in general have different effective
masses in a solid) as orbiting around each other. However, this is actually a collec-
tive excitation made of many different electron-hole pairs excited at the same time,
and we call it exciton. If the exciton is highly localised in momentum (i.e. reciprocal)
space, then it approaches the single electron-hole pair picture. In this thesis, we are
going to investigate all these effects and in particular focus on the excitons and their
further interaction with phonons as our main topic: in fact, we will study indirect
optical excitations.

Since in general the wave vector of light in the optical range is much smaller that
the one typically characterising the electronic wave functions in a solid — the latter’s
order of magnitude being determined by the crystal lattice constant — an electron
excited from the valence to the conduction band only changes its energy but not its
momentum. However, it is certainly possible that the bottom of the conduction band
and the top of the valence one lie at different momenta (like in silicon — in this case
the energy gap is indirect). Despite this, an electron-hole pair can still be optically
created by a second-order process involving phonons. In fact, although the phonon
energies are in general rather small compared to the electronic energy gap, their
crystal wave vectors are of the same magnitude as the electron ones. The electron can
then simultaneously (i) absorb light and (ii) be knocked “sideways” by a phonon,
which provides the necessary momentum transfer to bridge the indirect gap. This is
a phonon-assisted optical transition. Naturally, the reverse transition is also possible
(phonon-assisted recombination). The probability of an indirect transition, being the
product of the probabilities of both electron-light and electron—-phonon scattering, is
in general much lower than that of a direct transition. The indirect spectral signature,
however, will be enhanced with respect to its direct counterpart in a luminescence
experiment: this is because in this case the indirect transitions lie at lower energy. A
scheme of direct and indirect optical transitions is displayed in Fig. 1

The necessity to obtain a theoretical equivalent to the experimental observables
for realistic, complex materials suggests that they should be modeled using com-
puter simulations. Indeed, the quantum mechanical equations governing the inter-
actions of a many-body system can be solved numerically at different levels of ap-
proximation. In general, these techniques are termed first—principles or ab initio,[2, 3]
in the sense that they do not require external fitting parameters and models, but only
the number and type of charged particles present in the system along with their mu-
tual Coulomb interaction. The most commonly employed of such first-principles
techniques, useful to calculate the electronic ground state of the system and an
approximation of its band structure, is called density functional theory (DFT).[4]
Phonons can also be obtained in a DFT-based formalism by density functional per-
turbation theory (DFPT).[5, 6] Finally, quasiparticle corrections[7] and excitons[8]
are obtained by many-body perturbation theory (MBPT), where the results of DFT
simulations are used as input data. As more sophisticated first—principles simula-
tions require more and more computational efforts, the availability of large-scale
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FIGURE 1: Two-band scheme for optical transitions (direct transtions: left, indirect: right).
The valence band is marked with a red line, the conduction band with a blue line. An elec-
tron (black dot) is excited from valence to conduction, leaving a hole (white circle) behind.
The presently formed electron-hole pair can also recombine via the inverse process. In the
direct case, the absorption or emission of a photon with energy fiw (blue arrow) enables the
transition. In the indirect case, the photon provides most of the energy to bridge the band
gap, but only the concomitant emission of a phonon (dotted arrow, energy #(}) can account
for the needed momentum /g = Tilks — k;|. In this case the energies of the absorbed and
emitted photons are different (blue and orange arrows, respectively), leading to an energy
shift between absorption and luminescence spectra.

high-performance computing (HPC) facilities is crucial for the undertaking of what
we may also denote as “computational experiments”.

In this thesis, we develop the necessary tools to perform computational indirect
absorption and luminescence spectroscopy. We test this on a particularly interesting
material, described in the following.

Boron nitride: a simple structure leads to complex spectral fea-
tures

In the wake of the experimental discovery of graphene, the single layer of graphite,
by Novoselov, Geim et al. in 2004,%[10] an intense research effort — both experi-
mental and theoretical — was started to investigate the unusual properties enjoyed
by layered materials because of electronic quantum confinement along the stacking
direction,[11] particularly semiconducting ones.[9] Among these materials, boron
nitride holds the largest energy gap, deep in the UV range (see Fig. 2). Boron nitride
in its hexagonal form (hBN) is stable at room temperature and ambient pressure.[12]
Being made by stacked BN layers arranged in a hexagonal, honeycomb structure
dictated by strong sp2 covalent bonds, and weakly coupled to each other by van
der Waals forces and the overlapping p, orbitals, hBN acts as the insulating coun-
terpart of graphene/graphite.[13] It can be grown from solutions at high—pressure,
using solvents that contain both B and N,[14, 15] or by epitaxial techniques such as
chemical vapour deposition and molecular beam epitaxy.[16, 17] Few-layer samples
can also be obtained by epitaxy or by exfoliating the bulk material (however their
production has proven to be difficult due to easy defect creation[18]).

2K. S. Novoselov and A. K. Geim were awarded the 2010 Nobel Prize in Physics “for groundbreak-
ing experiments regarding the two-dimensional material graphene.” (https://www.nobelprize.org/
prizes/physics/2010/summary/).
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FIGURE 2: The “zoo” of 2D semiconductors. Figure taken from Ref. [9]. The layered materi-
als represented in the graph are ordered from left to right according to increasing band gap
energy. They start with graphene (0 eV) and end with hBN (> 6 eV)

Indeed, this material may appear quite simple at first sight: the required ingre-
dients are just a unit cell composed of two light and easy-to-model atoms, a highly
symmetric planar lattice structure (as shown in Fig. 2; see also Fig. 2.1), and only one
relevant valence and conduction band, both spin-degenerate. Yet, the physical phe-
nomena emerging from this uncomplicated structure are unusual, intriguing, and
often difficult to grasp. Indeed, the interesting physical properties of hBN have been
shown to be highly valuable for many applications, including graphene-based elec-
tronic devices (where hBN is used as an encapsulating substrate, flattening graphene
and improving its electron mobility)[19, 20] and electrical insulating applications in
vacuum and/or high temperature technology (in nanotube form).[16, 21, 22] Addi-
tionally, point defects in hBN have been proven to act as bright single-photon emit-
ters and the pristine material, viewed from the perspective of infrared nanopho-
tonics, can host hyperbolic phonon polaritons.[17] However, in the context of this
thesis we are interested in the ultraviolet spectroscopy of hBN, since this material is
also promising for optoelectronic applications in the deep UV range. In fact, its large
band gap, in combination with the observed high luminescence yield of high—quality
samples, makes hBN amenable for the fabrication of ultraviolet (UV) emitters.[14, 16,
21, 23] UV emitters have a variety of applications, arguably the simplest possible one
being information storage technology (optical storage, i.e. laser-based data reading
and writing). They may be also useful for environmental protection, since they can
trigger redox reactions in TiO,—based nanomaterials (i.e. photocatalysis): this pro-
cess is able to remove organic pollutants from air— or water—based environments.
Another important field of application is the medical one, since intense UV light can
be used, for example, to sterilise and purify water. In order to envisage efficient BN-
based UV emitters, however, the optical properties of bulk and few-layer hBN must
be thoroughly understood: we will offer several contributions towards this goal in



this thesis.

From the experimental point of view, a variety of techniques have been used
to investigate the optical properties of hBN, including cathodo- and photolumines-
cence, deep inelastic x-ray scattering, Raman spectroscopy and two—photon spec-
troscopy.[13, 14, 18-20, 24, 25] Theoretically, the state—of-the—art MBPT techniques
— namely the quasiparticle and excitonic frameworks — have been employed in
numerical simulations.[21-23, 26-29] From the theoretical works, it is clear that bulk
hBN features an indirect quasiparticle gap, with the difference in energy with the
smallest direct transition from the valence to the conduction band being small com-
pared to the gap energy (about 0.5 eV). Excited electrons in hBN, however, are sub-
jected to a highly anisotropic screening of their Coulomb interaction by the other
electrons: the screening is high in the plane of the hexagonal layer, but very low in
the rest of the volume, where the charge density is much reduced. This condition
gives rise to strong electron-hole interactions. Indeed, the optical properties of hBN
are found to be dominated by excitonic effects both experimentally and theoretically,
and a description in terms of single—particle band structures is not possible. The
binding energy of the lowest-lying “direct” exciton in BN systems is of the order of
1 eV, a value that is two to three orders of magnitude larger than in 3D semiconduc-
tors, and still much larger than in other layered materials such as transition metal
dichalcogenides.[30]

Experimentally, the appearance of a rich fine structure (i.e. the presence of mul-
tiple spectral peaks in a small energy window) in the excitonic luminescence spectra
of BN systems raised interesting questions about the true nature of intrinsic optical
excitations in hBN[13, 18, 19, 24, 25, 31, 32] (see also Fig. 3.1). In fact, this com-
plicates the experimental interpretation of absorption/luminescence spectra, where
additional obfuscating effects due to defects, temperature, and low resolution (spec-
troscopy in the deep UV range is difficult) also play a role. Various explanations have
been proposed for this fine structure: an additional relaxation of the lattice geometry
taking place after optical excitation (an excitonic Jahn-Teller effect), thus splitting the
degeneracy of excitonic states and thereby creating multiple peaks;[24] interaction
with defect states, as well as breaking of the symmetry of the hexagonal lattice due to
their presence;[13, 27] phonon sidebands arising from exciton recombinations. The
latter interpretation has been convincingly advanced by Cassabois, Valvin and Gil
in order to interpret their photoluminescence (PL) spectra. They present a case for
phonon-assisted recombination of an indirect exciton in bulk hBN, albeit using the
single—particle picture in their intepretation.[19] This conclusion, however, carries
the implication that also the optical gap in hBN, that is, the energy gap at the exci-
ton rather than single—particle level, has indirect and not direct character, despite the
large binding energy theoretically predicted for the “direct” exciton. Indeed, phonon
replicas have been observed in the cathodoluminescence (CL) spectra of few—layer
hBN,[18] which would indicate the presence of a strong electron—phonon interaction
in this material, something that we will also establish from the theoretical side at the
end of Chapter 2. The energy position of the “indirect” peak in Ref. [19], however,
is very close to the “direct” one predicted by theoretical simulations. The simula-
tions also disagree with Ref. [19] about the nature of the excitons (either strongly or
weakly bound), and finally, the few experimental data available on absorption do
not show the expected mirror symmetry with the luminescence process. Certainly, a
phonon-assisted recombination could reduce the probability that an emitted photon
is immediately self-absorbed, since the two processes would then happen at differ-
ent photon frequencies: this allows to extract more light from the material and can
contribute to the observed high luminescence yield. However, the exciton—-phonon



coupling should also be extremely efficient in order to justify the aforementioned
high yield. In conclusion, the question of the nature of the optical gap in hBN, as
well as that of the competition between indirect and direct optical absorption pro-
cesses, had remained open.

Scope of this thesis

The goal of this thesis is to understand, calculate and explain the origin of the fine
structures in the optical spectra of hBN systems, both in multilayer and bulk form.
In particular, the coupling of finite-momentum excitons with phonons, leading to
indirect contributions to optical absorption and luminescence, will be the main fo-
cus. The only way to definitively interpret the puzzling experimentally observed
spectral features of hBN samples is to include the right physical mechanisms in the
analysis. First, we must consistently introduce an “excitonic” point of view, and pro-
ceed in our spectroscopy analysis from there. This is accomplished numerically by
systematically using the Bethe-Salpeter equation (BSE) for interacting electron-hole
pairs as the starting point of our investigations.

A thorough understanding of the structure of the excitonic wave functions in
hBN, including their symmetries and therefore their optical activity, can already pro-
vide some insight into the spatial localisation of the excitations: this is one source
of fine structures in systems where the lattice periodicity along the stacking direc-
tion is broken (i.e. few-layer samples). In order to carry out this analysis we con-
sider monolayer, bilayer, trilayer and “penta”—layer BN systems. The first-principles
study of finite-momentum excitons is a relatively new[33, 34] and until recently very
unexplored avenue. Experimentally, excitons are still often pictured as “defect-like”
energy levels situated within the band gap. However, also interacting electron—
hole pairs possess a dispersion relation, and its features might be crucial to explain
absorption and luminescence spectra. For example, the radial I'K segment of the
hexagonal Brillouin zone (BZ), that in BN can discriminate between indirect and
direct absorption (because it hosts the indirect minimum of the single—particle con-
duction band), had not been explored before. We show that it is in fact possible for
the bilayer to still maintain a “direct” optical gap at the exciton level, with a direct—
to—indirect crossover happening at higher layer number. Such a crossover may also
be engineered by compressing the system in the planar direction. Additionally, we
uncover and analyse the excitons corresponding to electronic transitions towards
“nearly—free electron” (NFE) states,[35] which are usually ignored in the theoretical
spectroscopy of BN but could provide additional minima to the exciton dispersion
and potentially greatly reduce the luminescence yield for very thin films.

Once we have understood both the exciton and phonon dispersions and proper-
ties, we start delving into the electron-phonon (ep) and exciton—-phonon (ExcP) in-
teractions. We first test the strength of the coupling with phonons in the monolayer
system and find that a strong (~ 0.5 eV) renormalisation of both the single—particle
band gap and the exciton absorption spectrum is induced. Therefore, the ExcP cou-
pling cannot be discarded in the description of the optical properties of BN systems.

Switching to the bulk system, we then investigate the indirect contribution to the
absorption and luminescence spectra. Although some very recent advances have
been made in the ab initio description of indirect absorption at the independent—
particle (IP) level,[36, 37] these are few and far between, and even on the theoretical
side the many-body description of indirect absorption is still lacking: in fact, it usu-
ally only relies on approximations of a textbook second—order perturbation theory



formula that has severe limitations. We build upon the existing treatments in order
to extend their applicability to the exciton case.

The main achievement of the thesis consists in the reproduction of the experi-
mentally observed luminescence spectrum: we obtain it by developing an approach
to compute the phonon-assisted sidebands based on finite displacements of the
atomic nuclei according to the phonon eigenvectors. We analyse the excitons at the
wave vector g of the indirect gap. The evaluation of the ExcP coupling strengths
is performed in a static approximation by a second-order expansion of the optical
response function with respect to the atomic displacements within a simulation su-
percell commensurate with g. This expression reduces to the product of the mean
square displacement of the atoms with the second derivative of the excitonic oscilla-
tor strengths. Our previously established knowledge of the exciton symmetries and
dispersion relation allows us to compute the exciton—-phonon-light selection rules,
which are fulfilled by our computational results. Detailed balance arguments then
allow us to obtain the luminescence spectrum from the absorption one if certain con-
ditions are met. In this way, not only we obtain a good agreement with experiment:
we also fully elucidate the underlying mechanisms regulating luminescence in this
system and explain why the absorption and emission spectra are different: two dif-
ferent exciton states dominate the two different processes.

Finally, we employ a microscopic description of the ExcP coupling which retains
dynamical effects, following an approach recently put forward in the context of plas-
mons.[38] We introduce it by analogy with simple single—particle models that can be
solved exactly; in particular, we find that it is possible to obtain the exact solution
for the (indirect) absorption spectrum of a two-level system featuring both electron—
phonon and electron-hole interaction. The extension of the model to realistic cases
is based on a dynamical correction to the BSE: the calculation of the dynamical part
of the phonon-mediated electron-hole interaction at first order is expressed in terms
of an exciton—phonon self-energy. This approach treats the ExcP coupling in a more
sophisticated way and in principle permits the description on the same footing of
both direct and indirect components of the absorption spectrum: this is because it
allows for a full integration over all exciton momenta in reciprocal space. We have
implemented the ExcP self-energy in the many-body code Yambo (after discussing
its link to the optical response functions of interest, focusing in particular on the
mixing of “longitudinal” and “transverse” excitons), and some preliminary results
are shown at the end of the manuscript.

Additional citations to the relevant literature are provided within the main body
of the manuscript for contextual consistency.

Structure of the thesis

Chapter 1 is an introduction to the theoretical background of first—principles calcu-
lations. We describe first DFT in Sec. 1.2 and then the Green’s function (GF) formal-
ism used to evaluate the dynamical electronic screening and provide quasiparticle
corrections to the DFT band energies (Sec. 1.3). We subsequently describe the con-
nection of the many-body response function thus defined to the optical observables,
in particular the absorption coefficient, in Sec. 1.4. This is followed by the expla-
nation of the BSE, the equation that permits to compute the excitons (Sec. 1.5), and
finally by the formalism employed for the calculation of phonons and ep coupling
(Sec. 1.6).



In Chapter 2 we start the analysis of the excitons in hBN, from monolayer to the
bulk system. Particular attention is devoted to the excitonic energy levels in mono-
layer (Sec. 2.2),[39] and subsequently to the optical absorption of multilayer systems
(Sec. 2.3): we study the exciton symmetry and related selection rules and find that
the lowest-lying excitons are always localised on the surface layers, therefore pro-
viding an initial source of fine structure in the spectral features.[40] The second part
of the Chapter (Sec. 2.4) concerns the study of the exciton dispersion curves in the
bilayer and trilayer systems by solving the BSE at finite momentum. We study the
character of the optical gap (direct in bilayer, indirect in trilayer), its robustness with
respect to strain and compression of the lattice, and the effects of the NFE states on
the exciton dispersion.

Chapter 3 is contains the main results of the thesis.[41] We start Chapter 3 with
an introduction to the problem of luminescence in bulk hBN by discussing the exper-
imental results (Sec. 3.1). We also perform a computational study of the ep coupling
on the monolayer, including phonon-mediated renormalisation of the exciton ener-
gies and oscillator strengths (Sec. 3.2); in obtaining the latter results, we compare
two different computational approaches. Then, we continue with an in—-depth de-
scription of indirect absorption at the IP level in Sec. (3.3). Finally, we introduce
our approach to obtain phonon-assisted sidebands from the static derivatives of the
excitonic response function (Sec. 3.4). Here we also compute the ExcP coupling selec-
tion rules and subsequently we perform the calculations to obtain the final spectra
for bulk hBN.

Chapter 4 deals with the microscopic, perturbative treatment of the ExcP cou-
pling. We introduce it by analogy with simple single—particle models that can be
solved exactly (Sec. 4.1). The full ExcP self-energy is described in Sec. 4.2.1 and
the results of the Yambo implementation are shown, along with our final microscopic
expression for phonon-assisted absorption including excitons.

The main text is complemented by a large body of Appendices (From A to ]),
variously discussing simplified models, tips for numerical simulations, code devel-
opment, convergence parameters, and providing a reference for mathematical ex-
pressions and derivations.
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Chapter 1

Basic theory and implementations

1.1 Introduction

In this Chapter we will cover the theoretical foundations and approaches that con-
stitute the state of the art in Theoretical Solid-State Physics / Quantum Many-Body
Physics / Materials Science! that are relevant for this thesis. The intent is to present
a treatment that is both concise, organic and reasonably self-contained (nonethe-
less previous basic knowledge of solid—state physics is required[43]). In particular,
we will establish the notation used throughout the thesis and put an emphasis on
what is needed for computational research using ab initio simulations. By ab initio or
first-principles simulation we refer to a computer simulation that takes as input only
the atomic and electronic positions of a crystal or molecule, as well as the values of
the various physical constants. It produces as output a quantity or observable that
can be directly compared with experimental results without relying on adjustable
parameters. However, the possibility to describe or not a certain physical property
depends on the approximations that need to be introduced in order to make the
computations feasible.

In the following, we will in general use atomic units (for example identifying fre-
quencies and energies), but exceptions will be made for some expressions. Likewise,
we will put the electronic charge e to unity as well, except for the initial expressions.
We will mainly follow Refs. [3, 44-53] (additional references will be provided within
the body of the Chapter). We start with the general matter Hamiltonian for a crystal:

H = Tion + Vin {R}) + Te + Ve—e({r}) + Veion({r}, {R}). (L.1)

Here, T;,, and T, are the kinetic energy operators for ions and electrons, while Vion,
V, and V,_jp, represent the coulombic ion—ion, electron—electron and electron—ion
interactions. The set of the ionic positions is labeled by R and the one of the electronic
positions by r. We already stipulate the following conventions and approximations:
(i) relativistic corrections are neglected (because we will not be concerned with spin-
orbit coupling in this work); (ii) the spin degrees of freedom are always implied
(because we will not deal with spin-polarised systems); (iii) by ‘ion” we mean the
composite of an atomic nucleus and the core electrons localised around it (under the
assumption that they can be treated on the same footing), and by ‘electron” we mean
a valence electron.

Here the ionic and electronic dynamics are coupled. However, we are not inter-
ested in the slow—-moving ions, and we can partially decouple them from the elec-
trons: in fact, the ions will only react to a time—averaged potential generated by the
rapidly changing electronic density, while the electrons will mainly feel the presence

IThe proper name to use for this field of Physics has changed during the course of the last century
and is currently mostly left to the author, as seen in Ref. [42].
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of an ‘external” static potential determined by the set of ionic positions at equilib-
rium, {R°}. This is called adiabatic or Born-Oppenheimer (BO) approximation and
leads us to the following Hamiltonian:

o = Hipn({R}) + He({r}, ({R°})) + Heion({r}, {AR}). (1.2)

In the following, we will focus on the interacting electronic system with the ions
fixed at their equilibrium positions (71,). The term %, ;,, describes the effect that
lattice vibrations (i.e. displacements AR of the ions from their equilibrim positions)
have on the electronic system: this electron-lattice interaction will be reintroduced
later as a (small) perturbation, and we will do the same with the electron-light in-
teraction due to an external electro-magnetic field.

Now we have

7:[8 = Te + Ve—e({r}) + Ve—ion({r}/ {RO})

Sy Ly @ N e 139
— 2m; Zi#j\r,—rj| 77 \ri—R?\

where {p} is the set of electron momenta while —e, m and Z; are the electron charge,
electron mass and the effective atomic number of the j;;, ion, respectively. N, and N,
are the total numbers of electron and nuclei.

The first task in the study of a crystal is then to fully characterise its electronic
properties by solving the related Schrodinger (eigenvalue) equation of the interact-
ing many-electron system

H¥MB(ry,...rn,) = E¥MB(ry,...1n,), (1.4)

where the superscript ‘MB’ means ‘many-body’. The complicated eigenfunction
YMB (which is a function of ~ 10% variables) contains in principle all the informa-
tion about the electronic system (both ground state and excitations). However, the
computational effort required to diagonalise the full 7, prevents us from accessing
this information directly, even for isolated systems. Therefore, we first turn to DFT
in order to find a suitable way to simplify the problem: this will allow us to obtain
the electronic ground state.

1.2 Density functional theory

DFT was first developed in 1964 by Hohenberg and Kohn[54] and then Kohn and
Sham[55], and has since become one of the most popular tools of the computational
material scientist, quantum chemist, and solid—state physicist. Its foundation is the
possibility of expressing the total energy of a system as a functional E[po] of the
ground-state electron density po(r).> The physical meaning of p(r), which is denoted
quantum-mechanically as the diagonal one-body density matrix, is connected to the
probability of finding one particle at point r. For the interacting electron system
of Eq. (1.4), it is defined as the expectation value of the density operator §(r) =

2Technically, we may distinguish between the particle density n(r) and the charge density p(r) =
—en(r). We will not do so in the remainder of this manuscript.
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Y o(r—m):

p(r) = /d3r1 BN MB(ry, e )0 (1) FMB (1, ey

(1.5)

= Ne/d3r2...d3rNe\‘YMB(r,r2...rNe)|2.
Here, most of the information contained in ¥M2 has been integrated away, and p(r)
is just a function of three spatial variables. Nevertheless, this will be enough if we
are interested in just the ground-—state properties (i.e., expectation values) of the elec-
tronic system.

1.2.1 Theory

The first Hohenberg—Kohn theorem states that there is a one-to—one correspondence
between pg and the external potential applied to the system. In the case of Eq. (1.3),
the external potential is V,_;,,({r}, {Ro}), which is periodic according to the sym-
metries of the crystal lattice. The second Hohenberg—Kohn theorem guarantees that
we can write the ground-state energy of the system, for any fixed V,_,,, as a unique
functional of the ground-state electron density. Therefore we have

Eo = (YYB| H, (YY) = (¥YB| T, + Voo + Volion [TVE)
— (‘I’(])VIB\ T, 4+ V._, ]‘I’SAB> + /d3rvR(r)p0(r) (1.6)

= Tloo] + Vialpo] + Vaclpo] + [ &ror(x)po(x),

where for V,_;,, we used the fact that a local operator can be written as a linear
functional of the one-body density matrix and vr(r) = —}; e Zjr — R?\_l is the
external (i.e. ionic) Coulomb potential. The rest can be broken up in a kinetic part T,
a classical charge—charge electrostatic interaction Vy (called Hartree functional), and
an ‘exchange—correlation’ part that encodes the quantum properties of the fermion-
fermion interaction. The Hartree functional is then

Valool = 5 | Prydir, P TPO(E2), (17)
2 |r1 — 17|

but we still need to find a way to evaluate T and V.. The crucial insight comes
from the Kohn-Sham theorem: it is possible to write a single—particle Schrodinger
equation with an effective, local potential v.f¢(r) in such a way that the ground-
state electron density of this auxiliary system is the same as the one of the original,
interacting system. The non-interacting Schrodinger equation, called Kohn-Sham
equation, is

[—;Vf + Ueff(r)} @i(r) = €igi(r), (1.8)

and the electron density of the auxiliary system p;, equal to pg, can be expressed in
terms of the eigenfunctions ¢; as

Ne
po(r) = ps(x) = }_ ¢} (1) i(x). (1.9)
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We call €; the Kohn—-Sham (KS) energies and ¢; the KS wave functions (the system
contains N, electrons which contribute to the ground-state electron density; note
that Eqs. (1.8) may be solved also for i > N,: these will represent unoccupied KS
states). We can now explicitly compute the kinetic energy functional of the non-
interacting system, T;, and move the remaining unknown part into the exchange-
correlation functional with the following replacement: Vy. — Vi, + T — Ts. Now the
energy of the system will be given by Ey = Ty + Vy + [ d3ro(r)po(r) + V. As for
the effective potential, we have

Vs (r) = OR(r) 4+ 0n(r) + Vxc (),

o (r) = / &, |€f <f13|' (1.10)
Ve
Vie(r) = (SP[OPO].

Here, vy and v, are the Hartree and exchange—correlation potentials, respectively.
So far, DFT is still exact (in the same sense that Eq. (1.4) is exact: an interacting
electron system in the BOapproximation for the ions, with no relativistic effects or
external electro-magnetic fields). In order to compute Ey[po], we first solve the KS
equations, obtain the ¢;, then build p;. However, as it is clear from Eq. (1.10), the KS
equations themselves depend on ps, therefore the solution must be obtained with a

self-consistent (sc) procedure: an initial guess p§°) is given (for example an electron

density composed of pure atomic orbitals), Egs. (1.8) are solved, a new pgl) is found

(()n) — Eén_l) is smaller

and plugged back in Egs. (1.8). The procedure ends when E
than the required accuracy.

In order to proceed with these calculations, however, we have to find suitable ap-
proximations for the unknown functional V., with the reliability of DFT as a compu-
tational tool depending crucially on the type of approximation chosen. In this work
we will use the local density approximation (LDA), the simplest and most physically
motivated for a crystal, because we are only going to use DFT as a starting point:
complicated many-body effects related to electronic correlations and screening will
be included later via MBPT.? Within LDA, the non-local exchange—correlation func-
tional is approximated as a local functional; this functional is given, at each point r,
by the exchange—correlation energy eEC per particle of the homogeneous electron
gas with density p(r):

Viclol = [ ro(x)e Clo(v)]. (111)

1.2.2 Calculations in practice

In our case, the KS eigenstates ¢; describe non-interacting electrons moving in a
periodic, infinite crystal lattice (i.e. subject to a periodic effective potential), therefore
they can be identified with the Bloch functions from solid-state theory. They are
characterised by their discrete translational invariance due to the periodic crystal
lattice, and are therefore best treated in momentum space. For this reason, it is useful
to expand the ¢; in the plane-wave basis {e!**¢)*/1/Q}: here Q) is the volume of
the reciprocal unit cell and K = k + G is the momentum of the electron, with k € BZ
being the crystal momentum and G a reciprocal lattice vector. Now, for the crystal

SItis important to note that both at the DFT and at the GoW() levels (for the latter see Sec. 1.3.3), we
might need to replace LDA with other, more accurate approximations depending on the system and
physical properties under investigation.
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quantum numbers we have i — nk, with k labeling the crystal momenta and # being
the band index (we will use v for valence bands and c for conduction ones), leading
to

Puk(r) = €™ uy (r) = €Ty i (G)e'CT (1.12)
G

where u,(r) = uu(r+ T) (T being a lattice translation vector) is a lattice—periodic
function and, for the electron density of Eq. (1.9), to

po(r) =Y g (). (1.13)
vk

It is clear from Egs. (1.12) and (1.13) that the solution of the KS equations in a DFT
computer simulation yields the ¢,x(G) coefficients. The infinite sums over k and G
pose a problem of numerical convergence: a cutoff to both sums must be chosen in
such a way that the final Ey[py] does not depend on it. In the case of the sum over
k—vectors, this is achieved by performing the sum over a (usually regular) mesh of
k—points spanning the entire BZ, whose density is then increased until convergence
is achieved.* In the following, we will switch back and forth from integral to discrete
sum when discussing an integration over the BZ: [, d°k/QpzF(k) <+ N 1 ZIZ(V *Fy,
where Nj is the number of points in the k-mesh. In the case of the sum over G-
vectors, a cutoff is usually chosen in the form of an energy value %%k 4+ G|?/2m.
When convergence is achieved, the self-consistent solution of the KS equations will
yield the ground-state electron density and total energy of the system.” At this point,
several additional non—self-consistent calculations may be performed for any arbi-
trary nk indices, in order to obtain quantities like the band structure along high—
symmetry directions, density of states, real-space representations of the Bloch func-
tions et cetera. All the DFT calculations presented in this thesis have been performed
with the QUANTUM ESPRESSO (QE) simulation package.[56]

1.2.3 Shortcomings of DFT

Historically, DFT has been very successful in predicting a wide range of material
properties while remaining computationally cheap. In spite of that, the access to
ground-state properties only and the reliance on approximated treatments of many-
body effects entail some crucial shortcomings. Below we list the three main flaws of
DFT and how we have dealt with them in this thesis.

(i) Test charge outside the matter system. The effective potential v,¢f(r) is respon-
sible for confining the electrons inside the crystal; however, it decays exponentially
in the vacuum region outside the crystal and does not represent correctly its interac-
tion with an external charge. This unphysical behavior (there should be a long-range
decay) is due to the approximations of V,.. For our purposes this is an advantage
because in systems with lowered periodicity (e.g. two—-dimensional materials), we
will still be able to consider fully periodic simulation cells; this is achieved by stack-
ing repeated copies of the system with enough vacuum space separation between
them such that their spurious mutual interaction is rendered negligible. We will see
that this is not the case for many-body response functions beyond DFT.

“In most cases the symmetry operations under which the system is invariant, i.e., the elements of
the point group of the crystal plus time reversal, are employed in order to dramatically reduce the
spanned portion of the BZ. The smallest possible volume thus identified in reciprocal space is called
irreducible Brillouin zone (IBZ).

5The forces acting on the ions due to the electronic potential may also be computed, and it is then
possible to optimise the geometry of the crystal lattice via structural relaxation.
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(ii) Dispersion forces (i.e. Van der Waals interactions). These interactions are not
captured by standard DFT methods. Although corrective approximations are avail-
able, we will not deal with this problem in this work. Since we will be investigating
layered materials where Van der Waals interactions are important for the bonding of
one layer to another, we will fix the interlayer distances to the known experimental
values instead of relying on DFT structural relaxations.

(iii) Band gap energy and single—particle states. When talking about the band struc-
ture of a material in the context of DFT, what we mean is the k-dispersion of the
KS eigenvalues, obtained solving Egs. (1.8) for both occupied and unoccupied
states (the valence and conduction bands, respectively). However, these eigen-
values have no rigorous physical meaning: in principle there is no guarantee that
an interacting condensed matter system could be effectively described within a
single—particle framework, and the whole solid—state concept of a band structure
(i.e. non-interacting electrons in a periodic potential) could very well be mean-
ingless. In practice, this description works well for all materials where electronic
correlation could be treated as a perturbation (e.g., it may compare reasonably well
to experimental ARPES measurements.[57]) In this case, a more accurate treatment
of the electron—electron interaction beyond DFT leads to the concept of quasiparticles:
the system is still described in a single—particle framework, but the band energies
are shifted with respect to the KS eigenvalues, and furthermore acquire a finite
broadening which indicates that the single—particle states now have a finite lifetime
(i.e. they are not true eigenstates of the condensed matter system). From these
considerations, it follows that DFT is not able to correctly describe the band gaps
of insulating and semiconducting systems. In fact, the addition of one electron to
the interacting system (N, — N, + 1), now occupying the bottom of the conduction
band, induces a variation of the electron density with respect to the ground-state
one, and consequently there is a variation in the KS eigenvalues themselves. There-
fore we have the following relation between the band gap as defined in DFT-KS and
the “true” band gap that may be seen in photoemission / inverse photoemission
experiments:[1]

ESy) = eni1(Ne) — en(Ne) < en(Ne+1) —en(N,) = Egnl'f,  (1.14)
where the subscript H labels the highest occupied KS state. Section 1.3.3 is concerned
with the treatment of the band gap underestimation problem via the quasiparticle
description of the electronic structure.

In addition to the previous point, since our goal is to investigate theoretical spec-
troscopy, we have to consider that an optical absorption experiment creates a neutral
excitation in the form of an electron-hole pair (a valence electron is given enough
energy to jump to a conduction state, with the overall electron number remaining
equal to N,). Such an experiment would result in yet another gap, the optical gap,
which might be very different from the DFT-KS or quasiparticle band gaps when
the interaction between the excited, negatively charged electron and the positively
charged hole left in the valence band is poorly screened. This leads to the concept of
excitons, bound electron-hole states, that will be the main focus of this thesis. The ab
initio theory of excitons is laid out in Section 1.5.

®The LDA underestimates the interlayer distance. In many cases, the magnitude of this underesti-
mation is numerically very close to the neglected Van der Waals contribution.
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1.3 Many-body perturbation theory

All the results presented in this thesis are obtained using a MBPT framework, which
we outline in this Section.

1.3.1 Single-particle Green’s function

First of all, we switch to a second—quantisation description of the condensed matter
system. We introduce the fermionic creation and annihilation operators 4; and 4],
with the anticommutation properties {4;, ﬁ;} =djjand {4;,4;} = {ﬁ?,ﬁ}} = 0. These
operators act on the fermionic ground state by annihilating and creating a fermion,
respectively. In a crystal, by fermionic ground state we mean that all the bands
lying below the Fermi energy are occupied, all the ones lying above are empty. By
expanding these operators into the position basis |r) we obtain the field operators
(here written in the Heisenberg picture):

¥ (r t) = Zgoi(r ’lHotﬁl,

Zq) ngt 'f'

(1.15)

The single-particle wave functions ¢;(r) = (r|i) and energies (Hy |i) = €; |i)) appear
in these expressions and we have [¥(r,t), ¥*(rp, )] = 6(r; — o). The connection
with the previous Section can be made at the level of the one-body density matrix,
Eq. (1.5), which can be written in second quantisation as

p(r) = (¥ ¥ (r, ) ¥ (1) [F0") . (1.16)

(|¥41B) is the ground state of the many-body system). Now this expression can
be generalised by considering a version which is non-local in both space and time
coordinates:

iG(r, 0, 1) = (VP T [(r, (¢, )| 1¥1F)
= (TN (e, ) F () [EN) Ot — 1) (117)
— (¥ ) () [¥0"P) 0 — 1),

Here 7 is the time-ordering operator. The first term of the difference is now con-
nected to the probability that a particle being initially created at space-time coordi-
nates (r,t') (i.e. a conduction electron) will propagate to (r, t) before being annihi-
lated. The second term instead starts with a particle initially annihilated at (r,¢),
therefore a valence hole is created; it is connected to the probability that it will
propagate to (r/,t') before being annihilated. Therefore, the physical meaning of
G(r,t;¥,t') is that of a single—fermion propagator.

The mathematical meaning is instead that of the Green’s function (GF) of the time-
dependent Schrodinger equation for the electronic problem, with the following rela-
tions being formally valid:

[iat—He]Q(r,t;r,t)215(f—f)‘5(t_t)' (1.18)

G(rY,w) = [w—H]
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The second line is justified by the fact that if the Hamiltonian does not depend on
time, then G(r,t;v,t') = G(r,v/;t — t'): this allows the Fourier transform into the
frequency domain. Furthermore, if the system is also translationally invariant in
space we have G(r,v';t — ') = G(r — 1/, t — '), which allows the Fourier transform
into momentum space, so that finally G(r — ¥, t — ') — G(K, w). Note that now the
electron density from Egs. (1.5) and (1.16) can be written in terms of the GF as’

p(r) = — }Enﬁ ig(r, t;r,t) (1.19)

Indeed, using the GF we can write an exact expression for the ground-state total
energy® equivalent to Eq. (1.6),

12k2
how + ﬁ +’0R(K)

3
Eo= iV pim [ 9kdw

2 o+ (2m)E G (K, w), (1.20)

which is known as the Migdal-Galitzki formula (V is the volume of the unit cell).
The first two terms come from the electron—electron interaction and the kinetic en-
ergy, respectively, with the third one accounting for the external potential.

The single—particle GF permits us to go beyond ground-state expectation values
and access directly the true single—particle excitation energies (as seen in Eq. (1.14)).
We can write G(k, w) in the so—called Lehmann representation to make the excited
states appear explicitly:

(Fi" Ne + 1] %7 (0) [¥3"7)
+1) = Eo(Ne)] + 1

(FYEB|¥(0) [¥MB; N, + 1)
+1

D=V TR

vV <‘F84B| ‘?( ) |\I'rn Kk’ Ne - 1> <11f2/ka’ Ne — 1’ I'I\f‘f(o) "Pé\/IB> (121)
! ; — [Eo(Ne) — Ex(N, —1)] — iz :

Here [¥M5; N, & 1) is the n—th many-body excited state for a system of N, = 1 parti-
cles, where the created (annihilated) particle has momentum =+k; E,(N) is the total
energy of the n—th excited state of the N-particle system. It is clear that the to-
tal energy differences in the denominators describe the change in the system after
the creation of one conduction electron (first term) and of one valence hole (second
term). We can express these differences in terms of single—particle energies €, as

En(Ne+1) — Eo(Ne) = [Ex(Ne +1) — Eo(N. +1)] — [Eo(N. + 1) — Eo(N.)] = €n(Ne +1) —
Eo(N.) — En(Ne = 1) = [En(N.) — Eo(Ne — 1)] 4 [Eo(Ne +1) — Eg(Ne = 1)] = pt — €4(N. — 1)
(1.22)

(the chemical potentia y becomes the Fermi energy Er at zero temperature). There-
fore, the single—particle GF displays poles at the excitation energies of the system.
However, in order to have access to these quantities, the many-body problem has
to be solved exactly (i.e. the quantum electron—electron interaction has to be treated
exactly), which is not possible. Therefore, we will instead consider the GF of a non-
interacting electron system, GY, then introduce the interaction as a perturbation, and
ultimately find the new, approximate interacting GF denoted G. Our G° will not

’The equal-time GF is ill-defined, therefore we introduce an infinitesimal value 7 = # — t in such
away that limy_,; = lim,,_,o+.
8This is also true for the ground-state expectation value of any single—particle operator.
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be the free—electron GF, but rather the one relative to the KS equations (i.e. non-
interacting electrons moving under the influence of an effective potential, see Eq.
(1.8)): in this way we will be able to use the DFT-computed eigenvalues and wave
functions, which represent a much better starting point for perturbation theory than
the free electrons. Therefore G° will be diagonal once expanded in the KS basis of
Bloch states |nk):

G, st —t) = Y (x|nk) (nk|G°(t —t) [n'K') (n'K'|1')
nk,n'k’

= Zk; (x|nk) GO (t — t') (nk|x') (1.23)

= Zk(pnk@)rpzk(r’)GSk(t — ).

We refer to the function G, (t — #') as the Green’s function for a particle of band
n and (crystal) momentum k. Since so far we are dealing with a non-interacting
system, G, (w) takes the simple form listed below:

1— fux frk
0 _ n n
Gu(w) = —— " t Ty = o (1.24)

For a gapped material at zero temperature, the occupation factors f,x become f,; =1
and f = 0: therefore it might be convenient to write G, in both time and frequency
domains, in the following way:

i t ck t
GO (tn1) = —i6(ts — ty) (=) = d 2
1
C . tl vk t2 (125)
ng(t21) — 19(t1 — tZ) elevk(tl—tz) — >
1
Gy (w) =

W — €y —in’

Note that in these expressions we introduced a graphic representation for the prop-
agator of either a conduction electron or a valence hole.

We can rewrite the exact GF in a way that makes Gy explicit and allows for a di-
rect comparison with the DFT case (here we group the space—time variables together
as x — (r,1)):

G(x,x') = GO(x,x') + /d4x1d4x2G0(x, x1) 2% (x1, %2) G (%2, x)
G(K,w) = G K, w)+ G K, w)Z*(K,w)G (K, w).

(1.26)

This is Dyson’s equation. We see now that the non-interacting Green’s function is
dressed by a complicated effective potential £*°(x, x’), called the self-energy. The
self-energy, which is in general non-local in both space and time, represents an im-
provement with respect to the DFT treatment, in which 2%,..(x, x") = vyc[po] (r)d(t —
t'). The non-locality in space is lost in DFT because of the need to express the
exchange-correlation functional in terms of the local particle density p(r). The non-
locality in time, as we shall see, refers to the time needed by the system to re-
spond to the presence of an extra charge, which leads to a frequency—dependent
(i.e., dynamical) screening of the electron—electron interaction. This can be captured
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FIGURE 1.1: Schematic representation of the bare exchange (left) and Hartree (right) self-
energy contributions, Eqs. (1.27) and (1.28) respectively.

efficiently by working with the self-energy. Note that, since in our definition the
KS energies entering G° already contain an approximated correction due to vy,
in order to avoid double-counting and maintain consistency it is always implied
that this quantity is subtracted from the self-energy operator, i.e. X% (x1,x2) —
Y¥(xq,x2) — Uxe(x1,%2)0(x1,x2). In order to keep the notation light we will write
down this difference explicitly only when required by the context.

Thanks to MBPT, we can now try to expand X~*(x1, x2) in powers of the inter-
action (i.e. v(xy) = d(t — t2)v(ra1) = 6(t — t2)|r; — 12| ~!) to obtain a suitable
approximation of the exact function. To first order, the only contribution is

Zx(xl,xz) = iU(er) lim GO(I‘1,I'2,' t — tz). (127)

ta—tf

This is not the full X*° yet, because the interaction is still static. This contribu-
tion, called X7, is the exchange or Fock term, i.e. the quantum part of the electrostatic
Coulomb interaction that arises due to the antisymmetric property of the fermionic
many-body wave functions. Since the Coulomb interaction is not time-dependent,
it means that at this level of approximation the presence of a perturbation (the addi-
tion or removal of an electron to the system) does not really cause a modification of
the energy levels (although total energies and therefore band gaps in the DFT sense
are affected). Predictably, this approximation is not sufficient in solids because the
dynamical electronic screening plays an important role: the electron density of the
system collectively reacts, polarises, oscillates, et cetera in response to an external
perturbation, and the frequencies associated to this response in turn modulate the
effects of the perturbation, typically reducing the strength of the interaction. This is
why a simple Hartree-Fock approach usually fails for solids, while DFT works bet-
ter: it adds an approximation to the electronic correlations responsible for screening
effects. Note that the classical or Hartree part of the electrostatic interaction (vy in
Eq. (1.10), already contained in G°) can also be written in terms of the GF using Eq.
(1.19):

ZH(xl, JC2) = —iU(er) lim GO(I‘z, r;t — tz) (128)
tr—tf
A schematic representation of these two terms is depicted in Fig. 1.1.

In order to obtain a more meaningful description of the condensed matter sytem

we then have to find a way to properly describe the electronic screening.

1.3.2 Screening functions

Let us consider a time-dependent perturbation to our electronic system in the form
of an external potential ¢, (r, ) due to external charges added to the system. We
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already know that the additional term perturbing the Hamiltonian can be written as
a functional of the electron density, i.e.

(1) = / Brp(r)pent (1, ). (1.29)

This longitudinal perturbation (the external electric field due to the presence of addi-
tional charge being parallel to the propagation direction) induces a variation dp in
the electron density. In turn, ép generates an induced potential ¢;,; in such a way
that the total potential acting on the system is now ¢yt = Pext + ¢ing. We wish to
determine ép up to linear order, since we consider ¢,y to be a weak perturbation.

In linear response theory, we can employ Kubo’s formula for the first-order vari-
ation of any observable A(f) —i.e., the expectation value of the corresponding oper-
ator A(t) — under the action of H'(t):

(A1) = / arck,, (1),

5 (A(w)) = Chy(w).

CR,,/(t, ') contains the response function, which mathematically assumes the form of
a retarded (t > ) correlation function between A at time t and H’ time #:°

(1.30)

Cha (£, ) = —i0(t — ') ([A(t), H'(t)]), (1.31)

(the Fourier transform being possible if C§,,(t,#') = Ck,,,(t — t')). The subscript 0
indicates that the expectation value is relative to the ground-state of the unperturbed
electronic system #H, (i.e., at linear order we are not dealing with out-of-equilibrium
quantities).

In the case of the electron density induced by Eq. (1.29) we obtain

Sp(x) = 6 (p(x)) = / dt'CEy (x,x') = / A4/ CR (2, ) et (), (1.32)

with
1 (x,2) = CB (') = i8¢ — #) ([0 (x), 0 (x')]). (1.33)

being the retarded, longitudinal charge—charge response function (with ¢’ = p — (9),
in this case). The perturbation acts at an earlier time '; we measure its effects on the
system at a later time ¢. It is worth recalling here that MBPT gives us a mathematical
tool for the evaluation of time—ordered correlation functions, i.e. defined with the
same time structure as the single—particle GF in Eq. (1.17). Therefore, we define a
time—ordered version of the charge—charge response as

ix(x,x") = (T [p'(x)p' (x')])- (1.34)

When the time—ordered (T) response has been computed, we can easily extract its re-
tarded (R) counterpart: for example in the frequency domain the following identity
for correlation functions holds:

CRp(r1, 12, 0) = 0(w)Clip(ry, 125 W) + 0(—w)CLy (11, 125 w). (1.35)

From Eq. (1.16) we know that p(x) = ¥*(x)¥(x), and let us recall the relationship

9Here we are implying that the perturbation is switched on at an indefinite earlier time t; — —oo
and that the response decays with increasing t — #/, as it physically makes sense.
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FIGURE 1.2: Graphical schemes of the electronic many—body functions. Top: single—particle
GF G and particle density p from Eq. (1.16). Bottom: two—particle correlation function L and
susceptibility x from Eq. (1.37).

that links p and G: we can find that an analogous relationship exists between x
and the two—particle correlation function. In particular, we introduce the two—particle
Green’s function G; as follows:

Go(x1, 22, x3,%4) = (—1)* (T [@(xl)lﬁ(X2)lﬁ+(x3)¢+(x4)} >0’ (1.36)

L(x1, x2,x3,x14) = —Ga(x1,x2,x3,X4) + G(x1,x3)G(x2, X4).

G, describes the joint propagation of two (interacting) particles in the condensed
matter system, which are created at x3, x4 and annihilated at x1, xo respectively. The
two—particle correlation function L is the same except for the removal of the uncorre-
lated part GG. We additionally constrain the time orderings in L so that it describes
the propagation of electron-hole pairs, not just any two particles. Therefore, at both
the earlier and later pair of times we will always have one electron and one hole. If
we further require that the electron and the hole are created and annihilated together
(i.e. the processes of electronic excitation or recombination), we have to set x3 = x;r
and x, = x;, which leads us to the charge—charge response function. In short, we
have

ix(x,x') = L(x,x'", x,x'"); (1.37)

The new induced electron density will give rise to the induced potential

Pina(x) = /d4x’v(x —x")op(x') = /d4x/d4x”v(x — X )xR (', X et (x7). (1.38)

Now the total potential ¢yt = Pext + Ping can be expressed in terms of the external
potential if we just define an additional function:

e l(x,x)=8(x—x')+ /d4x”v(x — xR, ) = M (1.39)
Spext (x')
This is the inverse microscopic (longitudinal) dielectric function, and its physical
meaning is clarified by the last term in the equalities: it expresses the rate of variation
of the total potential with respect to the external one, i.e. it is a measure of the
screening of the external interaction by the induced potential. Now we can finally
write

Prot(x) = /d4x’£_1(x, X" ext(x). (1.40)
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This makes clear that in order to describe the electronic screening of an external po-
tential we need the dielectrict function, which in turn is determined by the response
function Y.

As mentioned above, the way in which an electron density responds to an ex-
ternal field can be perturbatively described in terms of neutral excitations of the
system. We are working in a single—particle (KS) framework and the simplest form
of such an excitation involves the formation of an electron-hole (eh) pair, whose si-
multaneous propagation is described by a two—particle correlation function. At the
zero order of approximation, this excitation will be described by a non-interacting
eh pair, created at time ¢; and destroyed at time t;:

X (x1,x2) = —iG°(x21) G%(x12), (1.41)

while in Fourier space we can write

xX(Q,Q tr) = x%o (g tn) = /dSﬁdgfze_i(q+c)'rl+i(q+cl)'rZXO(rl,rz, tr1). (1.42)

Here, we have Q = q + G and the response function is written as a tensor in the
reciprocal lattice vectors. It is a function of the energy and crystal momentum q =
k — k' + Gy € BZ transferred to the eh pair during the excitation process. This
process represents the excitation of an electron from KS energy €., to KS energy
ek The off-diagonal terms in x2 ., (q) represent the contributions to the short-range
response coming from the microscopic spatial inohomogeneities of the system (the
so—called local-field effects, see Sec. 1.4). In other words, they are present owing to
the discreteness of the lattice structure.

The response function x°(r,r’) takes the following explicit form when expanded
in a basis of eh transitions (which we will call transition basis henceforth):

X)) = Y 9a(0) gy (1) Por—g (1) 95 (X)) X oty (£21)- (1.43)

cvk

In order to simplify the notation, we change the indices of the transition basis as
cvkqg — Kgq, with K labeling a single vck vertical transition between valence and
conduction bands. Now, taking Eq. (1.41) for X(I)C . in the new transition basis, in
which it is diagonal, gives the simple forms

Xicq(t21) = —iGgy_g (t21) Ggy (tr2) =
= —iG(tz — ty)etera(i=h) L jg(H — ty)elderalti=t)
1.44
XICq /dw Gvk q ng(w + wl> ( )

1
w — Aelgq i w+Aexy —in’

which are formally analogous to their single—particle counterparts, Eqs. (1.25), and
allow for a similar physical intepretation, this time in terms of a polarisation prop-
agator with a resonant (i) and antiresonant (—iz) term. We have further defined
A€xg = €k — €pk—q as the poles of the polarisation function and from now on we
will drop the space-time representation and focus on the momentum—frequency do-
main. Therefore, we insert Eq. (1.43) into the Fourier transform Eq. (1.42), finally
obtaining

Xoo(q w Zech )axq(G )X, (w)- (1.45)
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In the above equation we have defined a crucial integral to be numerically evaluated
by ab initio codes: the screening matrix element

0xq(G) = (ck| TG T ok — ), (1.46)

which represents the coupling of the electrons with a longitudinal electric field car-
ryng both energy and momentum.

From Fig. 1.3 we see how x° gives a first-order correction to the bare Coulomb
interaction v. It is actually possible to improve on this and consider an infinite sum
of non—interacting eh pairs at all orders in v: this is a geometric series and therefore
exactly summable, leading to a huge improvement in the description of the screen-
ing. This is called Random Phase Approximation (RPA) and it represents the most
commonly used screening method when electron-hole interaction is neglected. We
tirst obtain the Dyson’s equation

xee! (@ @) = xeo (@) + Unee (v @lva@rcelaw). (147
1

here we have used v;(q), i.e. the Fourier transform of the bare Coulomb interaction
for a crystal,

47'((5GG/ : N
’1‘—1“ Ze (q+G)-(r—1) |q+G‘2 :Zel(quG) (r r)UG(q)- (1.48)
q9G
Equation (1.47) can now be inverted to give, formally, x* = [1 — vx%]~1x?, and

from this the RPA inverse dielectric function ealc, (q, w) can be constructed according
to Eq. (1.39), written concisely as e ! = 1+ vxRP4. Finally, the screened Coulomb
interaction is given, in accordance with Eqgs. (1.40) and (1.47), by W(r,v';t —t') =
e Y(r,v';t — t")o(|r — ¥'|) so that now we get a non-local, frequency-dependent in-
teraction in place of the bare Coulomb one:

—1
Wi(r,v';t —t) Zze (a+G)-r—i(q+G')-r o —iw(t—t') ece(qw)

| + Gllq+ G’
e lq+Gllq+ G| (1.49)
eoe (q W)
W LW GG
6e (@) = 1 Gllq + G

Equipped with a good description of the screened interaction, we can now go back
to the problem of the electronic self-energy.
1.3.3 Quasiparticle corrections I: electron—electron interaction

We can modify the self-energy of Eq. (1.27) by making a first-order expansion of the
GF with respect to the screened interaction W instead of the bare one v:

X¥(x1, %) = 'W(xl,xz)GO(xl,xz)

Z/d3qdw W(qw)G(k — q,w — ')
GG/

1.50
Y (k,w) = (2 e (1.50)

(whe) This term (the lowest-order approximation to ) can be summed at all orders
in the expansion of the GF (in exactly the same way as for Eq. (1.47), see Fig. 1.4(a))



1.3. Many-body perturbation theory 25

a) ck
. t ta Hoq ot ty 4 t
XO(q’ t12) =i ZZ UG (q) = 1 _______ 1 WGG/(q, tlZ) = AW
T e

ch:kq(G) Q:;kq(G)

b)x“’/*@©+© ...... @+© ...... Q ...... ©+

%
o

O

7 e

.

O

FIGURE 1.3: Graphical representation of the main equations for the electronic screening.
a) Egs. (1.43) / (1.45) (left), Eq. (1.48) (Fourier transform, center) and Eq. (1.49) (Fourier
transform, right). All the indices and summations are explicitly given. b) Eq. (1.47). c) Eq.
(1.44), W = ¢ 1o, as the RPA-screened Coulomb interaction (equivalently, Eq. (1.49)). Eq.
(1.39), e 1 = 14+ vxRPA, is also implied in the last line.

leading to a Dyson’s equation for the new, quasiparticle (QP) Green’s function:
G(k,w) = Gk, w) + G°(k,w) =™ (k, w)G(k, w). (1.51)

In fact, G is now describing the propagation of an electron or a hole “dressed” by
the electronic interactions contained in X% (a quasielectron and a gquasihole). The
poles of G will give us both the QP energies and the energies of additional satellite
structures. Currently, we are interested in the former, which correct the KS eigen-
values and allow for a more realistic description of the band gap, as well as for a
more accurate band structure as a whole. This method is called the GW approxima-
tion (GWA), since we obtained an approximated self-energy composed of G° and
W. The Dyson’s equation (1.51) represents a summation of self-energy contribu-
tions at infinite order in W. Some contributions at each order greater than the first
are nonetheless neglected. Such terms at second order are shown in Fig. 1.4(b) as an
example. A subset of the neglected terms, the so—called self-consistency diagrams,
can be included by (re)computing G self-consistently, but it is not guaranteed that
this will lead to better results: in most cases, the GW method consists of a one-shot
calculation with the DFT eigenvalues and wave functions as a starting point (in this
case we say that we are employing the GoWy method[7])."

If we want to compute the correction to a KS state |nk), we then take the corre-
sponding matrix element of G in the KS basis, and by inverting the Dyson equation

10The one-shot GyWy method has been very successful in accurately describing the band gap of
a vast class of materials. We will not be concerned with its failures in this thesis, although we will
mention that it underestimates the actual band gap of BN systems.
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FIGURE 1.4: Graphical representation of the Dyson equation for the GW self-energy. a) Eq.
(1.51), G = GY 4+ GYT*G. b) Terms contributing to the QP Green’s function G at second
order in the screened interaction W. The top one is included in Eq. (1.51), the bottom two
are neglected.
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we obtain (recall that Gg;:l =W — €,)

1
w — €, — (nk| XX |nk)’

Gur(w) = (1.52)

and the focus of the ab initio calculation lies in the computation of the complex quan-
tity 3¢ (w) = (nk| 2*¢(w) |nk).!" This can be broken up into the sum of two integral
expressions, one for the static exchange X* and the other for the dynamical correla-
tions part 2. The exchange part is responsible for the opening of the band gap. The

correlation part instead closes the gap, however its contribution to the QP correction
is typically smaller than that of X*.

47T
" = - dS nokq (G 2/
nk(w) ;g/ q|q—|—G|2|Q kq( )’

4rrecl,(q w')
c — d3 d / GG' \V am G)o* G/ GO — .
nk(w> I;GZG:'/ gqdw \q+GHq+G’|Q kq( )Qnmkq( ) mqu(w CU)
(1.53)

All the MBPT simulations performed in this thesis were run with the Yambo
code.[58, 59] In order to obtain converged and reliable results we need to pay at-
tention to Eqgs. (1.47) and (1.53). First of all both the k-mesh and the g-mesh need
to be dense enough to properly evaluate the corresponding integrals. In general the
two meshes coincide and their convergence is handled at the same time: the con-
vergence requirements are in general much stricter than in a DFT calculation and
one needs either exceptionally dense grids within the (I)BZ or advanced numeri-
cal integration methods (the largest values used in this thesis are 42 x 42 x 1 and
36 x 36 x 6 for the 5-layer and bulk hBN, respectively). This is one of the main rea-
sons why ab initio MBPT is in general much more computationally expensive than

Here only the diagonal components of £*¢ in the single—particle basis are considered. They repre-
sent the perturbative corrections to the KS energies. Recall that we are implicitly subtracting the DFT
exchange—correlation potential from this expression.
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DFT, and allows treatment of much smaller systems (of the order of just ~ 10 atoms
per unit cell). An additional difficulty is the sum over all empty KS bands appearing
in both equations. A cutoff number must be chosen, and in general it is very system—
specific. Nonetheless, a large number of empty bands is typically to be computed
with high accuracy at the DFT level in order to have reliable results (the required
energy range above the bottom of the conduction band can be of the order of ~ 100
eV). A third requirement, which is especially heavy from a memory perspective, is
the size of the G-tensors. Here the cutoff values are normally given in energy units
and they regulate, among other things, how many local-field components of the di-
electric function are taken into account. Lastly, in the X¢ calculation, the frequency
integral involving the dielectric function can be performed directly (in which case a
discrete grid of w—-values must be carefully converged), or a model dielectric func-
tion like the plasmon—pole approximation could be used and the integral perfomed
analytically (in which case the reliability of the model should be tested).

Once the self-energy has been obtained for state |nk), we can define and calculate
the QP correction. We see from Eq. (1.52) that it is given by the nonlinear equation

w— € — X (w) =0 (1.54)

(with 2¥¢ = ¥R 4+ i3] ), which is generally linearised by expanding its real part
around the original, real, KS eigenvalue, and then solved numerically:

xR (w
W — €pk — thi(enk) - SZE) (w - €nk) = 0/
W=€yk
. » (1.55)
Z=|1- 782”"(60) ] ,
Jdw w=c,

with Z called the renormalisation factor. With this definition, we can write the final
form of the QP GF and of the QP band energy:

Z
W — €n — ZX N (€nk)’ (1.56)
Enk =€uk + Zz‘ﬁ(enk)-

Guk(w; Z) =

Therefore, the correction to the DFT band energies is ZX"7 (e,r). The Z—factor is a
measure of the single—particle character of the system. If Z = 1, the electron ad-
dition/removal spectra (given by ImG) shows a single peak at the QP energy. The
width of the peak has the physical meaning of the inverse lifetime of the single—
particle state — due to electron—electron scattering — and is proportional to X!. Typ-
ically, if the system is not strongly correlated, Z < 1: in this case the missing spec-
tral strength is transferred to additional new structures called satellites. However,
it should be noted that a GW-type self-energy gives rise to a single satellite at the
wrong energy with respect to experimental observations. We will become concerned
with satellites (only the ones due the electron-phonon interaction) near the end of
this thesis, but so far we ignore them. If Z < 1, this is a signal that the material in
question is not well described from a single—particle perspective, and the theoretical
framework has to shift away from standard MBPT. In order to be able to consistently
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model the electron-hole interaction between single—particle states, while incorporat-
ing the QP corrections, we further define

1 1

= . 1.57
w—Ey  w— €y — ZX (€nk) (157)

an(w)

1.4 Optics

We will now start dealing with optical excitations: the response of the electronic
system to an external electro-magnetic (em) field, e.g. a laser field. The response is
described in terms of neutral excitations of the system that can be created (optical
absorption) or destroyed (radiative emission/recombination, luminescence). Let us
start with the former case: which is the basic physical mechanism that permits us
to understand optical absorption in a gapped material? Is it just the excitation of
an electron from the top of the valence band to the bottom of the conduction one,
upon absorption of the laser energy? We will see that more complex structures are in
general needed to model optical excitations if the electronic screening is weak, and in
many cases a description based on the band structure, useful as it is to conceptualise
the absorption process, must be formally abandoned.

The coupling of the electronic system to an external weak em field can be de-
scribed in linear response theory. The treatment is analogous to the one already
adopted for the screening (Eq. (1.29)), however now the external perturbation con-
tains both a longitudinal and transverse component and must be described in terms
of both a scalar and a vector potential ¢yt (x) and Ay (x). The external perturbation
becomes, at linear order in the incoming fields:

()= [ drp)pe(s) —% [ Eraeen ), (158)

where j = S [¥(r) V¥ (r) — (V¥ (r))¥(1)] is the current density operator, since
now an induced current will also be generated inside the material alongside the
induced charge. Actually, we can immediately choose the Coulomb gauge for the
em field, i.e. 'V - A.(r,t) = 0. This choice of gauge has the effect of separating
the optical character of the em interaction: now the scalar potential will describe an
instantaneous, purely longitudinal field (as we assumed in the screening section),
while the vector potential will be equivalent to a purely transverse field. As the
scalar potential gives rise to a longitudinal induced charge, which leads to Eq. (1.34)
for the charge—charge response function Y, in turn, the vector potential induces a

. L
transverse current via the (transverse) current—current response function y:'?

S 2 2
ix (x1,%2) = (T [J'(x1))' (x2)]), (1.59)
(with j/ = j —j). The connection of this function to the two—-particle correlation
<~
function is more cumbersome than in the case of x, since we have x (x1, x2) &« (V,, —

V., )L(x1,x2, x3,x4). Therefore, in general, %(xl,xz) is not calculated explicitly, as
we will see later.

12 Actually, there is also a mixed longitudinal-transverse response that leads to a transverse induced
charge and a longitudinal induced current. We will not introduce the corresponding response func-
tions here for simplicity (for further details, see Ref. [46]). This omission does not impact the discussion
in this section.



1.4. Optics 29

Let us now start to develop the charge—charge response yx for the case of optical
absorption. In this case, the external field is macroscopic: it typically has wavelengths
that extend from the UV (180 nm / 7 eV) to the IR (1200 nm / 1 eV) range, so that
the characteristic length over which it varies is much larger than that of the elec-
tronic system. For example, if g is the momentum carried by the laser field and
a is the lattice parameter of the crystal (< 1 nm), we may write the following in-
equality: ga < 1. This is the optical limit, which in the g—dependent formulas will
appear as lim,;,o. What about the induced field ¢;,4: is it macroscopic as well?
The answer is no, since the crystal is discrete and so the electronic density is not
homogeneous: then the induced fields experience relevant variations at the micro-
scopic level. These so—called local-field effects add up in ¢;,; and consequently in
Ptot = Pext + Ping. Mathematically, they are described by all the components of the
Xcg tensor with G # 0 (i.e. short-range contributions in real space). In turn, the ex-
perimental observables are macroscopic quantities: as the incoming macroscopic field
impinges on the system, the outcoming macroscopic (i.e. G = 0) field is measured.

In order to proceed, we need to introduce yet another response function, the
proper one x. Considering any invertible Dyson equation like x = x° + x°Kx with
K =v+... (for example K = v in the RPA case of Eq. (1.47)), we can always write
the useful relation

xt=(") -k (1.60)

At this point we break the Coulomb interaction into two parts, v = vy + v, where
vp is the long-range component with G = 0, while ¥ contains all the G # 0 compo-
nents. We can now define the proper response function as

x =" -5 (1.61)

In the RPA case, XRP 4 satisfies the same Dyson equation (1.47) as xRP A but now the
internal sum over G-vectors must have G; # 0. Furthermore, ¥ and ) are connected
by the following invertible relations:

=Y + 7’[] ,
ro AT (162)

X = X~ XVoX-
In order to obtain the macroscopic quantities that describe optical absorption we
need to set G = 0, pass to the retarded functions and take the optical limit, therefore

we have (this time writing explicitly the dependencies)

=R _ Xoo(q, w) _ Xoo(q, w)
@) = T @) @k e

el w = 1
[ 4 )}00 1—v0(q)x00(q @)’

where in the second equality on the first line we have used the matrix version of Eq.
(1.39) to introduce the microscopic dielectric function. The notation using square
brackets is meant to emphasize that we are taking the first element of the inverse
function, and not the inverse of the of the first element. Now we introduce the
central definition of the macroscopic dielectric function, the quantity that will be con-
nected to the experimentally observable absorption spectrum:

, (1.64)
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which permits us to finally write
. 4m_p
em(w) =1 —1lim —xp0(q, w). (1.65)
g—0 g
The above equation is well-behaved in the small-g limit because
Xoo(d @) ~ ¢°Xoo(w) : (1.66)
q—0

this can be understood by considering the small-q expansion of the screening ma-
trix elements of Eq. (1.46). The macroscopic dielectric function can be equivalently
evaluated by simply inverting Eq. (1.39), e 7! = 1+ lim,_,o vx®, however this matrix
inversion depends on all the GG’ components of the tensor.

It is now time to make a somewhat obvious remark. The laser field impinging
on the crystal during an absorption experiment is a purely transverse one, carried
by A.xt which is orthogonal to the direction of propagation of the laser wave. No ex-
ternal charge distribution is generally inserted into the system (¢, = 0), something
that would justify the use of the longitudinal charge—charge response. Instead, a
purely transverse incoming field can in general generate excitations with both longi-
tudinal and transverse components. In a system with cubic symmetry, only a purely
transverse current density will be generated.[60] Therefore, we would have to con-

sider a dielectric tensor, ¢ Mlw; %(q, w)], expressed in terms of the current—current
response function. This quantity has in principle nine components and is consider-
ably more difficult to evaluate than Eq. (1.65). Therefore, the following assumption
may be made at this point: (i) The system has cubic symmetry, (ii) we are always
at the optical limit (§ — 0). Condition (i) ensures that the transverse components

of }_()(q, w) are purely on the diagonal, while the longitudinal ones are off-diagonal;
together with condition (ii), it ensures that the dielectric tensor is a scalar function;
condition (ii) also ensures that this scalar function is equal to e)s(w). In short,

A d
limy u(qw) = Tem(w), (1.67)

therefore the transverse response of the system is known when ) is known. Para-
phrasing Ref. [60] and [46], this means that, given conditions (i) and (ii): the trans-
verse response of a (cubic) gapped system is given by the longitudinal response of the same
system but with the Coulomb interaction v replaced by . The computational literature
strongly relies on the calculation of €;(w) to access the optical properties of systems
of any symmetry, giving mostly accurate results. This is because the longitudinal re-
sponse can describe the effects of external transverse fields even in non—cubic crys-
tals (provided that condition (ii) still holds), if the momentum q of the incoming light
is orthogonal to one of the principal axes of the dielectric tensor.[61] In other words,
if we consider a frame of reference in which the dielectric tensor is diagonal, and
the incoming electric field (orthogonal to the light momentum) is parallel to one of
the corresponding principal axes, then limq_0 [epm(q, w)],, (Where « labels the prin-
cipal axis of choice) is still given by Eq. (1.65). This is condition (iii). In the course
of this thesis we will assume condition (iii), or rather its consequence, to always be
approximately valid, given that we are interested in hexagonal layered crystals with
incoming light polarised in the layer plane. However we will briefly go beyond con-
dition (ii) at the end, when discussing the effects of finite—g transitions mediated by
phonons on the optical absorption spectrum.
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Having discussed the response of the system to an em field, we can now look
for solutions to the macroscopic Maxwell’s equations for a monochromatic wave
penetrating the material (n being the polarisation versor)

Aoyt (1, t) = nAo(t) (eiq'r + e_iq'r) , (1.68)

leading to the well-known exponential attenuation of its intensity I along the direc-
tion of propagation z: I(w)/I(0) = e *(“)?. The frequency-dependent absorption
coefficient a(w) is the quantity to be determined by MBPT and computed ab initio.
Let us note down some useful relations: first, the macroscopic dielectric function has
a real and imaginary part: ep(w) = €1(w) + iez2(w). Note that €1(0) is the static di-
electric constant. Then, the complex refractive index n(w) = n;(w) + inz(w) can be
obtained from ¢ (w) because the two are connected by the relation ey (w) = n?(w).
Finally, the absorption coefficient is given by

w & (w)
c m(w)’

a(w) = (1.69)
Therefore, a(w) is completely determined by &>(w), which yields the absorption
spectrum and is the final quantity we aim to compute in this thesis.

We can clarify the last two paragraphs by computing the optical absorption in the
independent-particle case, using the zero—order polarisation x° = —iG°G® defined
in Eq. (1.41). This example will further emphasise the need to introduce an addional
layer of theory (the electron-hole interaction) to obtain an accurate description of

this physical process. In this case, the analytical form of ?0 is identical to x° as
given in Egs. (1.33) and (1.44) (provided that we are in a cubic sytem or condition
(iii) holds). However, the matrix elements from Eq. (1.46) are different: since in
the Coulomb gauge [p, Acxt] = 0 (with p = —iV), then the transverse field in the
perturbing Hamiltonian (Eq. (1.58)) leads to the optical matrix elements

n - (ck| el(a+6)Tp vk — q)
m (e — ekaq)

Dy, (G) = (1.70)

(this is to be compared with the screening matrix elements in Eq. (1.46)). We can

0
compare the microscopic dielectric functions obtained from x° and )? , (called ¢long

and " respectively), considering for simplicity the resonant w > 0 part (the only

one relevant for absorption):'®

87r e? 0k (G)axy(G')
long _ 9
& (q/ 1"‘ GZG:,EZ w — A(_:]C —|—177
1.71)

87162 Dic DICq(G/)
trans W) =1 q )
(e * GZG/ Z Z w — Aegy +in

We approach the optical limit: we first take the long-wavelength Fourier compo-
nents G = G’ = 0 and obtain the modulus squared of the long-range optical and
screening matrix elements, | Dyc,|? and |gj|>. We then expand the matrix elements at
first order in q: in the screening case the first non—zero termis  |iq - (c|r — 1’ [0) |? =

13The factor of 2 coming from the spin summation is explicitly taken into account in these expres-
sions.
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g*In - {c|r|v) |?. In the optical case, the first order is provided already by the momen-
tum operator p and we can simpy approximate the phase factor to one: this is the
so—called dipole approximation. We call the resulting matrix element dipole matrix
element (DME), di, in the velocity gauge; furthermore we introduce the following
useful relation to convert it to the length gauge:'*

i (ck|p |vk)

d]c = %n . W =n- <Ck| I'|'Uk> . (172)

All the above considerations show that

lim £ (q, w) = lim €% (q, w) = epr(w), (1.73)
q—0 q—0

and we can write the absorption spectrum in the independent—particle case as

_ 8m%e?

e2(w) 7

Y di|*6(w — Ae). (1.74)
K

We have obtained the textbook result of Fermi’s golden rule from time-dependent
perturbation theory.

If this were enough to obtain spectra matching with experiments, there would
be little need for the complicated theoretical framework that we laid out until now.
This formula casts the absorption process in terms of single—particle, “vertical” tran-
sitions of electrons that absorb the incoming energy of the laser field. When a tran-
sition is allowed by symmetry (i.e. the integral di is not identically zero), it appears
as a peak in the absorption spectrum, whose intensity is proportional to the prob-
ability of the transition taking place. The absorption edge of the system is at the
(direct) band gap energy E, = miny{Aey }. Clearly, in most cases the experimental
absorption edge lies higher in energy: this is because we did not account for the QP
correction and we are using the DFT band gap. By replacing G° with the G obtained
from a GoWjp calculation (recall Eq. (1.57)) we can obviate this problem, as now
x° = —iGG. In this way, we obtain Eq. (1.74) with AEy instead of Aex.'> This might
work for materials where the electronic interaction is highly screened, but in many
cases we now find ourselves facing the opposite problem: the theoretical absorption
edge now lies too high in energy! Replacing x° with P4 will not help us lower
the band gap of the system, therefore the missing part of the theory is not merely
a more advanced single—particle description of the response function. We need to
include electron-hole interaction in our theory. Conduction electron and valence
hole propagations are correlated, and if their interaction is strong enough they can
form a bound state whose binding energy lies below the single—particle band gap.
Such a structure is called exciton: it is not merely a below-band gap “defect-like”
state, but rather it requires a complete reframing of our description of the system.
We are dealing with a collective excitation that incorporates all electronic transitions
of the system, spanning in principle the whole energy-momentum phase space. To
elucidate this point, we will anticipate the form taken by > when the electron-hole

14This relation is strictly valid only if the unperturbed Hamiltonian is local, but it can be extended
to the non-local case by adding an additional term. The Yambo code contains the correction for the
non-local case.

I5However, note that the spectral intensities will change if the energies are shifted, since &, (w) must
respect the f-sum rule f0+°° dwweyr(w) = constant. In general, we will use arbitrary units for the
spectral intensities.
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FIGURE 1.5: Comparison of €;(w) calculated according to different approximations and lev-
els of theory for bulk hexagonal boron nitride. a) The independent—particle (IP) result, Eq.
(1.74), is shown for x° in blue and for ¥*" in green. In both cases the peaks are at the
single—particle transition energies (the two functions share the same pole structure) and the
absorption onset is at the QP band gap. The BSE result, Eq. (1.75), is instead shown in red:
it shows a substantial oscillator strength transfer to the first excitonic state at 5.5 eV and the
absorption spectrum is completely altered. b) Comparison between the IP result at the DFT
level (dashed blue), at the GW level (blue) and at the GW+BSE level (red). The DFT onset
is around 4.5 eV, but the GWA corrects the band gap by about 1.6 eV. The binding energy of
the lowest energy exciton is 0.7 eV and sits around the midpoint between the DFT and GW
absorption onsets.

interaction is included via MBPT (see the next Section):

2.2 2
ex(w) = Ly 5(w — Ey) (1.75)

V. 3

Y Aydi
K

Here, the possible excitations we are summing over are the excitons A, and each exci-
ton is made of a linear combination of all single—particle transitions K. The weights

Zf allow for the change from transition to exciton basis. They are computed, along-
side the exciton energies E,, by solving the Bethe-Salpeter equation (BSE). Some
numerical examples pertaining to the present discussion are presented in Fig. 1.5.

1.5 Excitons

In order to take into account excitonic effects, we need to consider a perturbation
expansion of the response function yx in terms of electron-hole interactions. We want
to consider these interactions at first order and in a consistent way with the single—
particle corrections (i.e., the GW self-energy). We can start from the inverted Eq.
(1.32) (in the time—-ordered case):'®

dp(1)
12) = ——. 1.76
X( ) 5(Pext (2) ( )
Here for simplicity we made the replacement 1 — x1, 2 — xp, ... for the space-

time coordinates. It can be shown[3] that this equation leads to the Bethe—Salpeter

16Tn order to find more information about this functional approach we direct the reader to Ref. [3].
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equation (BSE) for yx, written as
x(12) = X°(12) + / d(3456)°(134)K(3456) ¢ (562),

K(3456) = ?282,

(1.77)

whose graphical representation is shown in Fig. 1.6(a). We have a Dyson-like ex-
pression with the non-interacting contribution x° and then the interacting part: an
electron-hole pair is created at 1, then the electron experiences the interaction at 3, 4
and the hole at 5, 6 before recombining at 2. Both in x" and in the evaluation of the
kernel K we consider the QP Green’s function G obtained from the GW approxima-
tion (Eq. (1.57)). Therefore, G — G and £ = £ + iGW with W obtained in the RPA
(Egs. (1.28) and (1.49)). The kernel is then given by

_ ox(85) | ox3s) _ G (35)W(
K(3456) = —— (46) + = ) - 6(35)0(46)0(36) +i— =" == (3%)

—i6(35)6(46)20(|1s — 16| )0 (t1 — t6) +i6(36)5(45) W (35),

35)

(1.78)

12

where in the second line we neglected % = W&;;;’A W because it is of higher or-
der in W. One last simplification remains: recall that G is by definition the GW
Green’s function without its satellite structures, i.e., the effect of the dynamical part
of the interaction is only included at the level of the QP energies. For consistency
reasons, we then take the static approximation for the screened interaction within
K, W(35) = W(r3,15)0:(t3 — t5). This means that upon external perturbation, the
electron density of the system polarises instantaneously. The static approximation
allows us to invert Eq. (1.77), because now the time integrations will be reduced
to just one time, and in the frequency domain the equation will only depend on
the incoming frequency, without an integration over the internal frequency of the
screening. In the final part of this thesis we will try to go beyond the static approx-
imation when including phonons into the kernel. Note that in order to compute x
instead of x it is enough to consider a kernel K where the bare Coulomb interaction
v constituting the first of the two terms is replaced with © (see Egs. (1.60) and (1.61)).

Before inverting the BSE, let us write down explicitly the two components of the
kernel in the transition basis:

- qu]CIC/ = _VIZK/ + WIqC]C//
WIL]CIC’ = <IC|W“C/> = /d3rd3r/¢vlk1_q(r)q):1k1 (r/)w(r’ r/)q):;zkz—q(r)qpczkl (r/)’

Vi = (KIVIK) =2 [ rd g, g0, (0( = ¥ )9y () st (t):
(1.79)

The first term represents an attractive, screened interaction between electron and
hole. This term is responsible for the formation of bound states lying at lower energy
than the single—particle band gap and is often called “direct” eh interaction; in order
to emphasize its origin from the derivative of 2*¢, it may also be called “screened
exchange” term. The second term exchanges particle and hole indices and is repul-
sive, short-range and mediated by the bare Coulomb interaction. It has the effect
of reducing the exciton binding energy and is generally called “exchange” interac-
tion, although this can be quite confusing since it comes from the Hartree part of
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the self-energy, not the exchange part; therefore it may also be called “Hartee” term
to emphasize its origin. In order to make the connection with the previously com-
puted ab initio quantities, we take the Fourier transform of Eq. (1.79) and write the
final form of the “direct” and “exchange” matrix elements in terms of the screening
matrix elements,

1

e '(qw,0)
Wq ;= 4 * G G/ ,
KK N,Q) qu:C% lqw + G||qw + G/| Qvﬂ?zkl—qu( )QC1czk1qw( )

- (1.80)

2
q _ *
Ve = R L T G S (@)t (©)

Note that the screened interaction depends on its own internal momentum qu =
ky — ki because of the presence of the microscopic inverse dielectric function, and
that the screening matrix elements couple different transitions in W and V. The
BSE with kernel K = —V 4 W is schematically shown in Fig. 1.6(b). Up to this
point, we implicitly considered only resonant electron-hole transitions, i.e., those
with positive E;. — E, energy differences. However, when summing over electron—
hole pairs /C, in principle we have to include also anti-resonant transitions, i.e. when
E, — E; < 0. In order to make this more explicit, we use the following definition:
given a transition labeled by K, then K will label the corresponding transition with
the opposite resonant character (i.e. if K = vjciky, then K = cijv1k1). Now we can
introduce a useful symmetry relation for the kernel:

(K] =KL (1.81)

We now need to find X?C «(w). In order to proceed, we rewrite the inverted Eq.
(1.77), x(w) = [1 — x*(w)K]1x°(w), using its resolvent:'”

X (w) = [H = 1z] o AfE, (1.82)

where z = w +17, Af}- is a difference between occupation factors (if K is resonant
q _ _ q _ . .

then A fx = fak — foki—q = —land Afg = 1)., 'and‘ H is a matrix that alyv'ays has

real eigenvalues, although it may not be hermitian if anti-resonant transitions are

considered. We call H excitonic Hamiltonian, since it is given by

H} . = AEgdicxr — iAfE K, (1.83)

(if K’ is resonant then Af, = —1 and A f%, =1).

In order to solve the excitonic problem we have to diagonalise the Hamilto-
nian H. Its diagonal part consists of single—particle QP transition energies (here
Oxkr = Oc10,00,0,0k,k,): if electron-hole interaction is neglected, this will lead us back
to Eq. (1.74). It is the non—diagonal part, which contains the electron-hole interac-
tion kernel, that forces us to reconsider the excitation problem: the eigenvalues E{
of H then represent the energy of the excitonic state A, which is the real two—particle
excitation energy. Analogously, the eigenvectors of H, expressed as qu = (Kq|A),

7Here and henceforth, recall that we are explicitly considering electron-hole transitions only - i.e.
K = (vic1ky), K = (vacoky) — for a gapped material at zero temperature. The following discussion
can be generalised by considering any two—particle transitions and adding explicitly the temperature—
dependent band occupation factors. In this case, the two—particle correlation function L, which is more
general than ), should be used.
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FIGURE 1.6: Graphical representation of the static Bethe-Salpeter equation. a) The con-
tributions to the electron-hole interaction included in the kernel K, leading to Eq. (1.77)
x = x° + x°Kyx. The wiggly and dotted lines are the statically screened and bare Coulomb
interactions, respectively. b) Eq. (1.77) before its inversion (which leads to Eq. (1.82)). All the
indices and summations, including those for the kernel K = W — V, based on Eq. (1.80), are
explicitly written. The black dots represent the screening matrix elements, while the white
crossed dots become the dipole matrix elements at the optical limit.

are connected to the exciton wave functions, and we have

Y Hiy (K'qlA) = Ef (Kq|A) . (1.84)
IC/
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Note that the eigenvectors relative to ¥ will be denoted A instead of A. If the eigen-
vectors are not orthogonal we can define an overlap matrix Nyy = ) ¢ Af’*Af,
(which reduces to 6, in the orthogonal case) and their completeness relation be-
comes
Y ANN VAR = 0. (1.85)
AN
Then, the spectral representation of x can be written in terms of the spectrum of H,
giving in particular for its retarded part (i.e. positive exciton energies)

AL, 4R
XICIC’ %A /\/\/ Ay Xyn (@),
1.
R VY (1.86)
AN = -
w — EK + 17

Here )(?L’)If, (w) = x{(q, w) is the propagator written in the excitonic basis, in which it
is diagonal. Now we just need to express xR as a tensor in the G-vectors (Eq. (1.43)),

xoo(@w) =Y ZA/\qQICq VAN, 0k (G X3 (q, @) (1.87)
KK A
(here we assumed N,y = d,, for simplicity). Finally, if we switch from )(Iéc, to

xR o and take the optical limit (G = G’ = 0, § — 0), we can use Eq. (1.65) to
access the macroscopic dielectric function ey(w), and then we obtain Eq. (1.75) as
its imaginary part: this gives us the absorption spectrum including excitonic effects.
The exciton wave functions can also be represented in real space as six—dimensional
objects depending on both the electron and hole coordinates, given by

Pl (o) = Y AY fek (te) Py (11), (1.88)

vck

with |¢](r., 1,)|? giving the electron-hole charge distribution. Similarly, in order
to analyse which transitions are the most important for a certain exciton A, the k-
resolved excitonic weights ) .. |A§f’qk |? in the BZ can be considered.

Before moving on, let us take a look at the explicit matrix structure of H(q).
In particular, under which conditions are we allowed to restrict H to the resonant
part only? This is a relevant question because the diagonalisation of the excitonic
Hamiltonian, as we shall see, is a computationally demanding task. We have:

/

K’ K
AE ikl —iK1 o K
H(q)=< . : K 1 ) (1.89)
iK 7, — Ak, +11<,C,C,] K

where we have rewritten the second row using Eq. (1.81). We can see that reso-
nant (top left) and anti-resonant (bottom right) transitions are coupled by the off-
diagonal elements. However, their contribution in the absorption case is usually
very small and only non—negligible in the case of metals: therefore they are ne-
glected. This is called Tamm-Dancoff approximation (TDA). It reduces the size of
the kernel because now the resonant and anti-resonant blocks may be diagonalised
separately, and the latter may be computed in terms of the former, albeit with oppo-
site momentum. The two blocks then coincide at q = 0: since in general the ab initio



38 Chapter 1. Basic theory and implementations

solution of the BSE is done in the context of optical absorption, this is the only ker-
nel usually computed and diagonalised by the numerical codes.[8] If one is instead
interested in extracting information about the exciton dispersion, then the build-up
and subsequent diagonalisation of multiple H(q) matrices is in principle needed on
a certain mesh of g—points. Finally, in order to substantiate the discussion in this Sec-
tion with an example, the analytical solution for H in the case of a two-level system
is presented in App. A.

1.5.1 Calculations in practice with the BSE and Yambo

The usual flow of a many-body calculation starts from the ground-state properties,
then moves on to QP corrections, and finally goes on to the excitonic states. In short:
DFT — GW — BSE. The RPA screening can be obtained in the context of a GW cal-
culation or, if a model dielectric function is used for the GW step, its static part can
be computed before a BSE run. In the case of the calculations presented in this the-
sis, the DFT energies and wave functions computed with QE are read by the Yambo
code. Yambo produces several databases containing the data required either for sub-
sequent calculations or for analysis (QP energies and lifetimes, spectral functions,
components of x4, exciton eigenvectors and energies, et cetera).

For a BSE calculation, new convergence requirements must be satisfied in addi-
tion to those pertaining to the GW and screening parts (see Secs. 1.3.2 nad 1.3.3). In
particular, an independent convergence test on the k—-mesh must be performed in or-
der to ensure the accuracy of the exciton energies and spectra. Also with regards to
Eq. (1.83), the number of c and v states to include in the excitonic Hamiltonian is cru-
cial; usually this number is not very high, as the contributions to the various exciton
states tend to be localised around few bands. Fulfilling these requirements means
rapidly increasing the size of H by adding more and more transitions K, something
that can very easily lead to memory problems during the calculations. Additionally,
the necessary numbers of G-vectors in the sums of the V and W components of the
kernel must also be carefully checked. Regarding the diagonalisation of H, different
methods are available depending on its size. In the best—case scenario of a tractable
problem, a full diagonalisation may be performed, giving access to all exciton eigen-
states and energies. This is presently the only possibility for finite—g calculations. If
the kernel size is too big, an iterative solution called Haydock’s method (based on
the Lanczos algorithm)[62] is available: this gives access to the absorption spectra
but not to the exciton wave functions. Recently, with the addition in Yambo of the
SLEPC library,[63] it is possible to perform an iterative solution valid also for the
eigenstates: in this case the number of excitonic states A to be converged (starting
from the lowest-bound one) is set in the input.

Parallelisation of the calculations is possible and the k, g, ¢ and v loops can be
efficiently parallelised in all the main sections of the code. In general, the paralleli-
sation over k—points increases the speed of the calculations, while the one over bands
allows for better memory distribution.

The implementation of the solution of the BSE at finite momentum has been re-
cently completed.

1.5.2 Additional caveats for two—-dimensional materials

The ab initio simulation of a 2D material is especially delicate. First of all, due to
the lack of periodicity along the direction perpendicular to the layer plane (here and
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henceforth called the stacking direction), it is necessary to construct simulation su-
percells where the repeated copies of the system along the stacking direction are sep-
arated by enough vacuum space so as to not to interact with each other. This is easy
in the case of DFT, but when computing the many-body j, the presence of the bare
Coulomb interaction v(r) means that the vacuum intersystem separation becomes
another parameter to be converged. Unfortunately, the other convergence param-
eters (k—grid and, sums over G vectors, number of unoccupied states) depend on
it.[64] Additionally, due to the long-range character of v, true convergence is often
impossible before the calculation becomes unfeasibly heavy.[26] In order to allevi-
ate this issue and speed convergence up, a truncation of the Coulomb potential in
real space (Coulomb cutoff) is performed: v(r) is put to zero outside a user—chosen
geometric region (e.g. sphere, cylinder, box).[65] This allows to obtain converged re-
sults with relatively small intersystem separations (~ 20 A in the case of the systems
studied in this thesis).

Another issue is the numerical instability of the g-integrals over a quasi-2D BZ
involving the Coulomb interaction v(q + G) « |q + G| 2. To avoid divergences, the
random integration method (RIM) should be applied to these Coulomb integrals: for
each g of the discretised integration g—grid, the Coulomb interaction is replaced with
a Monte Carlo integral over a large (user—defined) number of random Q-points, as:
o*M(q+G) = [, d°Q v(q+ G + Q) (where R is a small user-defined volume in
reciprocal space). This allows for a smoother function and a well-behaved g integra-
tion.

1.6 Lattice vibrations

This Section is concerned with the interaction of the electronic system with the ions.
We will describe the lattice vibrations, i.e. the phonons, in a framework that is useful
for Density Functional Perturbation Theory (DFPT) calculations, and then switch to
a many-body description. The treatment is mainly adapted from Refs.[5, 49, 66, 67].

1.6.1 Dynamical matrix and phonon dispersion

We first consider the ionic system in the BO approximation. Here the ions will in-
teract with each other and be subject to the potential due to the electronic system
evaluated at the static ionic positions. According to Eq. (1.2), we can write for the
ionic system:

(Hion({R})) = (H2,({R})) + E{R}] + (Ho—ion({r}, {AR})) (1.90)

where E[{R}] is the DFT total energy. The interacting potential #,_;,, will give rise
to collective excitations of the ionic system in the form of lattice waves or phonons.
Actually, H,_o, can be identified with the variation of E[{R}] when the atoms are
displaced from their equilibrium positions. Since in our case this interaction will not
be as strong as to break the BO approximation, we can perform a Taylor expansion
in the atomic positions up to the second order: this is the harmonic approximation.
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Therefore we obtain

E({R}) =E[{R%}] + (H,—ion({r}, {AR})) =
9E({R})

{RO} + Z oR? RLHX - RLza)+
Lia Lia 10 (1.91)
E({R})
5 LZ aRgmang (Riiw = Ryia) (Ruijp = Riyjp) +
Mjp

Several remarks are now in order. The atomic positions depend on three indices: the
Greek letter identifies the Cartesian direction; the lowercase Latin letter identifies
the ion within the unit cell of the crystal (therefore it runs over the crystal basis);
the uppercase latin letter counts the repeated unit cells (therefore we may call it
“supercell index”). In other words, the position of an ion in the crystal is expressed
as Ry; = r; + T, where r; is restricted to one unit cell and T; is a lattice vector. The
derivatives appearing in Eq. (1.91) are evaluated at the equilibrium ionic positions:
therefore the first derivative vanishes and we are left with the second—order term
only. In general,

o =~ 2EURD (1.92)

Lia

is the restoring force that the electron system exerts upon the (Li)-th ion when it is
displaced along the « direction. Analogously,

' ?’E({R}) oFy;
chin, = =2 (1.93)
P ORY, R,  9RY,

If ion (Li) is displaced along «, and ion (Mj) is displaced along f, then C%‘ﬁ is
the variation in the restoring force acting upon (Li) induced by the displacement of
(Mj). Let us now define the atomic displacements up; = Rp; — R%i. Now by consid-
ering the ionic momenta defined as P; = M;u; and a constant energy shift Egp;¢;
coming from the interaction energy of the ionic system at {R’}, we can write the
ionic Hamiltonian as

N 1 .
(Hion({R})) = Egnipt + 5 ZM Wi + 5 5 Y. Cilguriatinmip. (1.94)
Lzoc Lia,MjpB

The size of the force constant matrix C is then 3NN, with N being the number of
unit cells within a periodically repeated supercell and Ny the basis of the crystal.
However, because of the unit—cell periodicity of the crystal, the force constants are
invariant under a translation of a lattice vector 7, i.e. they only depend on the differ-
ence T; = T, — Tp, which allows for the Fourier transform into reciprocal space. In
this way we can solve the problem just in a single unit cell of the crystal, replacing
the sums over the supercell index with g—sums in the BZ:

(q) = Z Cliseiatr, (1.95)
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This is the dynamical matrix. The lattice vibrations will be the solutions to the equa-
tion of motion for Eq. (1.94), which is

n R})
Miiipi, = —<Z££l{“} A%C]L\,}?‘ﬁuM]ﬁ (1.96)
j

These can be found by first diagonalising D for each q, so that we obtain:

A A
Y Djg(Q)g;! = wip g (1.97)
1w
. Aq AG xAq A T
Here, the eigenvectors ¢™ = ( Clygf |§ - CN, Z) are the normal modes of the
oscillating system which are orthonormal,
Zg“’* = Saps ZgM* = 5ii6up. (1.98)

The normal modes describe the phonons in terms of 3N,; collective, periodic oscil-
lations of the crystal with momentum g that are independent of each other, rather
than in terms of single—ion displacements. The smaller the momentum, the larger
the phonon periodicity in real space. Now wyy > 0 is the frequency associated with
the phonon branch A at momentum g (compare this with the Section about the exci-
tonic Hamiltonian, Eq (1.83)). The original atomic displacements u (the solutions of
the equation of motion) are obtained from the normal modes. They have the form
of standing waves and can be obtained in any real-space unit cell by a basis change
with the proper supercell phase factors:

uLux t

Z 1qTL§

1 . .
(1) = 1 [AM) exp it 147, (T) exp“"q”] -

(1.99)

Here we have used the following properties: w5 = wyy, C = @‘ 1 and z *M =

zl 1. Furthermore, the temperature-dependent amplitudes of the osc111at10ns are
given by[68] Ar(T) = \/2kpT/wg,, kp being the Boltzmann constant.

In summary, the relevant information about crystal lattice vibrations can be ac-
cessed by first computing the interatomic force constants (IFC) and then diagonalis-

ing the dynamical matrix.

1.6.2 Density functional perturbation theory

On the matter of computing the IFCs, again we can use DFT as a starting point, turn-
ing to DFPT.[5, 6] We give here only a brief account of the logic behind DFPT and
of the main quantities that result from an ab initio phonon calculation. In order to
compute the second derivatives of the total energy, we start with the first deriva-
tives and apply the Hellmann-Feynman theorem to transform the derivative of the
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expectation value into the derivative of the operators (see Eq. (1.6)),

OEUR)) _ ey P qany _ (s WVecion

C 9RO oRY. oRY.
Tin 5 qu Tin (1100)
_ / 2RI
8R0 ’

Tin

where the second step stems from the fact that only the external potential depends
explicitly on the ionic positions. This leads to

O*vr(r) dvR () dpo(r)
clis — / EED R 1.101
aR(I]wcajoﬁ pO(r) " aR(I)za ajoﬁ ( )

At this point, the task is reduced to the computation of the first derivatives of the
ground-state electron density. These are computed in a self-consistent scheme sim-
ilar to the standard DFT one, but this time yielding the derivatives of the KS wave
functions via the ones for the effective potential drv,ss. These latter quantities will
also yield the electron—phonon coupling matrix elements. This method, although
quite cheap computationally-wise compared to those based on atomic displace-
ments,[49] is still much more computationally expensive than a standard DFT run,
as all the (Iix) variations of p and v,¢s, which in general lower the symmetry of the
crystal, have to be computed.

1.6.3 q — 0limit

The system will always have three acoustic phonon branches, and if N,; > 2 it will
also feature 3N,; — 3 high—frequency optical branches. Additionally, in a layered ma-
terial we can distinguish between out—of—plane modes, where the ionic oscillations
are orthogonal to the layer plane, and planar modes. Among the planar modes we
have the longitudinal and transverse modes, in which the direction of propagation
of the phonon is either parellel or orthogonal, respectively, to their momentum q.
When the momentum goes to zero, the phonon periodicity tends to infinity: this has
consequences for both acoustic and optical phonons. The acoustic phonons have a
linear dispersion for small momenta, and respect the acoustic sum rule (which is
usually enforced by hand in numerical calculations to avoid spurious negative fre-
quencies):

ZC”“ (|77 — o00) = 0. (1.102)

This is a consequence of the translational invariance of the crystal, that must allow
for zero—frequency, rigid translations.

Let us consider a non-2D material (i.e. any crystal that is not just a 2D atomi-
cally thin sheet) which is also polar. The latter condition is realised when there is a
permanent dipole moment within its unit cell: this can happen for example when
there is a difference in electronegativity between the atoms in the crystal basis, and
the effects of the resulting spatially inhomogeneous charge distribution are not can-
celled by symmetries. In this case, when q — 0, a macroscopic electric field arises
due to dipole-dipole interactions. The optical modes, whose frequency at q = 0 is
finite, will be affected: wp, will depend on the direction along which the momentum
goes to zero. This induces a splitting between longitudinal and transverse modes at
small q, called LO-TO splitting, with the LO frequency becoming larger. This split-
ting can only be captured by adding a non-analytic part CN4 to the matrix C, so that
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C — C(q = 0) + CN4(q — 0).[6] We list below the corresponding expression for
completeness:

4r(q-Z;,)(9-Zj,)
Vo Lap9agipip

Here ¢7; is the electronic contribution to the dielectric permittivity tensor and Zj, =

(1.103)

CNA;E(q —0) =

0F, /OE the Born effective charge (also computed via DFPT); E is the macroscopic
electric field. There is an analogy between the LT phonon splitting and the appear-
ance of a LT exciton splitting at @ = 0. Recall Section 1.5. Some of the (purely trans-
verse) degenerate excitonic states resulting from the excitonic Hamiltonian for x are
split if the one for x is used instead. This is because ) contains the longitudinal,
macroscopic component of the Coulomb interaction. However “longitudinal” exci-
tons cannot be seen in absorption experiments because the incoming field is purely
transverse. When a longitudinal perturbation is applied, instead, some states will
split depending on the direction along which q approaches 0.8

1.6.4 Quantisation of the phonons

For most applications where electron—-phonon coupling is needed, the quantisation
of lattice vibration must be considered (for example, in order to account for zero—
point motion effects). We do this by transforming the normal coordinates z in Eq.
(1.99) into operators, according to the following relation:

£Aq h —iwgatf iwgrtt
t) = A'h A'b p 1.104
20 = | [y L7 b+ e Bl (1104)

where Eq A (ZAJZ; )) is the annihilation (creation) operator of a phonon with momentum g

and branch index A. These operators follow the commutation relations [Eq A 192;, V] =
SgqOpn and [Bq Ar Bq/ V= [I;:;A, le;f, ] = 0, and allow to rewrite the ionic Hamiltonian
(minus the constant energy shift) as a collection of quantum harmonic oscillators:

1

5) (1.105)

Hion = Zhwq)\(f?;)\gw +
gA

We can thus see that in the BO and harmonic approximations, lattice vibrations are
quantised as perfect bosons.

The definition for the phonon propagator is then that of a bosonic Green'’s func-
tion. In the present treatment, the field operators we are concerned with are then the
atomic displacement operators #;,(f) obtained combining Eqs. (1.99) and (1.104).
We then write the propagator as (compare with Egs. (1.17) and (1.23))

iD(Lia, & MjB, V) = (Qr| T [ (D)t )
1 carr il mAGEA —q A [2Ag , aAgt
= D e gl (on| T E10E ()] 10r)
/\/Z/
), eiq'”e_iq/'TMgin?,;_q/iDM (t,t).

Ag
)\,q,

(1.106)
1
N

18furthermore, new collective excitations (plasmons, i.e., electron density oscillations) will become
visible and can be captured using x instead of .
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Note that we have defined Ej;q = /h/2M;w, Aéj;q for brevity. Here, we have consid-
ered explicitly a temperature-dependent phonon ground state, (01, as occupation
factors determine the phonon populations and therefore affect the probability of
electron-phonon scattering processes. We will deal with the non—interacting bosonic
propagator written in the basis of normal modes (where it is diagonal), which we
called D,,. It assumes the following form

iDAq(t21) = (1+nq)\(T)) |:9(t1 _ tz)efiwq)\(tlftz) + 9(1-2 _ tl)eiwq)[(tlftz)}

. . (1.107)
g (T) [O(tl — ty)elnlti=h) 1 g(t, — t1)e*1“"ﬂ(“*t2)} ,
and its Fourier transform is
2w A 2w A
D =1 N—— T)———1 1.108
Aq(w) [ +nqA( )]wz—w;\—FiU nq)L( )wz_wg/\_in ( )

These equations contain the Bose-Einstein distribution function for phonons, n,), =
(ewn/ksT _1)=1 Tt is worth to point out that the first term in the above equation
will be involved in electron—phonon scattering processes where a phonon is emitted
by the electron system, while the second term will describe phonon absorption. We
can see that even at zero temperature — when no phonons are present in the system
— the quantum zero—point motion always allows for the probability of a spontaneous
phonon emission. In general these zero—point contributions can be very important
for the correct description of the electronic system (e.g. they may cause a reduction
in the band gap energy with respect to the DFT or GW values). Furthermore, once
the effects of quantum lattice vibrations have been incorporated into the electronic
system at T = 0 (via the perturbation theory of electron—phonon interaction), the
extension to finite T is often trivial. At T = 0, the phonon propagator becomes (com-
pare with Egs. (1.25) and (1.44))

1 1 w, Ag

= — = 0000000000000000" . 1.109
Ww—wgrt+iy W+ wgy — iy ( )

Dq)\(w)

This propagator will act on the electronic system as an effective dynamical interac-
tion, in a similar way to the screened electron—electron interaction, and will produce
its own kind of quasiparticle corrections. Because it permits a finite momentum
transfer between electron states, it will also lead to the appearance of “diagonal”
electronic transitions (for example finite—q eh pairs). Finally, a static limit to D) (w)
can be defined in this way:

2
Dsa(tm) = DqA(w = 0)5(t21) = —7(5@2 — fl). (1110)
q qu

1.6.5 Electron—-phonon coupling

We are interested in describing the coupling between a Kohn-Sham electron and
a phonon mode. Therefore, we take the Kohn-Sham Hamiltonian, H*S({R?}) =
~VZ%/2 4, £ (1, {R"}) and we expand the effective potential to first order in the lat-
tice displacements. Now, the electron—phonon coupling Hamiltonian will be given

by

v
(1) eff
H;, = E - 1.111
ep L IR, ULin ( )
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This expression can be written in terms of the normal coordinates in second quanti-
sation as

A N A ~ A~
Hﬂgll’) = Z gnika;kamqu(b/\q + b};_q) (1.112)
nmAkq

(note, for completeness, that the KS Hamiltonian in second quantisation is HKS =
Yok enkﬁzkﬁnk). Here, the electron—-phonon coupling (EPC) matrix element ¢ must
be defined: it controls the strength of the electron-phonon interaction and plays
the same role that the screening matrix element (Eq. (1.46)) plays in the case of the
electron—electron interaction. It is given by, using the notation by Giustino [49],

Ag *Vmni (k k — q)
nmk = gnm k k— q Z ’
‘ 2M;
i v a g (1.113)
0 _
'Ymm k k— q Zelq r=T1) aEff ’ﬂ’lk - q> .
Z r—7L

Here the overlines in the bra and ket states indicate that the integral is evaluated
in the unit cell of the crystal using the lattice—periodic parts u,(r) of the KS wave
functions (Eq. (1.12)). Note that this complicated expression can be simply recast as

gnmk <nk]Aqueff]mk q), (1.114)

which emphasises its physical meaning, by defining an effective derivative Ay,. By
evaluating higher-order derivatives of v,r; we can in principle compute higher-
order couplings, however these are usually neglected apart from the second—order
term

ATV <nk]AqAA gy =) o 1 7 eff Fink=g=q). 119

This term plays a role in the correction of the band energies, appearing in Eq. (1.117)
below. In particular, we will be interested only in the diagonal second—order cou-
pling (m — n,q' = —q, A’ — A), which can be obtained by the first-order coupling
at q = 0.[69]

A final remark is in order about which kind of physics is captured by the cal-
culation of the EPCs from a DFT standpoint. Clearly, this is a vast improvement
with respect to the “bare” coupling given simply by drvr (the derivatives with re-
spect to the bare electron—ion interaction), because it includes corrections due to the
interacting nature of the electron system (i.e. screening and “vertex” corrections),
albeit at the DFT level. Yet, Eq. (1.114) does not coincide with the true result for
a first-order EPC coming from a rigorous many-body treatment, because the elec-
tronic screening is only at the static RPA level and the non-local, dynamical vertex
corrections become local and static in the approximations for vy.. A detailed descrip-
tion of these subtleties goes beyond the scope of this thesis and can be found in Ref.
[49]: in this thesis, we will only deal with DFT-based EPCs.

1.6.6 Quasiparticle corrections II: electron—-phonon interaction

The quasiparticle correction of the electronic band structure due to electron—-phonon
interaction is treated along the same lines as that for the electron—electron interaction
(GW approximation) seen in Sec. 1.3.3. This time, however, instead of the electronic
screening we have the phonon propagator, which is the displacement-displacement
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FIGURE 1.7: Schematic representation of the Fan-Migdal (left) and Debye-Waller (right)
contributions to the electron—phonon self-energy (Egs. (1.116) and (1.117) respectively. The
black diamond and square represent the electron—phonon coupling matrix elements.

correlation function and permits the description of the polarisation of the electronic
system due to lattice vibrations. We obtain a Dyson equation for the quasiparticle
Green’s function G in terms of the KS Green'’s function G° and the electron-phonon
self-energy. Since we are using the bare phonon propagator of Eq. 1.108, instead
of the screened Coulomb interaction, now the frequency integral in Eq. 1.50 can be
explicitly evaluated in the electron—phonon case, leading in the KS basis to

Z 1 Z ’ k|2 nq/\( >+1_fmk—7 + nqA(T)+fmk—q .
q mAg — €mk—q — Wgr — 1] W — €mk—q + Wgpr — 1]

(1.116)

This is the Fan-Migdal (FM) self-energy,[70, 71] expressed as the first-order dy-

namical correction to the electronic state (1k) due to electron-phonon interaction.

It features a sum over the electronic states m as well as over the phonon branches

and momenta. In most cases, an additional self-energy term is found to add a non-

negligible shift to the bands: this is a second-order, static correction called Debye-

Waller (DW) self-energy[72] and given by

FDW(T) = Ly qrh oot 21,0 (T) +1] . (1.117)

The DW term is evaluated with the second—order, diagonal EPC matrix element. The
electron—phonon self-energy is schematically depicted in Fig. 1.7. These expressions
for the electron—phonon self-energy constitute the so—called Allen-Heine-Cardona
(AHC) theory.[73-75] We proceed in the same way as in the GW case and we obtain
for the QP Green’s function G, spectral function A, and QP energies E the following
expressions:

-1
Guelw, T) = |w — e — ZpM (w0, T) = ZRV(T)|

Anlw, T) = %IrnGnk(w, T), (1.118)
Eui(T) = e + Zu(T) [Z5 (e T) + RV (T)

where the renormalisation factor Z is defined according to Eq. (1.55).

By computing the electron-phonon self-energy, we are able to access the tem-
perature dependence of the band structure and most importantly of the band gap,
as well the electron-phonon scattering lifetimes (e [ImXfM]~1) for the electronic
states, which will depend on the strength of the coupling |¢|? to the various phonon
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modes and on their occupation number (1,,). It is important to remark that a signif-
icant effect may also be seen at T = 0, due to quantum zero—point motion. From the

computational point of view, generally the EPC matrix elements gmk and phonon
frequencies wy, are evaluated thanks to DFPT," while the self-energy is computed
with YAMBO. The convergence of the summation over electronic states in Eq. (1.116)
is not too strict: as a rule of thumb, the states m contained in an energy window
of a few LO phonon frequencies above and below the (nk) state to be corrected are
sufficient. The convergence of the g—summation is instead more problematic, with
the self-energy expressions easily becoming numerically unstable at small g4, where
the acoustic phonon frequencies are going to zero (note that at g = 0, the acoustic
modes are removed from the summation. For more details, see Ref. [76]). In general,
a partial cancellation between the DW and FM terms at small g tends to alleviate this
problem, and in addition techniques to correct this issue are used: for example the
interpolation of the EPC matrix elements to a very fine g-mesh,[77] or using a large
number of randomized g—points instead of a regular grid.

191 a large number of g-points is involved, the calculations are better managed with appropriate
scripts that allow for control over each step; one example would be the automatic resubmission in case
of a failure at a specific g, while the rest of the calculation proceeds without exiting.
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Chapter 2

Boron nitride and excitons

This chapter is partly based on our publications [39] and [40]. Some of the text and figures
contained in this Chapter are adapted from these references.

In this chapter, we are going to look at the excitonic properties of BN systems,
from monolayer to bulk. After characterising the excitonic series in these systems in
terms of symmetry and optical activity, we will study in detail how layer stacking
impacts properties like the energy gap and the absorption spectrum. Then, we will
broaden our analysis by solving the BSE at finite momentum for bilayer, trilayer and
bulk and investigating the resulting exciton dispersion curves.

2.1 Hexagonal Boron nitride

The experimental lattice parameters in the bulk material are 2 = 2.496 A (in—plane)
and ¢ = 3.305 A (interlayer distance).[78] The values corresponding to freestanding
multilayer and monolayer systems are currently not known exactly. Previous first—
principle calculations have shown that the quasi—particle band gap of bulk hBN is
around 6.5 eV[21], so that this material is often considered a “large gap semiconduc-
tor”.[14, 19] This is due to the difference in electronegativity between nitrogen and
boron atoms: the highest-energy valence electron tends to be localized around the
nitrogen sites, and likewise the Bloch function corresponding to the bottom of the
conduction band is localised on the boron atoms, as shown in Fig. 2.1.

We start our analysis with the band structure. Figure 2.1 (right side) shows that,
unlike graphitic systems, the band—edge KS / Bloch wave functions in BN have a
strong overlap (> 99%) with the atomic p, orbitals they originate from in a simple
tight-binding picture. The relevant energy bands at the BZ edge are indeed of 7
(valence) and 7* (conduction) character, and may be conceptualised as localised p,
orbitals along the full KM symmetry direction and up to the crossing with the ¢ and
o* bands around the midpoint of the 'M and I'K lines (see the band structures in the
left column of Fig. 2.2). This permits us to think of an optical excitation from valence
to conduction band as a “hopping” in real space from N to B atoms.[39] Although
the name “Van der Waals materials” is often employed as a synonym to “layered
materials”, it is important to emphasise that even though the Van der Waals inter-
action is crucial for the bonding of the stacked layers, there is also a non-negligible
amount of hybridization between vertically aligned p, orbitals. Its importance de-
pends on the stacking order[79] and in this thesis we will be concerned with the most
stable one, the so—called AA’ stacking, where nitrogen and boron atoms sit exactly
on top of each other in alternating order. In this case, the p, hybridization lowers the
bottom of the conduction band at the M point, making the quasiparticle band gap
indirect (approximately from K to M) for all systems except the monolayer, where it
is direct at K (this band gap transition is a common feature in many semiconducting
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FIGURE 2.1: Hexagonal boron nitride. Boron atoms are green, nitrogen ones are white.
Left: hexagonal unit cell (top view). Center: hexagonal BZ (Wigner-Seitz cell) with high—
symmetry points (top view). Right: the Kohn-Sham Bloch wave intensities for the mono-
layer, at the valence band maximum (bottom) and conduction band minimum (top), both at
the K point, appear as B/N-localised p, atomic orbitals, respectively.

layered materials). Additionally, increased screening has the effect of lowering the
quasiparticle gap with the addition of each new layer (this will be the case also for
exciton binding energies) . The energy difference between the direct and indirect
gap is largest in the bulk material, where it is around 0.5 eV (Fig. 2.3).

From Fig. 2.2 (left column) it may also be seen that a large number of parabolic
conduction bands are present around the I' point. Upon the GW correction, the bot-
tom of the conduction band actually seems to lie at the I' point, in correspondence
with the ¢* bands, for all systems except bulk, meaning that the QP correction for the
o—type bands is lower than the one for the 7r-type ones. This feature is obtained also
if hybrid functionals are used instead of the GW approximation.[80, 81] These states
are a combination of: (i) states with mixed ¢* and 7* character (this happens after
the o*—7* band crossing), which show a “nearly—free—electron” (NFE) localisation
type and can retain up to 30% 7t* character; (ii) vacuum states that slide down in
energy due to the high amount of vacuum space included in the computational su-
percell (if the intersystem separation along the stacking direction where infinite, they
would form a free—electron continuum). As the density of electronic states around I
increases in the case of multilayers, many (avoided) band crossings start to appear,
leading to band mixing. In these cases, our GoWj calculation leads to an unnatural
steepness of some bands (see for example Fig. 2.2(d)). We believe that in order to
accurately reproduce the bands in this region of the BZ a fully self-consistent GW
calculation (where the electronic wave functions are also updated, instead of being
kept fixed at the DFT-LDA level) should be performed. However, for now we shall
not be concerned with these states since they do not participate in the optical absorp-
tion process (i.e. direct, ¢ — 0 transitions). This is because they are either forbidden
by selection rules (7r — ¢*, ¢ — 7" transitions) or the actual excitonic states are well
above the QP band gap energy (¢ — ¢*), or the weight of the transitions is negligible
(transitions to NFE, vacuum states). The region in BZ that contributes the most to
optical absorption is the one along KM (7t — 7*), where the conduction bands are
almost flat and consequently the density of states is large, although the high-energy
region up to the 77*-0* crossing is also relevant (more details about the relevant tran-
sition energy window are given in App. C). The NFE might nonetheless become
relevant if non-vertical (i.e. indirect, ¢ # 0) transitions are considered (e.g. from
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K toI): therefore we will discuss such states in more detail (including “NFE-type”
excitons) in Sec. 2.4. We will now turn to the study of excitons in few-layer systems:
the BSE absorption spectra from monolayer (1L) to five-layer (5L) hBN are shown
in Fig. 2.2, right column).

Considering the poor screening of the electron-hole interaction, we expect the
optical properties of hBN to be dominated by excitonic effects, as it is indeed found
both experimentally and theoretically. In particular, existing theoretical calculations
predict strongly bound direct excitons: in bulk hBN the exciton binding energy is
around 700 meV.[21, 23, 27] Quasi-2D, few-layer systems display much stronger ex-
citonic effects with respect to their bulk counterpart due to the electronic screening
being reduced even more. Additionally, there is a complex interplay between opti-
cally active (bright) and inactive (dark) excitons in hBN-based systems[21, 23, 82]
that we will elucidate in the next Section (the BSE absorption spectra from mono-
layer (1L) to five-layer (5L) hBN are shown in Fig. 2.2, right column). Experimen-
tally, there has been much debate around the direct or indirect nature of the optical
gap in bulk hBN.[14, 19, 24, 83, 84] The most recent works on the subject present a
case for phonon-assisted creation of an indirect exciton: we will deal with this in
the next Chapter. For now, it is sufficient to summarise our findings in the follow-
ing way: an excitonic fine structure (i.e. the presence of multiple spectral peaks in a
small energy window) characterizes the lowest-bound hBN excitations, appearing
because of two independent reasons: (i) Davydov splitting of the excitonic levels
(Sec. 2.3) and (ii) phonon-assisted sidepeaks (Chapter 3).

2.2 Optical excitations: monolayer

Let us first take a look at the excitonic series in the monolayer,[39] as seen in Fig.
2.2(e). This systematic analysis will establish the framework that we will use to look
at excitations in more complicated systems, as well as showcase some useful general
properties of excitons in BN sheets.

The DFT-LDA direct band gap is 4.5 eV but the GoW correction brings it to 7.3
eV. Analogously, a giant binding energy of 1.9 eV is observed for the lowest-bound
exciton (main peak in the absorption spectrum) upon solution of the BSE. This is
a doubly degenerate exciton, whose wave function intensity (Eq. (1.88)) is shown
in Fig. 2.4(1) in real space (left), while the exciton weights in reciprocal space are
displayed on the right. In real space, we fix the hole position r just above a nitrogen
atom: this is physically the most relevant position as can be seen from Fig. 2.1 (right
side). The plot then represents the probability to find the electron at position r, if
the hole is located at r;,. As expected, the electron density is centered on the boron
atoms, with a high probability — about 30% — on the first nearest neighbours. This
means that the exciton appears well localised in real space (so that we might expect
it to be delocalised in reciprocal space), however longer-range low—probability tails
are also present. Therefore, when we look at the relevant transitions in reciprocal
space, we see that most of the excitonic weights come from the area around the K
point (i.e. the direct band gap), while the BZ edge segments also give non—negligible
contributions. Note that the presented shape of the ground-state exciton remains
the same when we pass to few-layer and bulk systems, where electron and hole are
found to remain mostly confined to the same layer (in—plane ip exciton).

The second peak in the absorption spectrum corresponds to a doubly degenerate
exciton with a 1 eV binding energy, then we have two non-degenerate dark states,
and finally the third peak is again doubly degenerate. All these excitons (number
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FIGURE 2.2: Many-body results for monolayer [(a),(e)], bilayer [(b),(f)], trilayer [(c),(g)] and
pentalayer [(d),(h)] hBN. Left panels: DFT-LDA (red) and GW (blue) band structures. In (a)
the 7t and o bands are labeled. Right panel: imaginary parts of the dielectric functions. The
vertical lines represent the GW direct band gaps. The red arrows in (f), (g), (h) indicate the
positions of low—energy dark (D) excitonic states. In (e), the first five excitons are labeled
according to their symmetry representations (see text and Ref. [39]). In (h), the bright peaks
(B) are labeled for later comparison with Fig. 2.7, and an additional bright exciton (By),
which is hidden in the main two—peak structure, is highlighted. Note that in the case of the
pentalayer, the BSE was solved for states only up to the energy of ~ 6 eV.
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FIGURE 2.3: Many-body results for bulk hBN. Left: DFT-LDA (red), GoWj (light-blue) and
“semi-self-consistent GW” (sscGoW)y, blue, see text on page 59) band structures. Right:
imaginary part of the dielectric function. The indirect and direct GW band gaps are labeled
with a dashed and solid black vertical line, respectively, and the red arrow labels the dark
(D) partner to the main bright exciton.

1 to 5) are represented in real and reciprocal space on the left and right columns of
Fig. 2.4, respectively. Since these are all excitons originating from 7 — 7* band
transitions, the electron density is always mostly localised on boron atoms. The first
observation that we can make is that broadly speaking the excitons become more
delocalised in real space / localised in reciprocal space with decreasing binding en-
ergies. The ground-state exciton is more localised (a few unit cells); the other ex-
citons, lying 0.9 eV above and therefore much more weakly bound, extend across
multiple unit cells. In order to model the excitonic series in BN systems, our collab-
orators' developed a tight-binding excitonic model (TBEM) using localised atomic
orbitals and a purely 2D electrostatic potential, called Keldysh potential.[85, 86] The
model requires fitting from ab initio data only for a few parameters.” The TBEM re-
sults are in remarkable agreement with the first-principle calculations and, among
other things, permit us to shed more light on the symmetries of the excitonic wave
functions. More information can be found in Refs. [39, 40].

We can indeed see from Fig. 2.4 that the charge distribution of the BN excitations
is determined by the underlying symmetry of the crystal lattice. Starting now, sim-
ple group-theoretical arguments for the description of excitonic states will be made
throughout this thesis. This is not commonly done in the case of excitons, at least
when first—principle calculations are involved: we will nonetheless see that informa-
tion about the optical activity of the excitations, and even about their possible cou-
pling with phonon modes, can be obtained before running any computer simulation
and provide a clear reference to assess the validity of ab initio results. For the 2D BN
sheet, the point group symmetry is C3, which allows for three irreducible representa-
tions: the identity representation A;, another monodimensional representation, A,
which differs from A; because it is odd with respect to o, reflections, and the two-
dimensional representation E. Since in our plots the hole is fixed in a symmetrically
invariant position, we can use them to assess the symmetry of the full exciton wave
functions. We can immediately assign excitons number 1, 2 and 5, which are doubly
degenerate, to the E representation. Among the non—-degenerate states, the identity

IThomas Galvani, Hakim Amara, Sylvain Latil, and Frangois Ducastelle.

2The fitting parameters are the excitonic hopping integral and the screening length of the Keldysh
potential. In the case of multilayers, two additional parameters are needed, being the interlayer hop-
ping integral and interlayer screening length.
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Exciton no. Symmetry Real space Reciprocal space
(point group
Csp)

1) E

2) E

3) A

4) Aq

5) E

FIGURE 2.4: First five excitons in the monolayer hBN series. The numerical ordering

goes from lowest— to highest-bound. Left column: wave function intensities in real space

|2 (re)|? (the hole is fixed above a N atom). Right column: exciton weights Y .x |_ﬁf\‘:k|2 in

reciprocal space. The symmetry representation of each state according to the lattice point
group Csy is also listed.

A; is the only one that can allow some charge density on the hole site (because it
is even with respect to ¢, mirrors), therefore exciton number 4 transforms like A;.
Finally, exciton number 3 will transform as A, (these symmetries are confirmed by
the TBEM). It is instructive to note that since the repulsive exchange contribution to
the BSE kernel acts at short-range, exciton A, where electron and hole may overlap,
is the one most affected by it. Indeed, by rerunning the BSE calculations with the ex-
change term set to zero, we find that the binding energy of excitons 1, 2, 3 and 5 is
negligibly affected (therefore it may even be safely neglected if average accuracy is
required). In the case of exciton 4, however, the exchange contribution accounts for
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a 28% reduction in the binding energy.

A final remark concerns the optical activity of the excitations. In our calcula-
tions, since we are considering ultra—thin materials, the incoming electro-magnetic
field is always polarised in the plane of the layer, which means that the incoming
wave vector is parallel to the stacking direction, so that the light impinges on the
layer plane directly from above. Hexagonally symmetric systems are isotropic in
the plane, therefore the x and y light polarisation directions are equivalent. This
means that the dipole matrix element transforms like the E representation, and act-
ing on the exciton “vacuum” state,® which has the full A; symmetry, can only excite
E states. Indeed, all the visible peaks in the monolayer absorption spectrum are
doubly degenerate E excitons.

2.3 Optical excitations: multilayers

We will now investigate multilayer systems, focusing on the lowest-bound E exci-
tons.

Let us turn our attention to the right column of Fig. 2.2. We can check that when
more layers are added, the main, doubly—degenerate “monolayer” excitons localised
on each new layer have different energies. The absorption spectrum in the bilayer
case (f) is similar to the one of the monolayer, but now a dark exciton (shown by
the red arrow) appears before the main peak. This state is optically invisible, but
is nonetheless present as a solution of the BSE. The bright and dark states form a
“Davydov pair”, which becomes a triplet in the trilayer case (g) with two bright
excitons and a dark one in the middle. The pentalayer (h) shows two bright peaks
as well, but a low-intensity third one (shown with a superimposed Lorentzian) is
hidden between them. The “Davydov multiplet” is completed by the presence of
two dark excitons (red arrows). Therefore, in the case of 3L and 5L, the dominant
excitonic feature in the spectrum displays a visible fine structure.

The concept of Davydov splitting, originally developed to describe the energy
levels in clusters of identical molecules,[87] can be applied to molecular crystals,[88]
but then naturally also to layered materials consisting of identical layers stacked on
top of one another. For example, Davydov splitting of phonon frequencies is ob-
served in transition metal dicalchogenides few-layer systems.[89-92] Considering
an ideal monolayer, we may take into account an excitonic state S with degener-
acy m. If we start adding more layers to the system, but we keep them far enough
from each other as to not interact, S becomes a state with degeneracy Nm where N
is the number of layers. Now, if the N layers are brought closer together and start
interacting, the degeneracies may be lifted by the interlayer coupling and we might
have N m-fold degenerate states forming a “Davydov multiplet”. In bulk hBN, for
example (Fig: 2.3), we have a Davydov pair (as the number of layers per unit cell are
equivalent to the case N = 2) with an energy separation of 0.06 eV and both with
a large binding energy of 0.7 eV. However, only one state is optically allowed and
contributes to the strong exciton peak in the absorption spectrum, while in the mul-
tilayer case dark and bright states are found to be alternating within the multiplets.
We will discuss here the structure of the Davydov multiplets for increasing layer
number and their optical activity; we will show that the lowest-lying excitations
turn out to be localised on the surfaces.

3That is, when no excitons are present: all the valence bands are filled and all the conduction ones
are empty.
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Exciton 1(x2) 2(x2) 3 4 5(x2) 6 7 (x2) 8
Bind. En. -1.644 -1614 -117 -116 -1.02 -1.00 -094 —0.90
Bright no yes no no no no yes no
Symm Eg Eu Alg Alu Eg Azg Eu Azu
Local. ip ip il il ip il ip il

TABLE 2.1: Bilayer excitons. The binding energies are in eV. The optical activities and sym-
metries of the states are also listed, as well as their localisation in terms of being in—plane
(ip) or interlayer (il).

2.3.1 Bilayer

The bilayer excitons can be characterised in the same way as for the monolayer. Their
symmetry can be checked with the TBEM, but also directly from the ab initio result
by exctracting the phase of the exciton wave functions, not just the intensity, in order
to gather the full information about the parity with which they transform under
certain symmetry operations. The results are presented in Table 2.1 up to exciton 8
of the series, and an explicit example of this procedure, both for doubly degenerate
and non—degenerate states, will be given below.

We have the following two main differences with the monolayer case. (i) A new
class of excitations is now possible, namely the interlayer il (or charge—transfer) exci-
tons, where the interacting electron and hole are mostly confined on different layers.
The wave function analysis shows that excitons 3, 4, 6 and 8 have il character, while
excitons 1, 2, 5 and 7 have ip character. (ii) At variance with the monolayer case, the
bilayer possesses the inversion symmetry 7 (its point group is called D3;): all the
original monolayer excitons have undergone Davydov splitting into pairs of even
(g) and odd (u) states with respect to Z. The pairs need not be adjacent in energy
and in fact are given by (1,2), (3,8), (4,6) and (5,7). Pairs (1,2) and (5,7) corre-
spond to the splitting of the first two excitons of the monolayer. As for the optical
activity, the dipole matrix element transforms as a vector, therefore it is odd under
inversion (E,). Consequently, only doubly degenerate E, excitons with odd parity
with respect to inversion symmetry can be bright. The first exciton (transforming as
E,) is thus dark, and the main peak of the absorption spectrum comes from the sec-
ond state. Note that the same qualitative considerations about the first two excitons
can be done for the bulk system as well.

If we look at the wave function intensities of the lowest-bound Davydov pair,
shown in the top frames of Fig. 2.5(a) and (b), the two states appear indistinguish-
able (they have the shape of the lowest-bound E monolayer exciton). However, state
S = 1is optically dark, whereas state S = 2, which lies 0.06 eV above, is bright. This
suggests that S = 1 should be even under inversion symmetry and S = 2 should
be odd. Thus, the complete symmetry analysis requires to visualize the phase of the
excitonic wave function.

Since these states are doubly degenerate, we start the analysis by presenting a
simpler case, the non-degenerate (dark) state S = 3. Its intensity is shown in the top
frame of Fig. 2.5(c). This is an il exciton: if the hole is fixed on one layer, the electron
density is distributed on the other (which is the only layer shown in the Figure,
labeled Layer 1). In the middle frame of Fig. 2.5(c) we present a phase—intensity
plot of the same exciton.* The phase is remarkably constant on each atom and, as

4The values of the phase are shown in the areas with intensity greater than 5% of its maximum
value.
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expected, any two adjacent boron sites are separated by a node of the wavefunction
(the phase difference is 7). In the bottom frame of Fig. 2.5(c) we show the same plot,
but now the hole is fixed at a position r;, = Z(ry). The resulting electron density is
now localized on the opposite layer (Layer 2) with respect to the previous case.

We can immediately see that the phase distribution does not change in the two
cases: state S = 3 is even under inversion symmetry, and we can assign it to the
Ay representation of point group D3, of bilayer hBN. In order to find its Davydov
partner, we look for an il state with the same symmetry, but odd under inversion
(i.e. belonging to representation A,). We find that it is state S = 8, represented in
Fig. 2.5(d) and listed in Table 2.1, with a considerable Davydov splitting of 0.27 eV.

We are now ready to go back to the doubly—degenerate states S = 1 and S = 2.
In order to fully represent the phase information, it is necessary to rotate the two
complex wavefunctions in the degenerate subspace until they are (almost) fully real
or fully imaginary.’

In Fig. 2.5(a) and (b) we select one such wave function for each state (panel (a)
for S = 1 and (b) for S = 2), and we plot a linecut of the intensity along the three
boron atoms that are nearest neighbours to the nitrogen above which the hole is
fixed. These are the sites where most of the intensity is found. The value of the
phase (which rotates along the linecut) is shown in a color scale. In analogy with
panels (c) and (d), the corresponding wavefunctions under inversion symmetry are
plotted in the bottom frames of Fig. 2.5(a) and (b). We also show sections of the
phase—intensity plots for the leading peak in the insets. We can clearly see how
S = 1is even (Eg, optically forbidden) and S = 2 is odd (E,, optically active) under
inversion symmetry. This symmetry analysis is confirmed by the TBEM results.

2.3.2 Multilayers

The variation of the (7r) band gaps in hBN as a function of layer number is displayed
in the top two frames of Fig. 2.6(a). The indirect gap (orange) and minimimum
direct gap (teal) are shown both in the DFT-LDA case (upper frame) and after the
GW correction (lower frame). The energy of the bottom of the conduction band at
M is lowered every time the number of hybridized layers is increased, reducing the
indirect gap. On the other hand, the value of the direct band gap is only negligibly
affected by layer stacking at the DFT level.

For both gaps the GW correction to the DFT values is huge (2 2 eV). As the
screening environment evolves from quasi-2D to 3D with layer stacking, the GW
gaps decrease, converging to the bulk value. In particular, in the case of the mini-
mum direct gap (the leading contributor to optical absorption), the DFT calculation
is completely unable to capture the increase in screening along the stacking direction
with every added layer, giving a constant value of 4.56/4.53 eV from monolayer to
bulk. After the GW correction, the gap in bulk (at 6.24 eV) is lower than the gaps in
monolayer and pentalayer by 1 and 0.3 eV, respectively.

The two bottom frames of Fig. 2.6(a) are concerned with excitonic states. In the
upper one, the binding energies of the lowest-bound Davydov multiplet are plotted
in green (dark excitons are in gray). In monolayer and pentalayer, the binding ener-
gies are 1.93 and 1.32 eV, respectively, as opposed to 0.7 eV in the bulk. By looking
at the absorption spectra, we can see that the effects due to the reduction in binding
energy and to the shrinking GW band gap tend to cancel: in fact, the absolute peak

5In particular, if 1, and g, are the two degenerate wave functions, with the transformation (1, +
¥p)/V/2 both of the new functions behave in the same way with respect to inversion symmetry as the
full exciton.
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FIGURE 2.5: Excitons in bilayer hBN under inversion symmetry. Panel (a) / (b): excitonic
state S = 1 (even, dark) / S = 2 (odd, bright). Panel (c) / (d): excitonic state S = 3 (Ag)
/'S = 8 (Agy). In the top frames of (a) and (b) the intensities of the full doubly degenerate
states on the BN lattice (hole fixed on the central nitrogen) are shown. Below, the choice of
one appropriate component wavefunction in the degenerate subspace (see text) permits the
representation of the phase of this excitonic state. In the middle and bottom frames the phase
is plotted for the electron distribution when the holes are fixed in two positions related by
inversion symmetry Z (layer 1 and layer 2). The intensity is plotted along the triangle formed
by the borons which are nearest-neighbours to the hole nitrogen (B1 and B’ = Z(B1), B2
and B2 = Z(B2), and B3 and B3’ = Z(B3): red triangle in the top frame). The phase,
which rotates around the path, is shown in color scale as in the other plots. The insets show
a section of the phase-intensity plots on both layers, relative to the boron with the largest
intensity. In the top frames of (c) and (d) the intensities of the wave functions of the non—
degenerate states are portrayed (since these are il excitons, the hole layer is not shown). The
phase-intensity plots are shown in the middle and bottom frames. For each exciton, two
wavefunctions connected by inversion symmetry (r}, ;. = Z(rpole)) are depicted, showing
their respective parity [(c): even, (d): odd].

positions, shown as red (bright) and gray (dark) circles in the lower frame, are al-
most constant, averaging around 5.3 eV. The position of the bulk excitons is around
5.5eV.

Figure 2.6(b) provides a scheme of the Davydov splitting from bilayer to bulk
for the lowest-bound exciton E. We make the following observations: (i) dark and
bright states alternate, and (ii) in tri- and pentalayer we have a bright-dark couple
at lower energy, while the rest of the multiplet lies above. These latter states corre-
spond to inner or “bulk-like” excitons (see the following), therefore they should be
compared with the bulk excitons. The bright-dark couple is made of surface excitons
that have no counterpart in the bulk crystal and their relative intensity decreases to
negligible values for increasing number of layers.

The bottom frame of Fig. 2.6(a) shows that the energy of the bright inner peaks
increases with layer number, which leads to the bulk values. However, this increas-
ing trend might be related to the numerics of the GyWj approach, which has been
known to underestimate large band gaps.[93] Indeed, experimentally the first exci-
ton in multilayer and bulk systems is usually found around 6 eV,[19, 32] while in ab
initio calculations a value around 5.5 eV is obtained. In order to elucidate this point,
we performed simulations on monolayer and bulk using a semi self-consistent GW
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FIGURE 2.6: Panel (a): DFT band gaps (top), GoWy band gaps (second to top), binding
energies of the lowest-bound excitons (second to bottom) and absolute excitonic peak po-
sitions (bottom) are shown as a function of the layer number. The orange squares label
the band gap, the teal circles label the minimum direct gap, the green (gray) crosses / red
(gray) empty circles label the binding energies / absolute peak positions of the bright (dark)
excitons. The red crosses in the bottom frames represent calculations made with a semi self-
consistent GW approach and with the optimized lattice constant for the monolayer. Panel
(b): scheme of the Davydov splitting in energy of the lowest-bound excitons for N-layer
systems (N = 2,3,5,00) starting from the energy of N isolated monolayer excitons. Solid
black (dashed gray) lines represent bright (dark) states. The energy separation within the
multiplets is in scale for all systems.

scheme (labeled sscGW or G;,,W)), updating the band energies in G during subse-
quent GoWy runs until convergence. We obtain an additional correction to the band
gap and peak positions of monolayer and bulk by 0.34 and 0.22 eV, respectively. We
also used the LDA—optimized lattice constant for the monolayer (2.479 A) instead of
the bulk one (2.496 A), which accounts for another 0.1 eV increase in the peak energy.
The final band gap for the monolayer is 7.69 eV, and its main excitonic peak is now
almost at the same energy as the bulk one (5.76 eV, red crosses in Fig. 2.6(a)).

In conclusion, additional refinements in the calculations (e.g., fully self-consistent
GW]/94] and using the “true” experimental few-layer lattice constants) may lead to
an inversion of the trend and show peak energies that are both higher and decreasing
towards the bulk value.

The various layers stop being equivalent when N > 2, because now we have
two surface layers and N — 2 inner ones. If we restrict our attention to the lowest-
bound Davydov multiplets (the only ones relevant for optical transitions), we know
that they have ip character and that their spatial localisation within the layer plane
is the same. However, now eh pairs on the surface layers will be considerably less
screened than they would be on the inner ones. Additionally, less nitrogen to boron
interlayer hopping sites are present on the surface, which according to the TBEM
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FIGURE 2.7: Ab initio simulations: lowest-bound Davydov multiplets in (a) bilayer, (b) tri-
layer and (c) pentalayer hBN. Each wavefunction is plotted for N fixed positions of the hole
(N is the layer number) as explained in the text. The intensities shown in blue (gray) belong
to bright (dark) excitons. The energies of the splittings between and within surface and in-
ner exciton subsets are also given in meV. Bright (B) and dark (D) states are labeled in (c) for
comparison with Figs. 2.2.

lowers the overall exciton kinetic energy. As a consequence, we might expect a
larger binding energy for excitations formed on the surface. If that is the case, the
asymmetric energy separation within the Davydov multiplets (see Fig. 2.6(b)) can
be explained in terms of the energy gap between surface and “bulk-like” excitons.
The multilayer TBEM can be recast in this case into a finite linear chain model where
each chain site represents one layer[40] and gives the same predictions, additionally
providing the selection rules for the ip Davydov multiplets as follows: if N is even,
the system has inversion symmetry. Then, odd states are bright and even states are
dark. If N is odd, the crucial symmetry is the mirror symmetry with respect to the
central layer. In this case, even states are bright and odd states are dark.

Let us now check if the full ab initio results confirm these arguments. In order
to investigate the spatial localisation of the excitations let us consider the excitonic
wave function ¢, (r, 1) for a state A belonging to the lowest-bound Davydov multi-
plet. We identify the hole subscript with the layer index: now h € [1, N] denotes
the fixed position of the hole in a specific layer. We can then plot the quantity
YN [ (r,17)|? (i-e., an intensity plot for N different hole positions, one on each layer)
for bilayer, trilayer and pentalayer hBN. The results are shown in Fig. 2.7: the bright
excitons are portrayed in blue, the dark ones in gray. The Figure allows us to easily
verify that the selection rules stated above are rigorously respected: for example, no
intensity is allowed on the central layer of tri- and pentalayer for the dark states,
since they are odd.

Most importantly, there is indeed a separation within the multiplets between
low—energy surface states and high—energy inner states. Note that the leading peaks
in the imaginary part of the dielectric function — see Fig. 2.2(g) and (h) — come from
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the excitons that are mostly localized on the central layers; however, during the re-
laxation process that takes place after the excitation is formed by optical absorption,
the electron-hole pairs will diffuse towards the surface.

Let us now define the oscillator strength of an exciton state A as fy = | Y« Z§|2
(i.e., if the exciton lifetime is not considered, the intensity of the peak in the absorp-
tion spectrum). An interesting observation is that this quantity depends on the layer
number: more precisely, the ratio between the oscillator strengths of inner and sur-
face excitons is determined by N. The TBEM permits to derive the following implicit
relation between the two quantities:[40]

1 T _ fw
v (o) = @

where the subscript O refers to the surface state and m* to the brightest inner state.
This relation can be approximated to an explicit one for large N.

2.3.3 Conclusion

The emergence of low-lying surface excitations in multilayer systems acts as a
source of fine structure in their optical spectra, as can be seen in Fig. 2.2(g) and (h).
This may help in the interpretation of experimental results,[32] while providing for
a general understanding of the effects of layer stacking on the optical properties
(e.g., Davydov splitting, dark vs bright excitons, et cetera), which we may now take
for granted. Yet, these results also call for additional investigations. For example,
we want to ascertain if excitations with large wave vectors may also be relevant to
the optical spectra: we will do this in the remainder of the Chapter.

2.4 Excitons at finite momentum

So far we have solved the BSE at g = 0, obtaining excitons that lie at the I" point of
the first BZ and correspond to zero momentum transfer (q = k' — k). Their binding
energies, for BN systems, are large enough that the lowest-bound exciton always lies
lower than the bottom of the conduction band even when the quasiparticle band gap
is indirect. Therefore it may be argued that the optical gap of these systems is “direct”
in the sense that the absorption spectrum would be dominated by the I excitons re-
gardless of the underlying band structure.® However excitons have a momentum
dispersion as well, and even though finite—g excitons cannot be created with optical
light, they may become important in emission processes like luminescence: an ex-
citation is created at g = 0, it quickly relaxes to the bottom of its dispersion curve
q and later it may not annihilate (electron-hole recombination) without the absorp-
tion or emission of phonons with wave vector q. It then becomes relevant to study
the finite—g solutions of the BSE. Experimentally, excitonic states are often concep-
tualised as energy levels lying within the band gap of a system, downshifted with
respect to the conduction band energies. However a rigid downshift of the band
structure implies that the the g—~dependence of BSE kernel K?C,C,, Eq. (1.80), is very
weak so that K], = K., + O(g) ~ K%, something that is in general not true.
Since finite—g BSE calculations have become available in many-body codes,[34]
several studies involving bulk hBN and monolayer have been performed. These

6In the following, we will say that the optical gap is “direct” if the I' point is the minimum of the
exciton dispersion, “indirect” if it lies elsewhere.
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works focused on x-ray scattering[29] (where finite-momentum excitations can be
created without the help of a phonon) or probed the low—g behavior of the dispersion
curve.[28, 95] The results we will present in this Section are preliminary,” nonethe-
less they can shed more light on the nature of finite-momentum excitations in BN
systems and their possible consequences for the interpretation of luminescence spec-
tra in multilayers[32] (we will treat the bulk luminescence separately in Chapter 3).
Such studies were previously conducted only at the independent—particle level.[96]

Our calculations were performed using the proper response function ¥ (i.e. de-
scribing “transverse” excitons) instead of x (see Secs. 1.4 and last paragraph of 1.6.3).
A comparison between the two can be found in Ref. [28] and we will come back to it
in Chapter 4. For now, suffice it to say that based on Eq. (1.60), x ™' = ¥ ! — vg, we
know that ¥ and x tend to coincide away from the low—g regime: at low g, instead,
some energy levels that are degenerate in the spectrum of ¥ may split by acquiring
a longitudinal component in the spectrum of x (they remain invisible to optical ab-
sorption at I' since the external probe is a transverse field). Likewise, the exciton

coefficients AY and Zf may be different at low g (yet, we know from Sec. 1.4 that
at the optical limit the same macroscopic dielectric function may be obtained, by
different relations, from both x and ).

24.1 Bulk

The exciton dispersion in the bulk system is displayed, starting with the first two
(doubly degenerate) exciton states at I, in Fig. 2.8(a) along every high-symmetry
direction in the 3D BZ.® We can see that their degeneracy is lifted, away from T, in the
regions where the finite—g point groups do not allow two-dimensional irreducible
representations. The most important feature of the dispersion is shown in Fig. 2.8(b):
its minimum lies along the 'K direction, not at I'. The fine structure with two minima
and a local maximum between them (the latter being at |T'K|/2) is directly inherited
from the single—particle valence bands which feature a pair of maxima close to the K
point (Fig. 2.3). Here, the lowest-lying exciton at I' (the dark E,, state according to
the Dgj, point group of bulk hBN) splits into the non—-degenerate i1 and i2 branches.
The electron-hole interaction “flattens” the dispersion with respect to the IP case, so
that now the difference between the “direct” and “indirect” optical gaps is between
0.1 and 0.15 eV (the former value if we take into account the dark I state E,, as the
direct minimum; the latter if we consider its bright Davydov partner E;g). It is worh
noting that such a difference is of the same order as the optical phonon frequencies
in bulk hBN (~ 0.1 / 0.18 eV). In the IP case the direct-to—indirect band gap energy
difference was instead about 0.5 eV.

These results shows that indirect, phonon-mediated transitions must be in-
volved in the creation and annihilation of low—energy excitations in bulk hBN: in
particular, the fine structure reported in luminescence spectra should be interpreted
as a signature of phonon-assisted exciton annihilation. In Chapter 3 we will com-
pare first-principle calculations of such spectra to the experimental results.

Another interesting question now arises. Suppose that we have a system where
the direct-to—indirect IP energy difference is smaller than in the bulk case: will it
be possible in this case for the optical gap to remain “direct”? If so, the IP and BSE
treatments will give radically different predictions about how a luminescence spec-
trum should look like. In particular, our hypothesis is that there might be a crossover

7 A publication is in preparation.
8The computational cost of this calculation is roughly N, times the cost of a standard g = 0 BSE
calculation for optical absorption.
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FIGURE 2.8: Exciton dispersion for bulk hBN (DFT-LDA + sscGW + BSE). (a) The disper-
sion of the lowest-bound Davydov pair in the full BZ. (b) Zoom of the I'K segment of the
BZ for the lowest-bound exciton. The wave function intensities are shown for 4 = 0 and
g = |TK]|/2; in the latter case the black arrows denote the q direction (symmetry labels are
present, to be discussed in Chapter 3).

between a direct and phonon-assisted luminescence regime as more and more BN
layers are stacked in a few-layer system (we know already that in monolayer, where
no p, orbital hybridisation occurs, the minimum of the exciton dispersion remains
at the I point[97]). We will test this hypotesis in bilayer and trilayer hBN.

2.4.2 Bilayer and trilayer

There are two types of exciton dispersion branches relevant to few-layer systems.
The first type is composed of excitons formed by 7w — 7t* electronic transitions; this
is the only type relevant for the bulk case because it is periodic along the stacking
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FIGURE 2.9: Single—particle transitions in bilayer [(a), (b)] and trilayer hBN [(c), (d)]. [(a), (c)]:
band structures (red: DFT-LDA, blue: GoWy). The most important transitions are shown
with arrows in the bilayer case. (b) IP transition energies AEj, for the bilayer. The direct and
indirect band gaps due to T — 7* transitions are emphasised. (d) Lowest-lying conduction
Kohn-Sham states at T (trilayer). The KS wave function intensities |¢,k(r)|? are shown in
the simulation supercell for a vacuum and a NFE state (left and right, respectively — see text
for the characterisation of the states).

direction.” The second type is composed of excitons formed by 7 — ¢* electronic
transitions; these were not relevant for absorption at 4 = 0, but are important at finite
g. Consider for example the transition energies in the bilayer when no electron-hole
attraction is present, as shown in Fig. 2.9(b) (this is in other words a plot of the
quantity AEx,). We see the 1 — 71" transitions being the lowest ones at T' (direct
gap, K — K transitions, labeled 1) and |T'K|/2 (indirect 7t gap, K — M transitions,
labeled 2). However the indirect, K — T transitions (labeled 3) provide an even
lower minimum in the dispersion at the K point.

Are these transitions physically relevant? The corresponding conduction bands
at I have a parabolic, free—electron-like behavior (which also explains why they ex-
perience a smaller GW correction than the 7w bands). Indeed, some of these states
are spurious bands relative to free electrons propagating in the vacuum between re-
peated copies of the system in the simulation supercell (first wave function in Fig.
2.9(d)). These are vacuum states which are not related to the BN system. There are,
however, also states where a delocalised electron lies both in the interstitial regions
between the layers and 1 — 2 A above the surfaces (second wave function in Fig.
2.9(d)). These are the so—called nearly—free electrons (NFE), which are well known

Provided that the polarisation of the incoming light is parallel to the layer plane. In any case the
o—type excitons in bulk are far higher in energy than the 7—type ones.
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FIGURE 2.10: Exciton dispersion in bilayer hBN. The blue curves represent the lowest—
energy disentangled branches relative to excitons formed by w — 7* electronic transitions.
Some of the corresponding wave function intensities along the high-symmetry directions in
the BZ are plotted (connected by blue arrows). The light-blue curves represent all the other
branches, including the 7t — NFE transitions. Some of the wave function intensities belong-
ing to excitons of the latter type are plotted (connected by light-blue arrows). The “direct”
optical gap of the m—type excitons is emphasised.

to be a physically relevant feature of these systems (for example BN monolayer and
nanotubes as well as graphitic systems),[35, 98-102] therefore they should be prop-
erly analysed, especially since their role in the exciton picture is not known. They
should be almost dark for optical spectroscopy, because their 1 — ¢* transition ma-
trix element is small: it is only non-zero because the ¢* states are in reality partially
hybridised with the 7 states.!’

Therefore, we organise the presentation of the results as follows: we focus first
on the analysis of the 71 — 7% exciton branches, and in a second step we discuss the
7t — NFE ones.

ni—type exciton branches

We can disentangle the two branch types by just following the evolution of the exci-
tonic wave function along the BZ: we know that the 7t excitons are in—plane and that
their shape is constrained by the point group of the wave vector 4.[97] We do so in
Fig. 2.10 starting from the lowest-lying I' exciton E,. Its m—type dispersion branch
is shown in blue, and its wave function intentities in different areas of the BZ are
shown below. We see immediately that in the bilayer case the same structure around
ITK|/2 that in the bulk case represented the minimum of the dispersion lies instead

10This can be verified by projecting the c* KS wave functions at I onto the atomic p; orbitals.
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FIGURE 2.11: Exciton dispersion in bilayer hBN for different values of the lattice parameters.
The blue and light-blue curves have the same meaning as in Fig. 2.10. (a) Comparison
with the corresponding dispersion branch in the bulk system (red). (b) Comparison of the
same dispersion branches (red for m—type, orange for the rest) with the LDA-relaxed lattice
geometry. (c) Comparison of the same dispersion branches — same color scheme as in (b) -
with +5% interlayer separation distance. (d) Comparison of the same dispersion branches
with 1% and 5% planar compression (green and red, respectively).

above the I' excitons. This means that for 7 excitons, the relevant ones for optical
absorption, the optical gap is in fact “direct”, in contrast to the QP gap. This effect
is due to the electron-hole interaction, which acts here more strongly for 4 = 0. The
bottom branches at K and M (light-blue color in Fig. 2.10) are composed of NFE-
type excitons and provide the true minimum of the dispersion at K. The electron
distribution of the resulting excitons appear, when the hole is fixed above a nitrogen
atom, to be localised in the same regions as the original NFE states. Yet, most of their
intensity (up to 5% of the maximum value) is localised within few unit cells from the
hole. This demonstrates the bound character of these excitons.

A comparison of the lowest-lying branches between bulk and bilayer can be seen
in Fig. 2.11(a).!! These two systems have the same unit cell and differ only the
periodicity along the stacking direction (there is no periodicity in the bilayer). The
comparison makes it clear that in the bilayer the interlayer interaction is too weak to
induce an “indirect” optical gap (yet, it is strong enough to provide and indirect QP
gap if the eh interaction is neglected).

So far we have fixed the lattice parameters to the experimental bulk values. In

Here we are more interested in comparing the dispersion curves than the absolute exciton energies,
since we know that the GoWj band gap underestimation error might affect absolute exciton energies
differently in bilayer and bulk.
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this case, the energy difference between “direct” and “indirect” minima of the 77—
type dispersion is just 0.08 eV (and 0.055 eV from the bright I' state E¢). In Fig.
2.11(b), we perform the same calculation using the LDA-relaxed lattice parameters
(~ 1% reduction in the planar lattice constant a4, ~ 4% reduction in the interlayer
distance d). The bottom 7—type branches for the new calculations are shown in red,
the rest in orange. We see that in this case the “indirect” structure at |[T'K|/2 is almost
unaffected, while the energy of the I" excitons is noticeably increased. Now, the local
minimum at |[T'K]|/2 lies between the dark E, and the bright E, states at I'. If we
keep a fixed to the bulk value, but we let d vary, we obtain the plot in Fig. 2.11(c)
where the red curves refer to a £5% variation of d with respect to the bulk value
(blue curve). We see that in this case the I' excitons do not change while the struc-
ture at |TK|/2 varies slightly. We can thus take the dispersion curves at £5% d as the
“errorbars” of our calculation with respect to the “true” van der Waals—dictated in-
terlayer separation. We also notice, based on Figs. 2.11(b) and (c) that the combined
effects of compression along a and along d tend to cancel away from I'. Finally, we
fix d to the bulk value and we reduce a by 1 and 5%, obtaining the plot (green and
red curves) in Fig. 2.11(d). We can see that here the effect of the compression, which
strengthens the covalent sp2 planar bonds, is to dramatically increase the exciton
energies at I, reversing the ordering between “direct” and “indirect” optical gap
(further investigation will be needed to better elucidate this result).

In order to analyse the trilayer dispersion, we must get rid of the low-lying “vac-
uum” band featured in Fig. 2.9(c): we do so by setting its energies back to the DFT
values (thus neglecting the pathological negative GW correction) before moving on
to the BSE calculations. In this way, we finally obtain the dispersion relation depicted
in Fig. 2.12. The red lines represent the disentangled 77—type excitons: we can see
that starting from the Davydov triplet at I, where we have three doubly—degenerate
states (the first two of which are the surface states from Sec. 2.3.2), the exciton levels
split into six non—degenerate states. Here, since the two branches originating from
the second (dark) surface exciton split farther apart in energy than the others, we
can identify two “triplets” of roughly parallel branches, the triplets being about 0.4
eV apart at |[TK|/2. In the trilayer, the bright surface exciton at I and the minimum
of the r—type dispersion at [I'K|/2 are roughly at the same energy, with the optical
gap being slightly “indirect” for bulk lattice parameters. The “true” minimum of the
dispersion is at the K point, due, as in the bilayer case, to NFE-type excitons (orange
lines in Fig. 2.12).

Effect of NFE-type branches at K

Let us now consider the effects of the low-lying NFE-type excitons at the K point.
As we remarked, 1 — NFE electronic transitions are not entirely forbidden because
of the hybridisation of the ¢* and 7* bands. We report in Fig. 2.13 a plot of the
microscopic dielectric function €,(q, w) for ¢ = K. The bilayer is shown on the left,
the trilayer on the right. Note that since we are at large g, these spectra are essen-
tially equivalent to electron—energy loss (EELS) spectra.'? As expected, the domi-
nant peaks are related to the 1—type excitons, i.e. to the branches originating from
the lowest-bound Davydov multiplets at I', whose onset is marked by the vertical
lines on the plot. We nonetheless see a faint signal at the energy of the NFE-type
excitons, preceding the largest peaks.

12The EELS spectrum, useful to identify collective longitudinal excitations (plasmons), is given by
Ime ! (q,w) = v(q)Imx(q, w).
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FIGURE 2.12: Exciton dispersion in trilayer hBN. The red curves represent the disentangled
branches relative to excitons formed by 7r — 7m* electronic transitions. The orange curves
represent all the other branches, including the 7w — NFE transitions. The horizontal dashed
line marks the minimum of the 7r—type dispersion. The light-blue curves represent the (spu-
rious) branches obtained when the vacuum state is not removed.
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FIGURE 2.13: Microscopic dielectric function at g = K for (a) bilayer, (b) trilayer hBN. The
most relevant features are connected to their origin in the exciton dispersion relations (in-
sets) by blue arrows. The other insets show the wave function intensities of the excitons
responsible for such features. The vertical black lines in the main plot mark the energies of
the lowest-bound excitons at the I' point.

2.4.3 Conclusions

We can make the following conclusions. (i) It is possible to have a “direct” optical
gap in bilayer hBN, despite having an indirect QP gap (ii) Most likely, there will be a
competition between the direct and phonon-assisted 77 — 7* transitions in absorp-
tion, with the leading mechanism depending on the environmental conditions of
the bilayer sample (strain, substrate, et cetera); while the phonon-assisted transitions
will always account for an additional fine structure, having a properly “direct” opti-
cal gap will affect the absorption/emission efficiency of UV light. (iii) It is possible,
in theory, to change the nature of the band gap by planar strain/compression. (iv)
For bulk parameters, the crossover between m—type direct-to—indirect gap already
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happens at layer number N = 3. (v) In the luminescence case, the role of the low—
lying NFE-type excitons should be further investigated. For example, experimen-
tally no luminescence signal could be observed for multilayers below N = 6.[32]"
Our results show that this may be due to the fact that the excitations are “trapped”
at the minimum at K with very long recombination lifetimes due to the low value
of the screening matrix element (to be further multiplied to the electron/exciton—
phonon coupling matrix element, reducing the probability of a recombination even
more). As the number of layers increases, and the material becomes more bulk-like,
the NFE-type branches are lifted up in energy and eventually disappear, allowing
recombination from the m—type excitons.

As a final remark, we point out that even with a deceptively simple system like
hBN, a complicated description of the optical response arises nonetheless, making
it difficult to capture the essential physics by simple models alone (for example, the
TBEM only works for m—type states).

13Private communication with F. Ducastelle and J. Barjon.






71

Chapter 3

Indirect optical spectra:
many-body approaches

This chapter is partly based on our publication [41]. Some of the text and figures contained
in this Chapter are adapted from this reference.

3.1 Introduction: luminescence in bulk hBN

Recent experimental results on bulk hBN luminescence are displayed in Fig. 3.1.
The intrinsic luminescence spectrum in bulk hBN is shown from Refs. [24], [83] and
[84] (left, center and right, respectively). The characteristic shape composed of two
lower—intensity peaks between 5.85 and 5.9 eV, followed by a higher—intensity struc-
ture at lower energies (5.75 to 5.80 eV) is present. Note that the intensity of the two
main peaks in Ref. [83] is reversed with respect to the others, because in this case
the spectral response of the detection system (not negligible in the UV range) was
not subtracted. Refs. [24] and [83] are photoluminescence (PL) spectra, while Ref.
[84] reports the result of a cathodoluminescence (CL) experiment. In CL, an electron
beam is used instead of an optical laser to probe the system, leading to the generation
and eventual recombination of electron-hole pairs. The two techniques achieve the
same resulting spectra because the experimental conditions are similar, namely: (i)
low laser / electron beam power density, (ii) near-band gap excitation, (iii) continu-
ous pumping leading to a steady state between absorption and emission processes.
In the bottom panel (b) of Fig. 3.1, the CL/PL spectra (red) are compared to the pho-
toluminescence excitation spectra (PLE, blue). Ref. [19] is on the right, Ref. [84] is
on the left. Under the right conditions, PLE spectra are proportional to absorption
ones,! and albeit at a lower resolution than their PL/CL counterpart, clearly dis-
play the main exciton peak at 6.05 eV. The energy difference between emission and
absorption spectra is called Stokes shift. In the case of indirect transitions, the two
spectra are expected to be roughly symmetric, mirrored around the energy of the
indirect transition that is involved in the phonon-assisted excitation/recombination
process. However, in the case of bulk hBN the two spectra are not symmetric at all.
We will show in the course of this Chapter that this asymmetry is due to the fact that
the absorption process is dominated by the direct exciton at I', while the emission
process is dictated by the indirect excitonic minimum in the middle of the I'K seg-
ment. Therefore, two different excitonic states determine the two different physical
processes of absorption and emission.

In PLE, the luminescence at a specific energy is detected as a function of the excitation energy. For
example, the energy of a certain exciton level may be selected. Varying the excitation energy, the PLE
spectrum then generally presents the same features of the absorption spectrum, despite some small
deviations.
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FIGURE 3.1: Luminescence in bulk hBN. (a) Intrinsic luminescence spectrum. Left: PL from
Ref. [24]. Center: PL from Ref. [83]. Right: CL from Ref. [84]. (b) Comparison between
PL/CL (red) and PLE (blue, proportional to absorption) spectra from Ref. [19] (left) and Ref.
[84] (right).

Our theoretical investigation on finite-momentum excitons in hBN, conducted
in the previous Chapter, provides strong support for the recent experimental in-
terpretation in terms of phonon-assisted optical excitations, since the minimum
of the exciton dispersion is found to lie away from the I' point. Moreover, from
the above discussion and the previous Chapter it is clear that modifications of the
electronic/excitonic spectral structure due to exciton—phonon interactions cannot be
ruled out. Indeed, the ab initio theoretical description of phonon-assisted optical ab-
sorption is an important issue in condensed matter physics, that has yet to be tack-
led fully. In order to correctly evaluate the relative intensity of the indirect/direct
optical absorption processes in bulk hBN, for example, exciton—phonon coupling
needs to be included. In this way, the efficiency of hBN as an UV emitter — or
the way to tailor it towards the desired effect — could be established. Refs. [103]
and [36] provide an example of the theoretical calculation of a phonon-assisted op-
tical absorption spectrum (of GaN and silicon, respectively), although only in the
independent—particle picture and confined to the energy window where only in-
direct transitions contribute. We will discuss Ref. [36] in more detail in the next
Section. The Wialliams-Lax method discussed in Sec. 3.2 (Refs. [37, 104, 105]) pro-
vides a unified approach to describe on the same footing lattice-dependent band
features and phonon-assisted transitions. However, it is computationally expen-
sive if the BSE is involved while also restricted to static approximations, therefore
imprecise close to the absorption onset. Moreover, various models of the exciton—
phonon coupling including dynamical effects are available in the literature[82, 106—
111] (with Ref. [112] specifically tackling luminescence), although their direct test on
real materials from first principles is, again, computationally demanding. Therefore,
tirst—principles calculations of indirect absorption including excitons are still miss-
ing, and we bridge this gap by providing the first such calculations in this Chapter. It
is worth noting that layered materials in which phonons may play an important role
for optical spectroscopy, like hBN or transition metal dichalcogenides like MoS,[91]
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(which, with the exception of the monolayer form, displays an indirect band gap),
are the perfect candidates for this kind of analysis.

In general, starting from the form given in Eq. (1.75) for the excitonic macro-
scopic dielectric function, we expect it to be modified by the exciton—phonon inter-
action in the following way:

er(w) = 87 (1—Ry)

2
2 Im ([ = (Ex+ AE) +i] ™) + F({Eng, wyg}).

(3.1)
Here, A} can be equal to either A}- or Z;\c- The quantity R) represents a renormali-
sation factor determining how much oscillator strength is transferred from the direct
peaks to the phonon-assisted parts of the spectra, given here by the unknown func-
tions F depending in principle on all the exciton and phonon energies. The complex
energy correction AE, is the dressing of the exciton energy due to exciton—-phonon
interaction. We will investigate this quantity in Sec. 3.2 for the monolayer case. In
this way we can show that phonon-assisted processes in BN systems are not only
possible, by virtue of the indirect optical gaps demonstrated in the previous Chap-
ter, but also likely, since our results in the aforementioned Section point to a strong
electron—phonon coupling in BN. Afterwards, when switching to the bulk system,
we will the ignore AE,, and assume that the exciton energies remain always at their
“bare” values. This will not affect our results because we are more interested in
studying the shape of the luminescence spectrum, while knowing already that its
absolute energy position will be incorrect anyway because the GW approximation
underestimates the band gap (as mentioned in Secs. 2.3.2 and 3.2.1).

We will thus focus on a way to reproduce the F functions, the phonon-assisted
contribution to the optical spectrum, using state—of-the—art computational many-
body techniques: in particular we will compute the derivatives of e, with respect
to static atomic displacements (Sec. 3.4). This will be enough to understand and
reproduce the results shown in Fig. 3.1, leading to the main result of this thesis.

We also anticipate that in Chapter 4, after identifying the phonon-assisted part of
the absorption spectrum as the satellites of the excitonic spectral function, we will pro-
pose a method, based on very recent theoretical developments,[38, 113] to include an
“exciton—phonon self-energy” in the ab initio simulations: in this way we can over-
come the previously mentioned static approximation and obtain the full absorption
spectrum including the R) factor.

Y Axdx
K

3.2 Monolayer: testing electron— and exciton—-phonon cou-
pling

As far as optical spectroscopy is concerned, the alteration of the electronic system
due to (perturbatively weak) electron—phonon interactions can be separated in two
main effects: the temperature dependence of band structures (seen in Sec. 1.6.6)
and the possibility of indirect optical transitions (e.g. indirect absorption).[114] Al-
though the two effects are intimately linked (both depend on the electron—-phonon
self-energy, and in particular on the strength of the electron—-phonon coupling ma-
trix elements), they can usually be treated separately as the band structure “renor-
malisation” causes an overall shift in the absorption spectra, while the indirect tran-
sitions modify its shape. We will be mainly concerned with the latter effect in the
remainder of this Chapter and in Chapter 4. Nonetheless, in this Section we will
present the results of electron—phonon (ep) calculations performed for monolayer
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FIGURE 3.2: Electron—phonon coupling in monolayer hBN. (a) Red: DFT-LDA band struc-
ture. Blue: Corrected quasiparticle band structure including the ep self-energy ZE{(VI . The
correction is shown for the top valence and bottom conduction bands. The blue shaded
areas, of width 2ImX-/M, are inversely proportional to the electron-phonon lifetimes. (b)
Phonon dispersion. To the right, the Eliashberg function F.x (w) related to the bottom of the
electronic conduction band.

hBN according to Sec. 1.6.6. This allows us to gauge the strength of the ep cou-
pling in this system, and to gain new indications about the magnitude of the error
that the GWA makes, in its GoWj forms, in correcting the band gaps of BN-type sys-
tems with respect to experimental observations. Furthermore, we will try to obtain a
phonon-mediated correction to the exciton energies as well (“exciton—-phonon” cou-
pling). These latter results are not to be considered definitive, for reasons that will
be clarified in the following, but they are useful to get an idea of what to expect in
BN-type systems, where exceptionally strongly bound excitons plus very high opti-
cal phonon frequencies (because of the low atomic masses of B and N) may lead to
quite noticeable effects. Indeed we find that this is the case.

3.2.1 Band gap renormalisation

The phonon dispersion in monolayer hBN is shown in Fig. 3.2(b). Since we have
only two atoms per unit cell, three optical branches are obtained in addition to
the three acoustic ones. The maximum frequency of the of the longitudinal opti-
cal phonon is close to 190 meV (46 THz, 1530 cm™1), and the strong overbending
of this mode[115] leading to the LO-TO degeneracy at the I' point (no LO-TO split-
ting at ¢ = 0 is possible in purely 2D systems[116]) is reproduced correctly using
the method presented in Ref. [117]. We also compute ep coupling matrix elements
(Egs. (1.114) and (1.115)) with DFPT and obtain the ep QP correction from the self-
energy (Eqgs. (1.116), (1.117) and (1.118)) calculated with the Yambo code. At low
frequency (< 50 meV), the FM and DW terms tend to cancel, and the g—integrals
can be made stable by using a random integration method (Sec. 1.5.2) close to the
I' point. The effect on the band structure is displayed in Fig. 3.2(a) at zero temper-
ature: in red, the DFT-LDA bands are shown; the phonon—corrected bands are in
blue, while the width of the shaded areas is given by 2ImXf™ (and therefore it is
inversely proportional to the quasiparticle lifetime). We notice immediately a huge
band gap renormalisation, by 0.522 eV, comparable with that of diamond.[118] This
is apparent already at zero temperature, therefore entirely due to quantum zero-
point motion. This result puts even more into question the accuracy of the electronic
GoWj correction to the band gap: since the main exciton peak is expected experi-
mentally around 6 eV with a binding energy between 0.7 (bulk) and 1.9 (monolayer)
eV, this puts the single—particle band gaps to values ranging from 6.7 to 7.9 eV. So
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far, by resorting to the sscGW technique, the band gap underestimation would be
of about 0.2 eV as seen in Sec. 2.3.2. To this we should now add a redshift of ~ 0.5
eV due to electron—phonon effects, which must be explicitly added to the theory but
is always present in the real system. Because of this consideration, we can roughly
estimate the band gap underestimation of the GW method to be between 0.5 and 1
eV for BN systems.

As for the lifetimes, let us simply note that they become longer as less and less
electron—phonon scattering channels become available for the electrons, until, at the
band gap, they become infinite (of course the electron-hole recombination probabil-
ity is not considered here). This is because at zero temperature, an electron can only
scatter from a band state to another by spontaneously emitting a phonon, which
means (in the case of a conduction electron) lowering its energy. However, at the
band gap, there are no lower energy states available, and therefore no scattering
is possible. We see that this condition applies through all the KM segment of the
conduction band due to its flatness.

Next, we look at which phonons play the most important role in the band gap
renormalisation, i.e. the ones that couple most strongly with the electronic states. On
the right side of Fig. 3.2(b) we show the Eliashberg function F.x(w) related to the
bottom of the conduction band (7/ p electron at the K point). The Eliashberg func-
tion can be understood as a phonon density of states weighted with the ep coupling
strength to a particular electronic state. In our case it is given by:

Fyelw) = Iﬁq i (Z Sl + AZQHA) [200(T) +1] 6w —wga).  (32)
q m

We see that the leading contribution to the coupling comes from the LO mode at
its maximum frequency, which corresponds to a wave vector roughly around one
fourth of the distance between I' and the zone edge, and therefore is related to
phonons with the periodicity of about 8 to 12 times the unit cell. This means that
these phonons are probably the most important for the correct description of the ab-
sorption edge of the system, also at the exciton level. Their dispersion is dictated,
since we are dealing with a polar material, by the long-range electron-phonon in-
teraction that includes the non-analytic part due to the macroscopic longitudinal
electric field (dipole-dipole interactions, Sec. 1.6.3).

3.2.2 Redshift of the absorption spectrum

We will now attempt to compute the correction to the exciton energies due to their in-
teraction with phonons. We will compare two approaches that modify the excitonic
Hamiltonian, Eq. (1.83), in order to account for the effects of lattice vibration. The
first one, which we will call quasiparticle (QP) method in this Section, is based on Ref.
[58]. An analysis of bulk hBN in this framework has been performed in Ref. [58],
and a monolayer study appears in Ref. [119] as well. The second approach, which is
based on static atomic displacements with calculations in large supercells (see App.
B), is called Williams—Lax (WL) method and is detailed in Refs. [37, 104, 105]. This is
the first time that the WL method is used in conjunction with the BSE.

As we shall see, both approaches have flaws that prevent a complete solution
of the problem, but they provide hints as to where such a solution might be found.
They also allow us to draw order-of-magnitude conclusions about the importance
of lattice vibrations in the description of BN exciton energies. We will be mainly
concerned with the description of indirect absorption in the rest of the thesis, but we
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consider it useful to present these results here as a demonstration that strong ep and
ExcP coupling are present in BN, leading to non—negligible effects. Therefore, this
should be kept in mind when attempting an accurate description of single—particle
and exciton energies, as well as absorption and emisssion spectra.

a) QP vs WL methods

—— WL ref.

g7 (arb. units)

i 45 5 55 6 65 7
Energy (eV)

=

WL convergence

¢> (arb. units)

7.5

Energy (eV)

FIGURE 3.3: Zero-temperature phonon dressing of the optical absorption spectrum (g7) in
monolayer hBN. (a) Comparison between quasiparticle (QP) and Williams-Lax (WL) ap-
proaches (see text). Full gray and dashed gray lines: reference calculations in the unit cell
for WL and QP methods, respectively. Red line: QP method. Blue line: WL method (8 x 8
supercell). The vertical lines represent the energy of the GW band gaps. Black: unit cell
reference; blue: QP method; full red and dashed red: WL method with 8 x 8 and 10 x 10
supercells, respectively. (b) Supercell convergence of the WL method. From blue (1 x 1) to
red (8 x 8), the spectra for displaced supercells of increasing size (see insets) are shown. The
vertical lines represent the corresponding GW band gaps.

Quasiparticle method

In the QP method, we ignore the dependence of the screened interaction and
exchange matrix elements on the atomic displacements, and we correct only the



3.2. Monolayer: testing electron— and exciton-phonon coupling 77

independent—particle (IP), diagonal block of Eq. (1.83). In particular, we include the
previously computed ep self-energy corrections to the KS energies in its first term
AExdxx. Since these are complex quantities, the excitonic Hamiltonian will now be
non-hermitian and yield complex exciton energies £,. Consequently, the energy—
conserving delta function in the absorption spectrum will become a Lorentzian with
an ab initio full width at half maximum:

Imé’/\
(w —Re&y)? + (Im&))?

8(w — Ey) — (3.3)
The modified BSE result for optical absorption is displayed by the blue spectrum in
Fig. 3.3(a). The frozen—atoms spectrum (obtained with a GW+BSE calculation) is
given by the dashed gray line. We find the main exciton energy to be redshifted by
0.56 eV, following the QP band gap redshift (blue vertical line).

What is the validity of these results? Here, we are computing the BSE kernel
in the frozen-atoms configuration, which means neglecting any phonon-mediated
renormalisation of the electron-hole interaction. The significance of the error intro-
duced in this way is difficult to evaluate: it may be that a correct treatment of the
BSE kernel would partially cancel the IP correction to the exciton energies (in fact this
happens in the case of the spectral weights of QP spectral functions[120]). Another
problem is the finite lifetime of the lowest-lying exciton. According to recent treat-
ments of the exciton—-phonon couplings,[107] the lowest-lying excitation, having no
state to decay into, should have infinite lifetime. However, as we have already seen,
this exciton is composed of a linear combination of electronic transitions around the
K point in the BZ. Only the band gap transition at K will have an infinite lifetime
(i.e., for this transition the imaginary part of the self-energy is exactly zero). All
the other transitions will contribute complex electron and hole energy values whose
imaginary parts will not cancel exactly, resulting in a complex exciton energy also
for the lowest-bound state. Again, it is possible that including on the same footing
the electron—phonon interaction in the BSE kernel will lead to the needed cancella-
tions.? Finally, the QP method can only correct the exciton peaks that are already present
in the frozen—atom configuration. In other words, additional components of the ab-
sorption spectrum due to phonon-mediated indirect excitations cannot be captured
in this way. Another way to see this is considering that the reduction in the overall
lattice symmetry due to the atomic displacements along the various phonon normal
modes may lead excitons that are dark in the frozen—atoms configuration to acquire
some oscillator strength.

Williams-Lax method

Here we consider the thermal average of the imaginary part of the electronic dielec-
tric function, that can be expressed as[37, 104]

ex(@iT) = 5 L /AT (ea(w; {R}). 649

Here, the energy n labels a nuclear quantum state evaluated in the Born-Oppenheimer
approximation (therefore it is an expectation value of the ionic Hamiltonian involv-
ing nuclear wave functions). The partition function is Z = Y, exp(—E,/kpT) and
the expectations values (¢2), of the dielectric function, parametrically depending on

2This possibility was discussed during the Workshop on Electron-Phonon Interaction (http://
elphon.etsf.eu/) and privately with A. Marini.
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the set of ionic coordinates R, are taken with respect to each nuclear state n (they are
therefore complicated integrals involving all the ionic coordinates). This expression
implies a semiclassical approximation of the ionic motion. If we now consider the
harmonic approximation, we can write the atomic displacementes in normal coor-
dinates x), where the index A combines both phonon branches and wave vectors
(it can be consider as a real-space index where wave vectors are replaced by ad-
ditional folded phonon branches with the corresponding periodicities, see App. B).
Furthermore, in this case Eq. (3.5) can be recast as a product of Gaussian integrals

A/Z
(w; T) H/d Ae\ﬁ":j 2 (w; {x}), (3.5)

where 0,7 is the thermal average of the squared displacement x3 and will be given
explicitly in Eq. (3.21). This integral has been evaluated stochastically in Ref. [37]
by generating a large number of ionic configurations for &;(w; {x}). A final simpli-
fication is achieved by noting that in fact only a single, optimal ionic configuration is
needed to obtain the same result as the full integral,[105] but only in the limit of an
infinitely large supercell:

e2(w; T) = lim &(w; {x}°P"), (3.6)

with N being the supercell size®> and the atomic displacements making up {x}°P*
given by

L
AR, =Y (-1
1 ;( ) szl‘(U)\

21, (T) + 1. (3.7)

Equation (3.6) was successfully applied to the IP optical spectra of silicon, diamond
and gallium arsenide.

We will now use it at zero temperature (zero-point motion only) on top of BSE
calculations for monolayer hBN supercells; the optimal atomic configurations for
each N were provided by M. Zacharias. In the limit of infinite supercell, the entire
BZ is mapped onto the I point, forming a continuum of states. If no atomic displace-
ments are present, i.e. we are in the frozen-atoms case, then the optical absorption
spectrum will be exactly the same as the one computed in the unit cell, as no new
physics has been added to the system. The additional states folded onto the I" point
can only be dark. However, the reduced symmetry due to the static atomic displace-
ments will allow these finite—g excitations mapped to I' to acquire some oscillator
strength depending on the wave vector (i.e., the long-range periodicity of the dis-
placements). All possible phonon modes are included in the sum in Eq. (3.7), and
each supercell size N corresponds to an equivalent wave vector sampling in recip-
rocal space.

For these calculations we applied a scissor operator to the KS energies in order to
reproduce exactly the frozen—-atoms GW correction for all the supercells, without the
need to run an expensive GW calculation for each N. We are therefore neglecting the
variation in the GW correction to the energy eigenvalues due to the atomic displace-
ments. More information about the scissor operator can be found in Sec. D.5. The
next issue is the calculation of the static RPA screening A RP A which becomes unfea-
sible for N > 6 with our computational resources. For this reason, we compute XRP A
in the frozen—atoms unit cell BZ and then fold it onto the supercell BZ developing a
Python script interfaced with Yambo. This is explained in Sec. B.1. In this way, we are

3In the case of monolayer hBN, a N x N x 1 supercelll is associated to each N.
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also neglecting the variation in the screening function due to atomic displacements.
However, we could compare this approximation to the exact value for all N up to
6 and found no appreciable difference. The last step is the BSE one. Here, the WL
theory provides a static correction to the excitonic Hamiltonian, Eq. (1.83), which
affects both single—particle energies and the electron-hole interaction kernel.

The convergence of the WL spectrum with respect to the supercell size N is
shown in Fig. 3.3(b). The equilibrium, unit—cell result is in blue and the final cor-
rection due to lattice vibrations (8 x 8 x 1 supercell) is in red. The QP band gaps
corresponding to the various supercells are marked by vertical lines (the dotted red
line is for a 10 x 10 x 1 supercell). Unfortunately, the BSE results could not be fully
converged, as calculations for N > 8 turned out to be unfeasible. We notice immedi-
ately a strong redshift of both the QP band gap and exciton peak energies (the latter
being 0.43 eV), as expected. In the WL method, the broadening of the peak does not
come from the imaginary part of the exciton energy, but rather from the presence of
the folded copies of the exciton around its main peak position. These folded states
are slightly displaced in energy with respect to the central one, and acquire a smaller
oscillator strength: their sum “dresses” the main peak (the broadening is mostly vis-
ible at the bottom of the peak). At the same time, because of the static displacements,
many other states that would be optically forbidden at equilibrium now become vis-
ible across the full energy range, generating a richer overall structure with respect
to what is possible to obtain with the QP method. We note that while the 2 x 2 and
4 x 4 peaks remain very close to the equilibrium one, there is a larger energy step
starting with the 6 x 6 supercell. This is consistent with the observation, made in the
previous Section, that phonons with 6-fold periodicity and beyond are the ones that
couple significantly with the single—particle transitions that are responsible for this
excitonic shift.

Conclusion

Figure 3.3(a) shows a comparison between the phonon-dressed optical spectra ob-
tained with the QP (red) and WL (blue) approaches. The vertical lines represent the
QP band gaps (the dashed line being the 10 x 10 WL calculation, and the black line
being the equilibrium reference). In order to compare the spectra, a partial f-sum
rule was enforced between reference (gray, eX*f) and final results separately for both
methods, rescaling ¢, in order to satisfy

wp—=0 wy

/ wer(w) = weX(w). (3.8)
w;—30 w;j

The energy window limits are w; = 4.5eV and w; = 7 eV (almost all of the oscillator

strength in the unit cell case is contained in this interval), while ¢ is the value of the

peak shift.

It is clear that the dominant contribution to the phonon dressing of the excitons
comes from the IP block of the Bethe-Salpeter Hamiltonian, because in the WL case
the supercell convergence trend of the BSE follows that of the QP gap: therefore the
quasiparticles are dressed first, and then the electron-hole interaction binds them
into exciton states. However, the single—particle energy variation at each step is
bigger than the corresponding exciton peak variation, therefore it seems likely that
the contribution from the dressing of the BSE kernel (an electron-hole interaction
modified by lattice vibrations) opposes the IP contribution, reducing the redshift.
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Certainly, a more rigourous and formal study of the connection of the WL
method to a MBPT approach is required to definitively assess the accuracy of this
method. Similarly, the QP method needs to be expanded in order to include the BSE
kernel (we will give a contribution in this direction in Chapter 4). In this context, a
theoretical investigation on the coupling of excitons and long-range optical phonons
in polar materials (sometimes called Frohlich coupling[121]) would also be bene-
ficial. Despite all these shortcomings, we can still conclude, based on the results
for the monolayer, that one should expect a very strong zero—point redshift of the
optical absorption spectrum in BN systems of approximately 0.5 eV.

We will now shift our focus to systems with an indirect energy gap: here, the
presence of a strong electron—-phonon coupling can considerably change the relevant
spectral features, particularly by allowing for the creation of additional excitations,
which may dominate the spectral onsets at low energies.

3.3 Basics of indirect absorption

Indirect absorption in an independent—particle (IP) picture is usually conceptualised
as a two—step process in which a valence electron interacts first with a photon and
then with a phonon — or viceversa. The excited electron, having picked up both en-
ergy and momentum, will end up in a conduction band. Therefore, this process can
be modeled with second—order time-dependent perturbation theory starting from
an IP electronic Hamiltonian interacting with both an external em field and an ionic
potential. We will do this now because some of the developments will be relevant to
both Sec. 3.4, involving excitons, and Sec. 4.1.2, where a “diagrammatic” approach
is used to obtain the same results. Additionally, this is the approach taken in Ref.
[36] in order to reproduce, from ab initio calculations, the phonon-assisted shoulder
in the absorption spectrum of silicon. The expression for the indirect 5 found in the
above-mentioned reference is reported in App. E as Eq. (E.1). Actually, a careful
derivation of this expression (following for example the prescriptions in Chapter XII
of the book of Grosso and Pastori Parravicini[43]) reveals that additional terms are
required to obtain the “full” formula of the indirect €5, and its dependence on the
phononic and electronic occupation factors is slightly more complicated. Nonethe-
less, the reduced formula presented in Eq. (E.1) is enough to describe indirect ab-
sorption in silicon. However it may be relevant to discuss the full expression since
there might be cases in which it would be needed, for example when the occupa-
tion factors of the initial and final electronic states might be comparable (i.e. metals
and interband transitions as opposed to the absorption case where fi < fur—g)-
This is also relevant in order to assess properly under which approximations several
simplifications in said expression might be possible. In order to be consistent with
Eq. (E.1), we reintroduce here 7. The phonon frequencies will be denoted with the
capital Omega as ();,.

3.3.1 Any phonon-assisted transitions

Below we list the starting non-interacting electronic Hamiltonian Hy, the coupling
Hamiltonian H,; with a classical em field (up to linear order in the field A, in the
Coulomb gauge and in the dipole approximation) and the coupling Hamiltonian
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H,_j,, with the crystal lattice vibrations via an electron-ion potential:

2
Ho(r) = Z’Lm +V(r),

Ho(rt) = e p (e +elvty, (3.9)

An arbitrary state of the system will be specified by an electronic band state and a
phonon number: |mk) @ |n,,). It is understood that the phononic occupation func-
tions are produced by the action of H,_;,, on the initial state \nq A):

Bq/\ ‘nq)\> - \/nq)\ ’nq)\ - 1> ’

. (3.10)
bZ;A [ng7) = /1gr +1|ngr +1).

Now, the perturbation theory is carried out up to second order, but only the terms
at first-order simultaneously in both the em field and the phonon number will be
retained (these represent phonon-assisted transitions; the rest describe two—photon
and two—phonon processes). We also give the following definitions for the matrix
elements that describe the couplings:

(jk|e - plik) = e - vix = dij,

3.11
VL @)~ g) = o
A transition i — j described in this way will undergo a two-step process: first the
absorption/emission of a photon brings the electron from i to an intermediate “vir-
tual” state m; then the absorption/emission of a phonon bridges the remainining
energy—-momentum gap to the final state j. Alternatively, the phonon will be ab-
sorbed/emitted first, leading to the intermediate state; the absorption/emission of
a photon will then complete the process. The probability of the total i — j transi-
tion will be given by the modulus square of the sum of the two processes, thereby
including quantum interference effects.

The complete expression for the imaginary part of the dielectric function is then

e2(w) = C(w) Y fi—q(1 = fix){ 1o Tal?0(€ix—q — €jic + hw + 1Oy )+
ijkgA
(nga + )| Ts|*6(€ik—q — €jic + hiw — 1 )+ (3.12)
nq/\|TC]25(eik_q —€jk — hw + hﬂq)\)'F
(ngn + 1)|Tp|*6(eix—g — €jx — hew — 1 Q2) }

(the coefficient C(w) is given in App. E). Here, the first two lines refer to “reso-
nant” transitions (e.g., Eq. (E.1)) and the last two to “anti-resonant” ones. Ignoring
the latter is equivalent to a “Tamm-Dancoff” approximation. The T—factors are the
transition amplitudes: each of the four possible processes (as seen in Fig. 3.4(a)) is
split into two contributions (for a total of 8 terms) reflecting that the system can reach
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the intermediate state both via photon or phonon. Such terms are given by

Ty =S¥ + 5%,
Tp = S5 + 55,
Tc =S¥ + S5,
Tp = S§ + S

(3.13)

The S—terms describe all the possible combinations of absorption or emission of one
photon and one phonon. Their explicit expression is listed below:

Photon Phonon

qA
S (q) = 1t St
L m €ik—q — €mk—q + hw + i77

$2(kq) =Y. g?n);k i
LA . €ik—g — €mk T+ hQ/\[] + iy

Absorbed Absorbed

Absorbed Absorbed

Absorbed Emitted

dimk—q gquk
S§ (k,q) = ! ,
2 ( 5]) ; €ik—q — €mk—q + hw + 1]

?L‘Mk Amjk
S5 (k,q) =Y ok

. Absorbed Emitted (3.14)
o €ik—q — €Emk — 1 + 77

Himk q qu‘k
S¢(k,q) = o :
3 ( q) ; €ik—q — €mk—q — hw + 7]

0 g“mk D
S k, — 1m. .
3 (k) ; €ik—g — Emk T hQ/\q +17

Emitted Absorbed

Emitted Absorbed

Emitted Emitted

Eimk—q gqm)\'k
S¥(k,g) = ! :
#(kq) ; €ik—q — Emk—qg — Iw + 177

O gl‘p\k Em ik
Sitkq) =) k2

—, Emitted Emitted
m €ik—q — €mk — hQ/\q +17

Note that the barred matrix elements, e.g. g‘jn’;k, indicate the mj-th element of the

conjugate and not the conjugate of g%k. Here 7 — 0% and if we consider only
the first four terms we obtain Eq. (E.1) (except for the structure of the electronic
occupation factors).

3.3.2 Net transition rate

The net transition rate R is the difference between the i — j and j — i transition
rates. If i is a valence band and j a conduction one, then the net rate will be the
difference between absorption and emission rates (and it will remain an absorption
rate if f, > f;). If we consider the band energies to be independent from their
occupations, the j — i case is found by just swapping the indices ik — g and jk in Eq.
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(3.12). In the “Tamm-Dancoff” case (TD) the net absorption rate reads

R™P(w) = C(w) ).

ijkgA
I TaProa fiof = I Tol2e i (ngp + 1) ficFi—y | 8(Ei—g — € + o + 1)+ (B:19)
[!TB|2(”qA + 1) fik—gfj — |Tcli ingrfief iqu} O(€ik—gq — ejp +Tw — 1y

where i < j means that the indices ik — g and jk are exchanged in Eq. (3.14) and
f].k = 1 — fj. In principle, the different denominators prevent exact factorisation of
the terms on each of the two lines. However in the optical absorption/emission case
the transition amplitudes are often considered slowly varying if only states close to
the band minima contribute.[43]

In the simpler case of direct transitions, we instead obtain Eq. (1.74),

97 (w) & Y |dije* fie(1 — fir)d(eix — € + hw), (3.16)
ijk
with the net rate given simply by

Rdir(w) = S‘zﬁr — S‘zﬁr|i%j (o Z |dijk’2(fik — fjk)é(eik — €jk + h(ﬂ) (3.17)
ik

3.3.3 Optical absorption and emission

If we are considering optical transitions across a band gap (from valence to conduc-
tion), then the resonant lines of Eq. 3.12 describe absorption, the anti-resonant lines
describe emission:

Egbs(w) = C(a)) Z ka*q?ck{ nqA|TA|25(€vk7q — €k T+ hw + thA)"’
cvkgA
(g2 + 1)|TB|25(evk,{7 — €+ hw — Q) b,

(W) = C() ¥ Fogfal il TePolen—g — €a — o + 70 ) +
cvkgA

(3.18)

(ngr + )| Tp|*0(€pk—q — €ck — hew — Q1) }-

Figure 3.4(a) schematises the indirect absorption and emission processes between
a valence and a conduction state, the processes labeled A, B, C or D in accordance
with their respective transition amplitudes T. Note that only Tg and Tp (phonon
emission processes) are possible at zero temperature. The resulting optical absorp-
tion (blue) and emission (red) spectra for the two levels are depicted in Fig. 3.4(b)
(note that the two photon frequencies involved are w; and wy = wy + 2Q)).

3.3.4 Static approximation

Let us now restrict ourselves, for simplicity, to the photon absorption case only. We
use the static approximation and neglect the phonon frequencies in the transition
amplitudes, i.e. 10, = 0, leading to S + S? = 59 + S?. Now, we also take
the “resonant” approximation for the denominators where the photon frequency
appears explicitly, i.e. €y — €uk—q + Iw + i1 = € — €yx—q + i1 (this is reasonable
if we took the static approximation for the phonon frequencies before). Now, for the
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FIGURE 3.4: Phonon-assisted transitions between a valence vky and a conduction ck; state.
(a) Scheme of the possible transitions, from right to left: photon absorption with phonon
emission (B), photon absorption with phonon absorption (A), photon emission with phonon
emission (D) and photon emission with phonon absorption (C). The red arrows indicate a net
absorption process. (b) Resulting absorption (blue) and emission (red) spectra. The leading
peaks are produced by phonon emission.

absorption case, we arrive at the Hall-Bardeen-Blatt theory[114]:

Dot g8 & ok
SIZ-IBB(w) — Z Ze i q mck‘ _'_Z vfk mc :
cokg| m Eck — Emk—q T U] T €vk—g — Emk + 1] (3.19)

(2”5/?L + 1)f'0k*q7ck5(€kaq — €+ hw + hQM).

The HBB expression (albeit with 71Q));, = 0 also in the delta function) can actu-
ally be obtained in a different way: that is by taking static derivatives of the direct
absorption expression with respect to atomic displacements:[104, 105]

aZSgir (W; {R/\q }) >

e (0 T{0} =0) =) — 05 0
Aq

gA

(T). (3.20)

Here R), is a set of atomic displacements along phonon mode (Aq) and U/%q(T) is the
average squared displacement of an harmonic oscillator (recall that we are consider-
ing harmonic phonons),

03, (T) = (a3 nga) = (|3, (biy + bg2)*|nga) = 13,212 (T) + 1), (3.21)

Here the zero—temperature squared displacement is l}\q =1t/ (2M41Q41). Depending
on the normalisation choice for the the phonon eigenvectors, M,y = M is taken
as a simple reference mass or, for example, as a weighted “unit-cell” mass M,,; =

Zf\’i"“s MZ-|§,‘Z.M |> (we will use the latter in our numerical simulations).

In the static / HBB case we also have |T4|> = |Tg|*> ~ |Tc|*> = |Tp|?. The only
difference between transition rates for optical absorption and emission, once their
modulus square is taken, is that in the emission case the positions of the intermediate

state energies €, and €, are swapped between the denominators of S and sQ,
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something that may in general be safely neglected. In our study about phonon-
assisted transitions involving excitons, Sec. 3.4, we will choose an analogous static
approach as well.

3.3.5 Luminescence spectra via the van Roosbroeck-Shockley relation

Our goal in the next section will be to model luminescence spectra. However, it
is easier for us to obtain absorption spectra via the BSE, since in general lumines-
cence can be a quite complicated, essentially out-of-equilibrium process whose
full many-body description is presently available only for direct transitions, while
non-equilibrium ab initio luminescence calculations are still lacking.[122-124] Fortu-
nately, the experimental conditions in which hBN luminescence is measured suggest
that various simplifications of the full problem are possible, and eventually allow
us to obtain the spontaneous emission rate (the physical quantity relevant for exper-
imental luminescence spectra) from the absorption coefficient.[125] In practice this
means that it will just be a byproduct of a modified BSE calculation.

The simplifications introduced are the following. We neglect all processes out
of equilibrium and assume all excited carriers relaxed to the bottom of the excitonic
dispersion curves. We take the probabilities of exciton formation and annihilation
to be the same (i.e. we have a detailed balance of phonon-assisted creation and anni-
hilation of excitations), a reasonable assumption in our scheme as we will be com-
puting the transition rates in a static approximation. This enables us to employ the
Van Roosbroeck—Shockley (RS) relation[126] to compute the spontaneous emission rate
R®P(w). This entails two commonly held experimental assumptions: (i) the (excited)
system is in a steady state, with the contribution from stimulated emission being
very small with respect to the spontaneous one; (ii) in the steady state, the occu-
pation functions of the excitonic states involved in recombination processes can be
approximated with those at thermal equilibrium. We summarise the RS relation be-
low for both the IP and exciton cases. Note that here we are mainly streamlining the
contents of Refs. [125] and [127], where a more exhaustive treatment can be found.

Direct transitions in the independent—particle case

Let us take the net transition rate (per unit energy, per unit volume) between the
optical absorption and stimulated emission processes:

R (w) = K(w) %2 Y Teok (forfop — fokfor)0(€ck — €0k — hw),  (3.22)

cvk

where 7. is the squared transition amplitude. We assume a time-independent
Fermi-Dirac distribution for electronic occupations in the steady state, fx = [1 +
elenc—#e/n)/ksT) =1 wyith 1, and pj, being the chemical potentials for electrons and
holes, respectively. In the IP case the transition amplitude can be taken as the optical
matrix element in the dipole approximation: 7., = |dok|?. We can similarly write
the expression for the spontaneous emission rate,

27 G(w)

R¥(w) = K(w) noNG

Y Teokferf o0 (€ck — €k — Tew). (3.23)

cvk

The spontaneous emission is only proportional to the photon density of states,
G(w), while both absorption and stimulated emission are proportional to the the
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photon density per unit energy, N (w). If we define an average photon number,
N, these two quantities are related by the total photon density [N (w)dw =
JNG(w)dw. The dimensional term K(w) is made of quantities mainly related
to the the em field. We now list the relevant expressions for the optical quantities
involved.

2me?h? 1
Di ional fact K =
imensional factor K(w) P2V iy (@)

1 n(w)?(hw)?

Photon density of states G(w) =

w2’ Ve(w) (3.24)
c c
Group velocity V,(w) = ~
P y g( ) n1<w)+wan5£}w) nl(w)

Incoming photon flux F(w) = N (w) ”

The absorption coefficient a(w) can be written in terms of the absorption rate as
R (hw) = F(w)a(w). Finally, we observe that independently from the specific
(cvk) transition considered, the following relation always holds:

,fckka - 1 ~ e_(h“’_AH)/kBT (3.25)
kafck - fckka elhw—(pe—pn))/ksT _ 1

(where in the last step we replaced the resulting Bose-Einstein distribution with
a Boltzmann one; this simplification is not necessary). Then, by putting every-
thing together and comparing Egs. (3.22) and (3.23), we find R%(w) to be equal
to G(w) Ve (w)a(w)e ho=am/ksT,
This leads us to the RS relation:
2 2
Rsp(w) _ n1(w) (hw) a(w)e—(hw—Ay)/kBT
22k’
_ m(w) ()’
- et

(3.26)
(w)e—(hw—Ay)/kBT,

where for the last equality we have used Eq. (1.69), a(w) = hwea(w)/ (n1(w)hc).

Direct transitions in the exciton case

In this case the absorption coefficient is computed including excitonic effects (just
for this Section we label it #“(w), and equivalently €5*“(w), to avoid confusion); we
can always obtain the full refractive index as

e (w) = \/ % VW) + 55w +5°(w). (3:27)

Now the transition amplitude 7 in Egs. (3.22) and (3.23) will be replaced by the

excitonic one, T = |Y ..k Z?decvk\z, with the external sum now running over the
exciton index A. Analogously, the energies of single—particle transitions will be re-
placed by the exciton energies E,. Concerning the occupation functions, if the ab-
sorption/emission features are dominated by the creation/annihilation of electron—
hole bound pairs, it is sufficient to replace the Bose—Einstein/Boltzmann factor in
Eq. (3.26) with a more appropriate term to describe the occupation of excitonic
states. We use the Boltzmann distribution np(fiw) = e~ "@=#)/kT with u* fixed
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to the energy of the lowest-bound exciton. Since below the quasiparticle gap we are
dealing with a discrete excitonic spectrum, ng will be a discrete function taking val-
ues for iw = E,. Note that the use of a Boltzmann (or equivalently Bose-Einstein)
occupation function implies that we are treating excitons as pure bosons, i.e. the
excitations of a non—-interacting bosonic Hamiltonian with commuting excitonic cre-
ation and annihilation operators. This is compatible with our previous assumption
of low laser power density, which leads to a low density of excitations inside the
material: in this regime excitons may be treated as non-interacting bosons.[107, 128]

Indirect transitions

In this case we have to take into account that the energy of a photon absorbed (fiw;)
and that of a photon emitted (fiw,) in a process mediated by the same phonon are
not the same, and they are both different from the energy of the indirect electronic
transition (fiw). In particular, with the help of Figs. 3.4(a) and 3.5 (the latter adapted
to the exciton case), we can write the following relations:

hwe = hw, £ 27y,
hwe = hw + 71Oy, (3.28)
hw, = hw F hQyy,

(the upper and lower signs referring to the cases of phonon absorption and emis-
sion, respectively). We need to write a generalised form of the RS relation that takes
these energy differences into account. Focusing on the case of an indirect transi-
tion mediated by the emission of a single phonon of branch  and momentum g, the
second-order absorption and emission rates (per unit time, energy and volume) can
be expressed as (back in the IP case):

27TN wa

R./ﬁ;bs(w“) - K(w Zk vqu Mg + 1)[f71k qfck fckka q]

O(€ck — €vk—y + 1Qyy — icw,),

27r G(w
R (we) = K(w h N, Z vqu (Mg + 1) forf o GO(€ck — €op—g — 1y — ),

cvk
(3.29)

where 7(?) = |Tp|?> ~ | Tp|? and the rate dependence on the phonon mode and wave
vector has been explicitly indicated.
Then, considering a(fiw,) = Rl (hw,)/F(hw,) and writing the frequency-

dependent functions explicitly, we can write the final results:

n1(we)n(wy) (hew,) (hw,)

Rilg(we) = n2c2H? a(wg)e =t/ T
) (3.30)
M (we)(hCUe)(hwa) € (w )e—(hw—Ay)/kBT
B m2c3ht 2 '
Or, in the excitonic case (dropping the labels on the frequencies):
R;’Z]’exc(w) x n{(w)w(w — 2QW)2 7 (w — 2043 )np(w). (3.31)

The emission spectra shown in the next Section are obtained by using the latter equa-
tion and summing over all phonon modes with a specific momentum g = g, the one



88 Chapter 3. Indirect optical spectra: many-body approaches

Phonon absorption Phonon emission
- L2=0) a=0)
W | lg=7q) " © g=7q) . T Imq
— T T — ek :
hQa th ................ E

Photon abs. --- hwa

hwa hwe Photon em. ...

cs) [es)

FIGURE 3.5: Simplified transition scheme for a finite—g exciton level at g = g, displaying
the processes of photon absorption (dashed blue arrows) and emission (dotted red arrows)
mediated by phonon absorption (left) and phonon emission (right). The “direct” exciton
at g = 0, lying directly above the excitonic ground state, is also shown with an energy
corresponding to the case of bulk hBN.

corresponding to the indirect gap. In the exciton case, the exciton—-phonon squared
transition amplitude 7;(5% will be computed with a finite—difference method.

3.4 Phonon-assisted optical spectra I: finite-difference cor-
rections to the dielectric function

We will start this Section with an in—-depth analysis of the electronic bands, excitons
and phonons relevant for indirect transitions in bulk hBN. Then, we will use group
theory to infer the selection rules for the exciton—phonon coupling. Finally, we will
calculate the optical spectra and present a comparison with experimental results.[41]

3.4.1 Electronic structure and non—-diagonal supercell

The relevant part of the band structure (after the sscGW correction) is shown again
in Fig. 3.6(a). The direct QP gap is at 6.46 eV, and the indirect one is at 5.96 eV. The
direct gap is traditionally identified at the so-called T; point[21]: From the Figure,
we see that this point lies close to K, along the 'K symmetry line (to be precise:
|T1 — K| ~ 1/6|K —TI'|). However, there are other three points that give a comparable
band gap: M, T, (along the MK line: |T, — K| ~ 1/3|K - M| = 1/6|/K —I|), and H,
the high-symmetry point directly above K along the out-of-plane direction. In our
GW calculations, the band gaps at these points lie in a small 0.1 eV energy interval
(with E? < EgT2 < Eéw < Egl ), which corresponds to the accuracy of the GW method.
Since we know that GW underestimates the true quasiparticle corrections in hBN,
we have to assume that the relative energy differences between these band gaps
may change with more refined approximations and/or more accurate calculations.
Then, we choose to “average” the true position of the top of the valence band from
“around” K to exactly K, by taking § = |[K — M| = 0.5|K — I'| as the momentum
transfer corresponding to the indirect gap.
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FIGURE 3.6: Electronic, phononic and excitonic properties in bulk hBN (see text). (a) sscGW
QP band structure of bulk hBN, displayed in the relevant part of the BZ. The dashed horizon-
tal black line represents the position of the lowest-bound direct exciton, while the dashed red
lines correspond to the indirect excitons of momentum g. The exact valence band maxima
are labeled T and Tj. (b) The phonon dispersion in bulk hBN. The teal vertical line high-
lights the frequencies of the phonon modes with momentum g. The 12 phonon modes are
labeled with the usual notation. (c) The imaginary part of the dielectric function including

only transitions at g =0 (8(20) (w) in the text) is shown in blue. The peak broadenings are set
to 1.5 meV. The vertical black lines denote the quasiparticle indirect and direct gaps, while
the dotted blue line indicates the position of the dark Ep, exciton with g4 = 0. The dashed
red lines indicate the positions of the B; and A; excitons at 7 (labeled i1 and i2, respectively).
The excitonic wave functions intensities are plotted in the insets: blue for the g4 = 0 pair, and
purple for g = 7 ones (the dashed red arrow labeling the 7 direction).

3.4.2 Excitons

Solving the BSE at g = 0, we obtain the two doubly degenerate excitons which form
the lowest-lying Davydov pair, as seen in the previous Chapter and depicted in Fig.
3.6(c): the first exciton is at 5.70 eV and is dark (dotted blue line). The second exciton
at 5.75 eV is instead bright (main blue peak). In order to study finite momentum g
excitons, we perform the same calculations on a non-diagonal hBN supercell, con-
taining 12 atoms per BN layer and chosen such that g will be folded onto T’ in its
new Brillouin zone, as explained in App. B and Ref. [129]. The supercell we gen-
erated for our calculations is represented in Fig. 3.7 and compared with the unit
cell. The comparison between the respective reciprocal-space Brillouin zones (BZ)
is also shown, emphasizing the folding of the q—point 7 (given in fractional coor-
dinates as (1/3,—1/6,0)T) and the shape of the supercell BZ (note that both 7 and
—q are folded onto I in this way). Now, two additional excitonic states (dashed red
lines in Fig. 3.6(c)) appear at 5.63 and 5.65 eV, respectively, below the lowest-bound
direct exciton. These states originate from the splitting, at finite momentum, of the
doubly degenerate dark exciton at I, as evidenced by the full dispersion calculation
displayed in the inset of Fig. 2.8(b). These results are also in agreement with recent
Refs. [84, 97]. We denote the two branches, and therefore the two exciton states at g,
as il and i2. These finite—q states are dark by themselves but candidates for phonon-
assisted absorption and emission.* Their wave function intensities are very similar.

“4This makes clear why we are resorting to a supercell calculation instead of using the full dispersion
obtained by solving the finite—g BSE: we need to evaluate the strength of the exciton—phonon coupling
and we will do so applying atomic displacements commensurate with the phonon wave vector. The
method to perform a full unit—cell calculation of exciton-phonon couplings will be presented in Chap-
ter 4.
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FIGURE 3.7: Bulk hBN Unit cell (uc) versus non—diagonal supercell (sc). Top: representations
of the uc and sc used in our calculations. Bottom: schemes of the reciprocal-space BZ in
the two cases (the BZ borders are in gray and teal, respectively), showing that in the first
Brillouin zone of the supercell, the momentum 7 is folded back onto the I' point.

One of them is displayed in purple in the second inset of Fig. 3.6(c), showing again a
mostly planar distribution as is typical of 1—type excitons (some examples obtained
by finite—g BSE in the unit cell are displayed in Sec. 2.4). Note that although the wave
function in the fixed-hole representation looks approximately distorted along the
armchair lattice direction, the full wave function is actually symmetric with respect
to the zigzag direction (parallel to the g—vector) upon rotation around the principal
axis of the Cp, symmetry group which is oriented in—plane along the 7 direction (see
next Section for clarifications on the group theory).

3.4.3 Symmetry of excitons and phonons

In bulk hBN, the point group (including the non-symmorphic point symmetry op-
erations of the space group) is Dg,. It contains 24 symmetry operations grouped in
12 classes. It is the group that is also used for the characterizations of perturbations
(such as phonons and excitons) of hBN with zero wave-vector (corresponding to
the high-symmetry point I'). In Table 3.1 we report a subsection of the character
table focusing on the operations and representations of interest to us. In Fig. 3.8 (left
panel) our choice for the Cartesian axes and for the lattice vectors is reported and
the three rotation axes belonging to Dy, are drawn. Recall that bulk hBN displays
AA’ stacking (two inequivalent layers per unit cell): therefore many of the symme-
try operations are non—symmorphic. The point group for the symmetry analysis of a
perturbation with finite wave vector 7 is a subset of the one at I'. In the case of 7 lying
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FIGURE 3.8: Symmetries at I" and 7. Top and side views of the bulk hBN lattice. The borders
of the repeated unit cells are shown with dashed black lines. Left: original unit cell for the
hexagonal lattice (D¢, point group) and lattice vectors. Right: non—diagonal supercell used
in the calculations and lattice vectors. The axes of rotation corresponding to the symmetries
of the g points of the systems are shown with solid black lines.

on the I'K line, the point symmetry group is Cp, with Cy, C Dy, whose character
table of Cy, is provided in Table 3.2. The only rotation axis of Cy, is drawn in the
right panel of Fig. 3.8, showing the crystal lattice as repetitions of the non-diagonal
supercell used in our calculations. This axis runs along the zigzag direction, and it
is identified by checking the rotational symmetry of the phonon modes, as shown
in Fig. 3.9(a).” From this we see that the C, rotation in C», coincides with the (0
rotation in Dgj,, and we use this to make a connection between the elements of Cy,
and Dgyj,, shown in Table 3.3. The dipole operator transforms as the [x,y, z] vector
and belongs to representations Ey,[x, Y| + Au(z] for Dg;, and Aq[x] + Bi[y] + Bz[z]
for Cp,. The in—plane component of the dipole transforms accordingly as E;,, and
A1 + By, respectively.

Let us first analyse the two excitons (one dark, one bright) of our system at I’
(Fig. 3.6(c)). The incoming optical light (E;,) interacts with the ground state |G)
of the system (which is fully symmetric, A1) creating an excited state of symmetry
A1y ® E1y = Eyy. Therefore, the bright exciton corresponds to the Ey,, representation
(odd under inversion). The dark state is its Davydov partner, thus it must have
opposite parity with respect to inversion symmetry (see Sec. 2.3.2 and Ref. [40]) and
it corresponds to the Ej, representation.

Any irreducible representation of Dgj, will be a reducible representation of C,,
and therefore can be expressed in terms of a linear combination of irreducible repre-
sentations of Cy,. These are the so—called compatibility relations that we will need
to analyse indirect processes from I' to 7 (in particular, we want to describe the split-
ting of the E1;, and E; excitons). This applies also to the characters of the represen-
tations: if we define x¢(Cy) as the character of a (reducible) representation of group

SWe used the following online tool to visualise the phonon dispersion and lattice displacements
corresponding to different g—vectors: http://henriquemiranda.github.io/phononwebsite/phonon.
html


http://henriquemiranda.github.io/phononwebsite/phonon.html
http://henriquemiranda.github.io/phononwebsite/phonon.html

92 Chapter 3. Indirect optical spectra: many-body approaches

Dep | E  Cy(x) op(xy) o4(xz)
A | +1 +1 +1 +1
Ay | +1 -1 -1 +1
Eg | +2 0 -2 0
Exe | +2 0 +2 0
Eyy | +2 0 +2 0
Exy | +2 0 -2 0

TABLE 3.1: Partial character table for point group Dgy,.

Coo E GCx) oo(xy) ou(xz)

A | +1 +1 +1 +1
A |41 +1 1 1
B, | +1 -1 +1 1
B, | 41 -1 -1 +1

TABLE 3.2: Character table for point group Cp,.

G with respect to symmetry operation Cy, the “wonderful orthogonality theorem”
(according to Ref. [130]) for characters establishes the coefficients ar, of the linear
combination associated with irreducible representation I';. In our case, the formulas
reduce to

X0y (C) = Y arx& (i)
I;
(3.32)
1 ,
ar, = 4 Y X8 (Co)x (Cr)s
k

and we can compute the ar, coefficients using the Tables 3.1, 3.2 and 3.3. We find
Az, — By and both Eq, and Ey, splitting as A; + By, confirming our previous iden-
tification of the dipole representations. Therefore, the two indirect excitons labeled
as i1 and i2 with momentum g can only have either A or By symmetry.

In fact, as we show below, the same symmetry considerations can be drawn for
the phonon dispersion, displayed in Fig. 3.6(b): at I, the in—plane phonon modes
form Davydov pairs and transform according to the Eq, and Ej, representation, re-
spectively. Along I'K these representations reduce to A; and B;. We list in Table 3.4
the results of our DFPT calculations for the symmetries of the phonon modes at .
These are the phonon modes we are interested in, because they provide the neces-
sary momentum difference to assist the recombination of excitons i1 and i2 (we will
not be concerned with multi-phonon processes). The formation of quasi—degenerate
parallel phonon branches can be understood by zooming in on the region close to the

Dey, Coo
Cé — @)
on(xy) —  0oo(xy)
gi(xz) —  oy(xz)

TABLE 3.3: Connection between the elements of Cy, and Dg,.
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Mode ‘ Symm. ‘ Freq. (meV)

LOs Aq 183.00
LO; By 177.63
TO3 Aq 159.58
TO, By 159.48
LA Aq 93.33
LOy By 93.22
Z03 Aj 92.47
70, B 87.53
TO, Aq 65.10
TA By 64.72
70, Ap 22.25
ZA B, 21.54

TABLE 3.4: Symmetry of the phonon modes at §. The modes are listed as Davydov pairs in
order of increasing frequency with the lowest—frequency mode at the bottom (compare with
Fig. 3.6(b)).
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FIGURE 3.9: Phonon information for bulk hBN. (a) Top view of the atomic displacements
and forces for the TO; phonon mode at one of the six equivalent g—vectors/C, rotation axes
(solid black line). The corresponding non—diagonal supercell is represented in dashed gray
lines. (b) Interplay between Davydov and symmetry splitting at very low wave vector for
the transverse and longidutinal phonon modes (TA, TOq, LA, LO;). The dispersion of modes
with symmetry A; (TOy, LA) and By (TA, LO;) is shown in red and blue, respectively.

I' point as in Fig. 3.9(b). At I’ we see the two degenerate TA and LA modes (Ey, sym-
metry) at zero frequency, as well as their Davydov partner (TO; and LO; modes, Ey,
symmetry) 6 meV above. The large value of the splitting is due to the constructive
interference of the Fourier components of the inter-layer interaction at zero wave
vector. When g # 0, the degenerate modes further split into two non-degenerate
ones of symmetry A; and By. The two A; modes mix via an avoided crossing and
then approach their respective B; mode. In this way two distinct Davydov pairs are
formed, each one with a tiny energy splitting. The low value of the splitting at finite
g is due to the destructive interference of the Fourier components of the inter-layer
interaction. The relationship between inter-layer interaction and the magnitude of
the Davydov splitting along the BZ is shown in App. F with a simple tight-binding
model for two interacting linear chains.
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3.4.4 Selection rules

In order to analyse the indirect process, we first consider the time-dependent per-
turbation theory for a model, unspecified “excitonic” Hamiltonian Hy with exciton—
radiation and exciton-lattice interactions as the perturbations: the coupling opera-
tors will be d and gz, respectively (a sum over all phonon modes is implied). We
want to qualitatively visualise the phonon-assisted processes leading to the forma-
tion or annihilation of a finite—7 excitonic state [¢¢). We only consider phonon emis-
sion contributions, and by analogy with Sec. 3.3 we obtain the second-order Fermi
golden rule expression for the transition probability per unit time as®

2 (Wrl 85 o) (¥l d]G) (Yrld ) (Y| 85 |G)
=T ) e L= e
2 (sl 87 [9u) (P d"|G) (Pl d" [pw) (o] 87 1G) 2
- L : o )y ! E, —h0y L] 6(Ef + heo + 1Qy).
(3.33)

Here |¢,) is an intermediate excitonic state with energy E, and |G) is the ground
state of the system. The first term corresponds to the process of photon absorption
with phonon emission creating the final excitonic state |¢r), while the second term
describes the combined photon and phonon emission. The first term in the squared
sum represents the creation of a direct virtual exciton |¢,) by light as the interme-
diate step, followed by a scattering to the finite—q state |{) via phonon emission.
The second term adds the contribution of the inverse process, when the virtual state
[$har) is created at finite-q by a phonon, and then arrives at the energy of |¢¢) by
absorbing a photon.

For the purpose of finding the selection rules, the two contributions are equiva-
lent and thus we focus on the first one, (¢ g% |) (Yo| d|G). The final allowed exci-
tons in the energy window that we consider must have A1 and By symmetry and the
first matrix element in the process, (¢,| d |G), imposes Ej, as the only possible rep-
resentation for the direct intermediate state |, ). Since Ey, — A; + By and g% trans-
forms with the symmetry of the various phonon modes involved, for gg |s) we have
the tensor product (A1 + By + Az + By) ® (A1 + B1). However, A1 ® (A2 + By) =
A+ By and B; ® (Az + By) = By + Ay, therefore the phonon modes transforming as
Aj or B, cannot give the allowed final states and their coupling is forbidden. We see
from Table 3.4 that these representations correspond to the out—-of—plane Z phonon
modes, while the in—plane ones T and L all transform as A1 or B; and therefore are all
allowed. If we consider instead incoming light polarised out-of-plane (A, — B>),
the picture changes and now (A1 +B1+ Ay + By) ® B = By + Ay + By + Ay, mean-
ing that if the polarization is exclusively out-of-plane only the Z phonon modes
can couple to excitons i1 and i2. This seems to be confirmed by recent experimental
results.[131]

3.4.5 Calculation of phonon-assisted optical spectra

Having understood the symmetry constraints for the coupling between finite—g exci-
tons and phonons, we now derive a general expression to calculate these couplings
and, thus, phonon-assisted optical spectra. We address this task by (i) using a static

®Note that this formula is not meant to give a rigorous, quantitative description of indirect absorp-
tion but that it serves only for the symmetry analysis of the involved phonons and excitons.
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approximation for the exciton formation probability and (ii) restricting the coupling
to harmonic phonons with momentum 7. In our calculations, we focus on the energy
region close to the lowest-lying indirect excitons i1 and i2.

We start by obtaining the complex dielectric function ¢() (w), given by Eq. (1.75),
by a standard BSE calculation in the non—-diagonal supercell, with the atoms clamped
at their equilibrium positions. We then proceed by considering the Taylor expan-
sion of ¢(w) up to second—order in the atomic displacements.[105] This gives a static

correction to the equilibrium response e(w) ~ £ (w) + 8;'(2) (w) as detailed be-

low. Let us consider the part of the response function due to excitonic state A with
Ay Ak

T =Y Ay

Tl

TR 3.34
E} — hw +in (339

Xx(w) =
where the subscript R denotes a parametric dependence on lattice displacements, i.e.
X4 is the frozen—atom response function (we take for simplicity 7 to be independent
of R, an assumption that does not affect the validity of the results). We want to take
the Taylor expansion of Eq. (3.34) up to second order in the lattice displacements,
therefore as an initial step we need to compute its first derivative and evaluate it at
the equilibrium atomic positions:

Bxﬁ(w) _a\T1é| A A .11
9R ‘R:O— 3R R202’TR=0|[ER=0—71W+”7] (3.35)
+8[Ef§—hw+i;7]*1 AP
oR R—po' R=OT-

At this point we note that the oscillator strengths of any finite-q excitons for optical
absorption must be zero because of momentum conservation. In the case of a su-
percell, it means that the excitons being folded onto I' from a different point in the
unit cell are dark if the atoms are clamped at their equilibrium positions. If we label
excitons belonging to such subset with A/, this means that Té/:o = 0 and therefore

%) XzAz/ (w)/ BR‘ = 0. This argument is analogous to the one often used in the case of

optical absorpt_ion in the independent—particle model for the vanishing of the dipole
optical matrix elements below the direct band gap.[105, 114]

The same argument applied to the second derivative of x7 leads to the vanishing
of the terms containing derivatives of the exciton binding energy. The only term that
remains is the one containing the second derivative of T} :

[Ex_y — hew +iy] 7, (3.36)

827(%'(@‘ :leTﬁ'\z‘
0R2  |r—o OR2  |r—o

This derivative is evaluated numerically using the finite-difference expression

”xr, \ _ X(AR w) — 2x0(w) + x(—AR; w)]
S (@) ~ N . (3.37)

The results, displayed in Fig. D.2 for each phonon mode, confirm the equivalence of
the two sides of Eq. (3.36). This means that, numerically, we can obtain the exciton—
phonon coupling for the calculation of phonon-assisted absorption/emission both
through a finite—difference calculation of the whole response function or through
a finite—difference calculation of just the excitonic oscillator strength. In our case,
we have R — R,z where R,z refers to a set of atomic displacements according to
phonon mode y with momentum 7 (indicated with a teal vertical line in the phonon
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dispersion plot of Fig. 3.6(b)). The normalised phonon displacements (rescaled by
the square root of the atomic masses) were used to compute the finite-difference
derivatives in order to give to the B and N atom a mass—dependent displacement. A
global scaling factor was multiplied by the displacements and converged to 0.0025
A, which is just above the threshold of numerical noise. The harmonic behaviour
of ¢(w) with respect to the scaling factor was numerically verified, bringing explicit
numerical confirmation of the above equations. We developed a Python tool that
handles automatically the generation of the non-diagonal supercell as well as the
displacements of its ions starting from phonon eigendisplacements. This is briefly
described in App. B.

Now, the second-order correction to the full dielectric function, which adds the
contribution of transitions assisted by a single phonon of momentum g, reads

N1 2 9% (w)
st (2) 1 41 j 2
& (w) = 5 ; ; 5 ; 781{12@‘ « T (3.38)

In this expression j represents the polarisation direction of the incoming light, over
which we average, and i labels each of the N7 = 6 equivalent g-vectors in the BZ,
over which we sum. The factor o2, is the thermal average of the squared displace-
ment of a quantum harmonic oscillator, given by Eq. (3.21). As we have seen, the
imaginary part of Eq. (3.38) is given by:

02 (w)
2
IRy

8 ZaZyTA’yZ
g NV ORZ

Im

1
I e I .39
eqm{ha)—E/v—i—iT]} (33)

This result allows us to reintroduce the phonon frequency dependence of s(ﬁz) (w)

by imposing the correct energy conservation from perturbation theory and distin-
guishing between phonon emission (x 7,5 + 1) and phonon absorption (x 1,5):
21,5 + 1]/ (hw — EY +iy) — [ + 1]/ (hw — EN — hQug + in) + nyg/ (hw — EV +
107 + in7). Renaming the numerator between square brackets in Eq. (3.38) (includ-
ing the 1/2 factors) as |#55|, since it represents the static formation probability of
exciton A’ mediated by a phonon mode y with momentum g and frequency (), , we
obtain the final expression:

2 i /
e (w) = AZA: |BE822 [n,7 +1/2 F 1/2]6(hew — EY £ 10y5). (3.40)

Here, the upper (lower) sign refers to the process of phonon absorption (emission).
Applying Eq. (3.40) to the description of the process of exciton formation via
photon absorption together with phonon emission at T = 0 K, and computing the
derivatives of ¢(w) with finite—difference DFT-BSE calculations in the supercell, we
obtain the spectrum in Fig. 3.10(a). It is possible to identify a multi-peak structure
associated to the coupling of both the i1 and i2 excitons to all the in—plane phonon
modes, with the higher-energy state i2 accounting for most of the oscillator strength.
Since the phonon frequencies are close to the energy difference between direct and
indirect excitons, the phonon-assisted peaks are distributed around the brightest
direct exciton peak with most of the oscillator strength remaining in this narrow en-
ergy range. This result suggests that phonon-assisted absorption in hBN is at the
origin of the fine structure observed around the brightest exciton peak in absorption
experiments.[14, 84] Note, however, that the experimental indirect contribution to
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FIGURE 3.10: Phonon-assisted absorption in bulk hBN. (a) Imaginary part of the dielectric
function with contributions of transitions at § = § mediated by a single phonon (dashed red
line, e(;z) (w) in the text). The orange (green) peaks originate from the phonon couplings to il
(i2) and the phonon modes responsible for them are labeled. The peak broadenings are set
to 1.5 meV for the temperature of 0 K. The dashed red vertical lines indicate the positions of
the two By, A; excitons at 7 (labeled i1 and i2). The thick gray vertical line is at the position
of the main optically active g = 0 exciton. (b) Same as (a), but resolved by direction of light
polarization and symmetry of contributing phonon modes. The contribution to absorption
is plotted (solid black line) for light polarization e along the x—direction (top frame) and
the y—direction (bottom frame). The dashed black line represents the full result obtained by
averaging over the two contributions. The red vertical lines serve as a guide for the eyes to
understand which phonon-assisted peaks come from the coupling to excitons 71 or i2. The

color of each phonon-assisted peak indicates the symmetry of the phonon mode responsible
for it (By: blue, Aj: red).

the optical absorption spectrum will not appear as a series of discrete peaks (as in
our approximation), but rather be a continuous function resulting from the integra-
tion over all g vectors in the BZ (since they can be connected to the g = 0 states by
phonons of different momentum). Furthermore, we verify that our first-principles
calculations respect the selection rules we have previously determined, as shown in
Fig. 3.10(b). This means that the coupling of i1 and i2 with specific phonon modes
depends on the light polarisation direction. In particular, if light is polarized exclu-
sively along the x/zigzag direction, i.e., it transforms as A; (top frame), then only the
TA, LOy, TO; and LO; phonon modes (all transforming as By, portrayed in blue)
can couple to i1 forming phonon-assisted peaks, and only the TO;, LA, TO3 and
LO3; modes (all transforming as A, portrayed in red) can couple to i2. Conversely, if
light is polarized exclusively along the y/armchair direction, i.e., it transforms as By (bot-
tom frame), then only the A; phonon modes couple with i1, and only the B; modes
couple with i2. This unmistakably shows that exciton i1 (the lowest-energy one and
therefore the most responsible for the luminescence spectrum) has B; symmetry,
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while exciton i2 transforms as A;. Additionally, we note that the leading peak for
absorption is due solely to the strong coupling between the i2 exciton and the LO;
phonon mode: therefore, this peak completely disappears when light is polarised
along the y direction (that is, orthogonal to the § vector). Finally, we confirm that the
total spectrum is 7t /3—-periodic by varying the light polarization direction.
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FIGURE 3.11: Phonon-assisted emission in bulk hexagonal boron nitride. (a) Spectral func-
tion R%p =Y Rf\% (green solid line) at 10 K. The y—components of the spectrum, belonging

to the different phonon modes, are also plotted in various colours. The exciton—phonon cou-
plings are labeled. (b) Comparison with the normalized experimental spectrum (black dots)
at 10 K from Ref. [84]. The multi-phonon overtones are denoted as “0.”. Note that here
our spectrum is blueshifted by 0.322 eV to match the experimental one. The temperature—
dependent peak widths are described according to a linear model[109] (parameters taken
from the experimental fit, see App. G). The experimental excitonic temperature T,y. = 55 K
(see text) is used.

We now turn to the luminescence spectrum by means of the RS relation, Eq.
(3.31), applied on top of our finite-difference dielectric function Eq. (3.40). We know
that the energy of an emitted photon differs from the one of an absorbed photon
(indirect absorption with phonon emission) by twice the frequency of the phonon
involved. We thus define si%(w) = 8%) (w —20)7). Because of this, each phonon-
assisted peak is mirrored with respect to the energy of the excitonic state involved.
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The expression for the spontaneous emission rate is:

. 200,7)?
R¥ (w) = ; Wnl(w)lm{g;r;(w)}ng. (3.41)

It is sufficient to compute the refractive index from &) (w), which completely de-
termines its slow decay at low frequencies. The exciton occupation function is
np(AEq,) = e (E'-ED/ksTec (Eil being the energy minimum of the exciton dis-
persion curve and E* the energy of any exciton A). Because of the large energy
difference between E’' and the main direct peak, the latter will always be sup-
pressed by the Boltzmann factor ng up to room temperature, and therefore it should
not be seen in a luminescence experiment. This also means that only the phonon
sidebands related to i1 and i2 will now dominate the spectrum. The results for
R%P(w) are plotted in Fig. 3.11(a). The energy differences between excitonic levels
(AEj12 = 17 meV) and the phonon frequencies (from 50 to 200 meV) are large,
giving rise to a well-spaced peak structure that can be easily resolved. We notice
two separated groups of features which are clearly seen in experiment (Figs. 3.6(a)
and 3.11(b), black dots): one at higher energy generated by low—frequency phonon
emission, and the other at lower energy due to high—frequency optical phonons. The
emission spectrum is almost completely dominated by the lowest-bound exciton i1l
since the occupation factor quenches most of the peaks related to i2. However,
experiments have shown (Figure 1(c) of Ref. [19]) that in bulk hBN the excitonic
temperature T,,. that goes into the Boltzmann factor np is greater than the lattice
temperature T7. If we set T,y = T, = 10 K in R, we obtain only the peaks coming
from i1, while setting Ty to the experimental value of 55 K (as in Fig. 3.11) leads
to the appearance of the quenched peaks from i2. On the experimental side, the
peaks due to high—frequency modes are clearly visible in Fig. 3.11(b) at 10 K: the
separation between these peaks thus corresponds to the separation between the
LO and TO modes at point 7 in the theoretical calculations, while in experiment it
corresponds to the splitting at point 7 + Ag, where Ag is the error committed by
approximating the “true” g—point |T; — M| with § = |K — M|. We attribute to this
discrepancy the difference of ~ 8 meV between the theoretical and experimental
peak separations. Our error in g—space is approximately 12 % of I'K, with Ag = 0.01
A~1. The discrepancy in the position of the LO peak is consistent with the true
minimum of the excitonic dispersion lying on the K side of §. This is confirmed by
both our computational results, Sec. 2.4, and those of Ref. [84]. In our results, the
quasi-degenerate transverse modes TO, and TOj3; couple with similar strength to i1,
whereas the longitudinal mode LO3 has a higher frequency than LO, and a much
weaker coupling to il (recall that in the absorption case, the coupling of mode LO;
with i2 is the strongest one). As expected, we cannot capture the various satellite
peaks in Fig. 3.11(b), which experimentally are assigned to multi-phonon processes
involving zone—center shear phonon modes.[132]

Therefore, the structure of the emission spectrum can be understood in terms of
a Davydov pair of finite—g excitons coupling with different strengths to the various
in—plane phonon modes. We can further add that the asymmetry observed exper-
imentally in the Stokes shift, Fig. 3.1(b), is due to the fact that the states mainly
involved in the absorption and emission processes are not the same. In absorption,
the E,, state at I remains the most visible,” while the emission signal depends on the
lowest-lying exciton level at finite-g, i1/ By, lying 0.12 eV below the direct exciton.

7Experimental position of the I" exciton: 6.05 eV; theoretical LDA+sscGW+BSE position: 5.75 eV.
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3.4.6 Conclusion

The elucidation of the luminescence spectrum of bulk hBN represents the main re-
sult of this thesis. We solve a long—debated issue in the spectroscopy community
by uncovering how electron-hole bound pairs and lattice vibrations concur in the
response to an electromagnetic field. We show that such a description is essential
for the correct interpretation of the optical spectra and can be obtained by modelling
the exciton—phonon coupling in a computationally feasible way.

The method developed here for hBN can be applied, in principle, to any material
with indirect gap. It is particularly suited for materials with strong excitonic effects
as they often occur in layered materials. For example, it could be applied to inves-
tigate bilayers of MoS; as well as heterobilayers made of different transition metal
dichalcogenides, or even to the recently reported case of monolayer WSe,.[133] The
method will work particularly well when the excitonic density of states, multiplied
by the Boltzmann factor, is strongly peaked at the energy of the indirect § exciton.
The full g-integration can then be replaced by just summing over excitons of wave
vector g, since all other contributions to the emission spectrum will be suppressed.

Despite the success of our static method, several interesting generalisations are
possible, namely: (i) performing a full g-integration in the BZ, so that a complete
indirect absorption spectrum may be reconstructed; (ii) obtaining a microscopic de-
scription of the ExcP coupling in terms of the constituent electronic and phononic
building blocks, as opposed to computing the derivative of the dielectric function;
(iii) overcoming the static approximation (this entails the inclusion of dynamical ef-
fects in the BSE). We will answer these questions in the next Chapter.
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Chapter 4

Phonon-assisted transitions as
satellites of the spectral function

This part of the thesis is the result of collaborations with P. Cudazzo and A. Marini. Results
are still preliminary.

Our goal for the last part of this thesis is to find a many-body, dynamical de-
scription of the exciton—-phonon coupling. In this way, we will be able to perform
more refined calculations of the phonon-mediated exciton formation probabilities,
to compare directly the strength of the direct and indirect absorption processes and
to work in the unit cell, allowing us to obtain the fully g-integrated phonon-assisted
absorption spectrum. In other words, we aim to obtain a complete explicit form for
the excitonic, macroscopic dielectric function &, (w) including phonon contributions,
as sketched in Eq. (3.1).

We know from Chap. 1 that, in the case of a single—particle Green’s function G
corrected with a self-energy via the Dyson equation, its spectral function ImG shows
a QP peak at the corrected single—particle energy, followed by a satellite structure.
The satellites appear due to the frequency dependence of the self-energy. Here, the
key insight is that the structures due to indirect processes in the absorption spectra
can also be seen as the satellites of the exciton spectral function ImL (or Imy) in the same
way as if we imagine correcting it with a “self-energy” encoding the dynamical in-
teractions between excitons and phonons. Then, the g-integrated satellite structures
of Imy can be identified with the indirect component of the absorption spectrum.
Doing this requires considering a frequency—dependent kernel for the BSE, that is
usually evaluated only in the static approximation. This is a difficult problem, since
a dynamical BSE (see Eq. (1.77)) cannot easily be inverted, and its solution has only
rarely been attempted.[134-137] There is yet another complication: as we remarked
in Sec. 1.3.3, a GW-type approximation followed by the inversion of the Dyson
equation typically yields the wrong shape and position for the satellites, owing to
the neglected contributions at higher orders in the Dyson expansion. This problem
would be present also for L if we attempted an equivalent treatment.

In order to make these problems clear, we will first analyse the single-particle
case with a simple model (that of a localised electron interacting with a phonon) and
show how the correct description of the satellites is recovered in this case. By treat-
ing the electronic Green’s function G in perturbation theory, it can be emphasised
how the dynamical part of the interaction (represented by the phonon propagator
D) is responsible for the formation of the satellites of the spectral function ImG. The
connection with the exact solution of the model is made via the so—called cumulant
ansatz. In this framework, we will discuss again a simple model, this time a two-
level system interacting with a phonon, showing that it leads to the correct descrip-
tion of phonon-assisted absorption (as in Sec. 3.3), and eventually also to the exact
solution — even when the eh interaction is included — via the cumulant ansatz.
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The generalisation to extended systems including excitonic effects will be ex-
plained following the work of Cudazzo and Reining.[38, 113] According to this
work, a dynamical ExcP self-energy II*“ can be constructed with the solution of
the static BSE providing the “unperturbed” propagator to be dynamically corrected
by ep interactions. We will discuss the shape of this self-energy, and how it should
correct the absorption spectrum. Finally, we will present the two final contributions
of this thesis: the problem of the mixing of longitudinal and transverse excitons,
with its consequences for the absorption spectrum, and our implementation of the
exciton—-phonon self-energy I'I**¢ in Yambo. We will present some preliminary ab
initio results for bulk hBN.

4.1 Indirect absorption revisited

4.1.1 One-level system coupled to one phonon

Let us consider a filled electron state with energy €, coupled to a boson with fre-
quency () (this is called Langreth’s model). This model was originally introduced
by Lundqvist[138] and then Langreth[139] to study the spectral function of a pho-
toexcited core electron. According to Eqs. (1.25) and (1.109), respectively, the GFs
for the electron and the boson at T = 0 are

1
GO(‘U) = m,

1 1 4.1)
D(w) =

T w-0Q+in w-Q-ig
Langreth has provided the exact solution to this model in terms of the interacting
electron GF. This is given in the time domain by[139, 140]
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where g is the electron-boson coupling constant (with ¢? = |¢|?). In the frequency
domain, this expression takes the form
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with the second line describing the truncation of G, at order N. We can have a look
at the resulting spectral function in Fig. 4.1(b) (red shaded region). We see that the
energy of the electronic level is dressed by the interaction with the boson, so that
€op = € + g%/, and several satellites are present beyond the quasiparticle peak at
egp- Their energies are egp + n{) and they correspond to the excitation of n bosons.

We will now try to get this result back by means of perturbation theory, comput-
ing the Fan-Migdal self-energy of the system as in Sec. 1.6.6, and as depicted in Fig.
4.1(a). We have

dw’ 2
_ o2 0(rr _ oo N g
Z(w)—lg/zﬂG(w w")D(w") i (4.4)
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FIGURE 4.1: Langreth’s model. (a) First-order self-energy contribution to the Dyson equa-
tion of the electron-boson system in the one-level case. (b) Spectral functions for the one—
level system. The vertical black line is at the bare electronic energy €. The red shaded area is
the exact solution at all orders, Eq. (4.3). The green curve is the result of the Dyson equation
(4.5), ImG, which obtains the correct QP peak but misplaces the satellite. The dashed blue
curve is the exact solution at first order, Eq. (4.8). The parameters are e = 0.6, 3 = 0.2,
g% =0.01, 7 =0.01.

From here, we write the Dyson equation G = G+ G"%(w)G to include the FM
self-energy at all orders. We invert it as G = [G%~! — Z(w)]~! and we expand the
resulting expression for small g? since a weak coupling is a requirement for pertur-
bation theory to be valid. We obtain
_ £ 2
Glw)=— & & R (4.5)
w—(e+85)—in PYw-etr(Q+8) iy

Since the self-energy X has a single pole, only one satellite is generated and its en-
ergy is w = € — g>/Q — Q. We then have to compare it with the first-order term
(n = 1) of the exact solution, Ge(glc): this can be seen in Fig. 4.1(b). Although the quasi-
particle energy in G is the same as the exact one €gp, the satellite position is wrong.
This might not surprise us since we mentioned already in Sec. 1.3.3 that a GW-type
perturbative expansion, though often successful in describing QP corrections, typ-
ically gives rise to one satellite in the wrong position. Indeed, the position of the
first satellite depends on all the others, which are neglected in a Dyson approach but
obviously accounted for in the full solution.

Actually, we can point out that the full solution can be recovered from this pertur-
bative result by constructing a series expansion of G in terms of X which is different
from the Dyson one and is given by (Hedin, Ref. [141])

G(flz) = Gex(t12) = Go(flz)ec(t21). (46)

This is called cumulant ansatz, with C being the cumulant (whose expression can be
obtained by matching the first-order terms of both the cumulant and Dyson expan-
sions):

1) tr NN
C(t12) = 1/ dty/ dtZ/Z(tlle)elg(tlitz). (47)
f ¢
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At first order, we then have
g2

1-— 25 2 1
_ M _ z g
G (w) = Ger (w)_w—eQI?—iiy Q2w —eop+Q—iy’

(4.8)

Here, the renormalisation factor for the QP peak (compare with Eq. (1.55)) is given
by
g _ 9

Y(w) . (4.9)
w=¢€gp

Starting from Langreth’s model and Hedin’s cumulant ansatz, the cumulant ex-
pansion has been the object of intense study in the past years.[120, 142-148] It has
been rigourously derived and generalised to extended systems with conduction and
valence electrons.[149-152] In this case, the cumulant G(w) remains an approxima-
tion whose validity is at times difficult to estimate (a helpful discussion on this topic
is provided in Ref. [153]), but it proved to be very successful in describing satellite
structures in various systems, from silicon (where the electrons interact with plas-
mons during photoemission)[149] to transition metal oxides (where phonon—derived
sidebands are visible in ARPES measurments).[154] If an extended system is consid-
ered, a g-integration must be performed in addition to a sum over band states, which
transforms the satellites from simple peaks to DOS-like structures and adds a finite
electron-boson lifetime to the electronic states.

Our interest in this model lies in the possibility to apply an analogous approach
for the screening function ), and describe the resulting phonon—derived satellites
from the perspective of electronic excitations. For the purposes of this thesis we
will stick to the first-order expressions (i.e. we will only study single—phonon pro-
cesses), although a full “excitonic” cumulant expansion is currently being the object
of further studies.[38, 113]

4.1.2 Absorption in a two-level system coupled to one phonon

Let us now consider a two-level system interacting with a phonon and compute its
phonon-assisted absorption. We aim to compute the relevant contributions up to
tirst order in the interaction: such contributions are schematically represented on
the first line of Fig. 4.2. From this point on, we explicitly take the TDA in order
to ensure that the hole and electron propagators have definite time directions; this
will result in a retarded response function for absorption, consistent with the way
we normally compute it both in the IP and sBSE cases. In the two-level system, the
TDA amounts to setting g., = 0 (this is reasonable in materials with a band gap
much larger than the characteristic phonon frequency, like hBN). In this case, the
first-order corrections to the GFs corresponding to the “valence” v and “conduction”
c levels of a two-level system are given by (compare with Eq. (4.8)):

_ & 2
1
Gél)(w):—er@
~opP . 02, QP L
w—€ in w—¢€ +Q—ipn
_Ugic , ”1 (4.10)
Gc(l)(w):—OZJr&

w—egp—i—iiy sz—egp—ﬂ—i—i;y'
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Then, in order to compute the terms (a), (c1) and (c2) of Fig. 4.2! for the two-level
system, we recognise that they are given by the product (now expressed in the time
domain) of the “cumulant” GFs, where the product is kept at first order in g*:

X2 4,y = —id% Gy (t1 — 1) Gelta — 1) (@.11)

1%t order in g2

(dco is the dipole matrix element). We Fourier-transform the expressions Egs. (4.10)
according to Egs. (1.25) and obtain

Q

gec + g%ve—i[Ag,P—t-Q](tz—tl)]
02

AU oy — hy) [d?v (1 _ 8w s giz) o (t2—11)
4.12)
+dz,

7

with the first term in the sum representing the absorption edge and the second one
the satellite due to the emission of the phonon. Here, Agp = 691’ — e;QP. We still need
to calculate explicitly the “interference” contribution (c3). In order to do that, we first

redefine the Green’s function so that it already contains the quasiparticle energy
instead of the bare one (compare with Eq. (4.2)): GP(t15) = Go(tlz)exp{i%(tz -
t1)}. Now the expression amounts to:>
X (t21) = B (iu8ec + guogic) [ A5G (511)GE" (1) AD (t21) G (112)G” (1)
= —i0(ty — t1)d%, [W (e—iAc%P(tz—tl) _ e—i[Ag,P+Q](t2—t1)):| ‘
(4.13)

Here we have a double contribution due to the possible ordering of the internal
times: the phonon can be emitted first either by the hole (t; < t;, < ] < tp) or by the
electron (1 < t] <t} < t,). Finally, in order to get the absorption spectrum (where
now indirect absorption mediated by one phonon is included), we just need to sum
Egs. (4.12) and (4.13) and take the imaginary part (now switching to the frequency
domain). The result then takes on the following simple form:

2

e2(w) [1 — %

gZ
] d25(w — AS) + @dfvé(w — A% +Q)). (4.14)
Here, we have incorporated the ep matrix elements into an “excitation—-phonon”
coupling given by

G? = g%v +g?c — 8v8cc — §vv8ec = 8o — gcc|2' (4.15)

Note also that no dynamical effects are possible if goc = Svo-

How does this result compare with the textbook time-dependent perturbation
theory expression obtained in Sec. 3.3.3 (i.e. Eq. (3.18))? Since we are in the phonon
emission case, the energy conservation given by the delta function is the same as

IThe labels referring to the various contributions are chosen consistently with the general picture
presented in Fig. H.1.

2Note that in this expression we don’t use the full phonon propagator D, but AD, which corre-
sponds to D without its static part. AD is given by Eq. (1.24). This trick is not necessary if we plan to
take the cumulant expansion at the end of the calculation. It is instead necessary to remove spurious
QP contributions if we stop at first order, since they are already fully included in G9F.
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in Eq. (4.14); furthermore, we have neglected anti-resonant transitions, so the only
term that contributes to the transition amplitude is |T|? = |SY + S$!|?. If we spe-
cialise the corresponding expressions in Eq. (3.14) to the two-level system and we
exploit the delta function to replace w with A2 + Q) in the denominator of 5S¢, then
we have

doe &’
w __ ucsce
=0
Q Sootloc
= -2 — 4.16
SZ Q 7 ( )
%
|TB’2 = o2

Therefore, the indirect part of the absorption is recovered exactly. We see that the
(c3) term represents the interference between the two quantum paths of photon ab-
sorption, then phonon emission (given by (c1)) and phonon emission, then photon
absorption (given by (c2)). Note that a similar “diagrammatic” development of the
contributions to indirect absorption was already put forward long ago by Chow in
Refs. [155, 156]. In the case of Sec. 3.3.3, the strength of the direct part of the ab-
sorption is overestimated, since the first-order perturbation theory Eq. (3.16) does
not contain the phononic renormalisation factor equal to ¥2/0)?, so it is not possi-
ble to take its ratio with the indirect contribution in order to estimate their relative
strengths: rather, the two contributions have to be treated on the same footing in
order to conserve the spectral weight, as we did in this Section.

“Excitonic” effects can also be trivially included in the two-level system: in fact,
we know from App. A that in the TDA the role of the eh interaction is just to re-
duce the band gap energy to E,. = ASY — K; = AS" — (W2 — 2V%). Therefore,
since no change between the excitation and the exciton bases is involved, it is suffi-
cient to replace ACQZ,P by Ey in Egs. (4.12), (4.13) and (4.15) to obtain the “full” result
represented by the second line of Fig. 4.2,

(1) - — 2 — g;z —iEyc(t2—t1) 2 g;z —i[Eoe+Q (t2—11)
Xcv (t21) = 19(t2 tl) dz, (1 02 e +dcv02e . (4.17)
We have obtained an expression analytically equivalent to the one for the single—
particle GE G(V) in Langreth’s model, Eq. (4.8). In fact the analogies run deeper: if
we take the cumulant ansatz for )(é},) (t21), we actually obtain the exact solution for a
two-level system interacting with a dynamical boson in the TDA, which is provided
in Ref. [148].% For reference, in our case this takes the form

X () = 28 (t) 1497 (—1 4+ e 101)]

Qp @2 ( _11e-i0tp—t1) (4:18)
X(t21) = Xex(tzl) = Xco (t21)e: (_ te )/
where we have defined x& (t21) = —i0(t, — t1)d?, exp|[—iEy(t2 — t1)] by analogy

with the single—particle case.

This result is a convincing indication that the presented treatment may provide
a viable description of phononic satellites in excitonic spectra, and, in the case of
realistic systems, a fully ab initio way to compute phonon-assisted absorption. In

3Section VI.C, equation (34), where we have already explicitly solved the time integrals because our
interaction matrix element is just Wypmm (t — ') = gunAD(t — ') G-
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the following we will then consider the realistic case of extended systems with mul-
tiple electronic bands and phonon branches, and we will write the corresponding
expressions for x(!) and &, (w).

Indirect transitions (corrections to x)

IP level (c): (c1) % (c2) % (c3 @

BSE level (d):

(d1) (d2) (d3) (d4) R

K >{%;§}<%%%}QMW b,

FIGURE 4.2: Contributions to the response function y due to phonon-assisted transitions (schematic
representation). The meaning of the dots and arrows is explained in Chap. 1. The labeling of the
diagrams is consistent with the more general Fig. H.1. (c) Phonon-assisted transitions at first order at
the IP level. In the case of the two-level system, diagrams (c1) and (c2) are included in Eq. (4.12), while
diagram (c3) is given by Eq. (4.13). (d) Phonon-assisted transitions at first order, this time including
the static eh interaction kernel K (BSE level). In the case of the two-level system, the corresponding
expression is given by Eq. (4.17). In the general case, it is given by Eq. (4.26). Additionally, diagrams
(d) are discussed in more detail in App. I (see in particular Fig. 1.2).

4.2 Phonon-assisted optical spectra II: the dynamically cor-
rected dielectric function

We summarise below the general theory of the dynamical exciton—-phonon interac-
tion based on Refs. [38, 113]. An alternative, more qualitative description of the
same theory following a different approach is provided in App. H. Furthermore,
Fig. H.1 graphically summarises all the relevant many-body physics included in the
treatment.

421 The exciton—-phonon self-energy

According to Ref. [113], the full dynamical BSE can be written using the four-times
two—particle correlation function as

L(1423) = L(©(1423) 4+ L(©)(12/21)2(1'4'2'3') L.(3'44'3). (4.19)

Here, L) is the solution of the static BSE (from now on sBSE), i.e. the two—particle
correlation function at zero order in the dynamical part of the interaction, given by
Eq. (1.87) with the usual kernel K = W — 20. Then, the kernel =, which is in prin-
ciple a quantity to be computed self-consistently as it depends itself on L, contains
the dynamical ep interaction. In principle, the solution of this equation is very com-
plicated, because the dynamical kernel makes it impossible to write it in terms of a
two-times L, like in the static sBSE case: therefore Eq. (4.19) is not easily inverted.
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However, the kernel Z can be considered up to just the first order in the ep interac-
tion, giving the equation

LM (1423) = L0(1423) 4+ L(O(12'21)2(1'4'2'3") L (V) (3'443). (4.20)

Now, the kernel = contains the contributions corresponding to Fig. 4.2 (and equiv-
alently to Fig. H.1(d)). Note that these contributions are shown in detail in Fig. 1.2,
while the explicit expression for Z is discussed in App. I. Furthermore, this equation
can now be written also for the two—times response function x(13) = —ikL(1313) in
the excitonic basis, obtaining the one in Fig. H.1(e):

ty tr
X&),(tlz) = X&O)(tlz) + dty tor X&O)(tllr) %‘;(t]/z/))(g‘?)(tz/z). (4.21)

51 tyr

Again, x©) is the usual sBSE response function. Then, xW represents its first-order
dynamical correction. Eq. (4.21) was originally derived in Ref. [38] to include the
dynamical part of the screened Coulomb interaction W. However, it can also be
applied to the the electron—phonon interaction D while keeping the Coulomb inter-
action in the static approximation. This can be justified with the argument that re-
tardation effects in the electronic system happen on a much smaller time scale than
in the electron—phonon case, since electrons move fast and ions move slowly, and
therefore an electronic excitation may still be regarded as instantaneously screened
even after one its constituents is scattered by a phonon.

Keeping in mind the analogies with the simpler cases analysed previously, it is
possible to derive an exciton—phonon self-energy I1%¢ = |4°[2Dx (%) from the kernel
E in the TDA, and then use it to correct the response function and obtain x(!) (this
is shown in App. I). IT®*¢ has the form of the Fan-Migdal self-energy, Eq. (1.116),
where G is replaced by x(¥) and g by ¥°: this is why we may regard it as an
excitonic self-energy. Now, two summations to infinite order are possible. A Dyson
equation may be taken, which is invertible, corresponds to a partial resummation of
the contributions included in the general Eq. (4.19), and yields a correction to the
exciton energies while failing to describe the satellites,

XD — X(O) T X(O)HEXCXD' (422)

Alternatively, the cumulant expansion may be performed (for a diagonal self-
energy), which is able to capture the satellite physics:

x° = xeC (4.23)

(with Cy(t12) = |, ttlz tflz dt, 1<t )elf+(~t1)). For the purposes of this thesis, how-
ever, we will just consider the first order of both expressions, that is Eq. (4.21): our
previous static approach (Sec. 3.4.5) was also confined to first order. We will also
neglect the corrections to the exciton energies and focus on the description of the
satellite structures (related at first order to scattering processes mediated by a single
phonon). This will already fully clarify the physics involved and its consequences
on the absorption spectrum. It will also give us all the ingredients for an implemen-
tation in Yambo in order to carry out the necessary numerical tests.
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4.2.2 Form of the exciton—-phonon coupling

A sketch of the derivation of II** and a detailed description of the notation used,
together with all of the quantities and expressions involved, is provided in App. L
Here we will just summarise the main results and consider for simplicity the ExcP
self-energy to be diagonal in the exciton index (this restriction is necessary if the
cumulant expansion is to be taken). Since we are interested in the corrections to
the optical absorption spectrum, we start from zero-momentum, optically created
excitons (index «). Their scattering with phonons (yq) will involve a sum over finite—
q exciton states (B7). Now the self-energy is given by

1 @exc 2
Y (4.24)

HeXC(w) _ .
" Ny i @ = (Egg + Qqu) + 7

We see that the poles of the self-energy — related to phonon emission only since we
are at zero temperature — are at w = Eg; + (). Furthermore, the exciton—phonon
coupling matrix element ¥°*¢, describing the probability of the scattering of exciton
« into exciton Bg by phonon yq, appears at the numerator. It is given by

exc __ MGl ugt
g gﬁa - gﬁa
_ akioki—q\* 4Kk, g B oki+qo\ " gk, g
- ]CZ [Z (Aﬁq ) AD‘ gvlkl,vzklfq Z Aﬁb] AD‘ g02k1+1/],61k1 :
1 1% (%]

(4.25)

The specific notation used (see Sec. 1.2) is chosen with the aim of simplifying the
eventual Yambo implementation.* Note that in the case of a two-level system, |4 |?
reduces correctly to Eq. (4.15) and the final result, Eq. (4.17), is then obtained.

It should be noted that analogous expressions for the exciton-phonon coupling,
denoted for brevity as |99¢|> = A*gAg*, already appeared in the literature, to the
best of our knowledge, in Refs. [107] (2017) and [110] (2005). In Ref. [107], more con-
cerned with temperature-dependent corrections to the exciton energies (and pos-
sibly with exciton—phonon scattering lifetimes), the excitons were treated as pure
bosons from the start (introducing excitonic creation and annihilation operators),
and made to couple directly with the electron-phonon interaction written in the ex-
citon basis. A full Dyson equation x! = x(© + x(O =yl was then assumed. In
Ref. [38], instead, the first-order correction to x(*) in the dynamical part of the in-
teraction was derived starting from a general dynamical kernel for the BSE. As for
Ref. [110], a model exciton—phonon coupling of the type |4®¢|> = A*gAg* appears
in a 1D tight-binding Hamiltonian including the excitons as linear combinations of
electron and hole creation and destruction operators, then individually coupled to
the phonon system. The interest here was precisely to describe the phonon-induced
sidebands appearing in the absorption spectra of carbon nanotubes in addition to
the main absorption peak. In this case, of course, the values of the required physical
quantities were chosen and not computed ab initio, but the model allows the authors
to perform a smooth integration over the g wave vectors in order to obtain (i) the
correct renormalisation of the main peak and (ii) a broad structure for the sideband
(instead of discrete Lorentzian peaks for each g).

4The calligraphic symbol A for the exciton eigenvectors is used as a reminder that we still did ot
specify which response function we are correcting: it can be either x, with A = A, or x, with A = A.
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Back to our case, by using Eqs. 4.24 and 4.25, we can write (1) = x(0 +
xO11%¢x(0) in the exciton basis as

(1) 1-R sl !

— R, a,1q
oy 1R _ 426
X (@) = STy quﬁq W2y @ — (Eat W) 11 (4.26)

with the renormalisation factor R and energy denominator % given by

2
1 Z %Eo’fim
N npq ﬁa uq (4.27)

Wuug = Epg — Ea + Qqy.

Again, this is a first-order correction in the dynamical part of the interaction.” Con-
sequently, we see satellites appear with strength |4%¢|2 /%2 (therefore at first order
in |¢*|2), accompanied by a reduction in the intensity of the main peak — recall
that x\” (w) = [w — Ey +in]~'. The position of the satellite is w = Eq + #paug =
Egg + Q. Writing it with the modified frequency % emphasises its nature as a satel-
lite of E,; yet, the actual position of the peak is at the energy of the finite—g excitons
plus the emitted phonon frequency. This is exactly what we expect from our previ-
ous study of indirect absorption with excitons in bulk hBN (see Fig. 3.10). In that
case we had to add the phonon frequency (,,; “by hand” since the exciton-phonon
coupling was calculated statically. Here instead, the correct result arises naturally
from the dynamical treatment of the interaction in perturbation theory. Finally, we
recall from Eq. (1.87) that the optical transition amplitude is T, = Y jc AXdj, so that
the G = 0, G’ = 0 component of the G-space tensor for x(!) can be written as

xS (w) = Z TP (w)

_Z L Z\T\\%g@qz 1
w—E,+1in Nq o Wﬁi W (Ea + #paug) +in

(4.28)

This is the quantity, along with the self-energy Eq. (4.24), that we want to compute
by ab initio calculations.

4.2.3 Implementation

We implemented the self-energy, in particular Eqgs. (4.24) and (4.25), in the Yambo
code. Notes and details about the implementation and the code structure are pro-
vided in App. | for the interested reader. This development is one of the main
achievements of this thesis because it enables ab initio calculations for a dynamical
BSE, and eventually will permit the computation of indirect absorption spectra.
Some test results are shown in Fig. 4.3 for an unconverged bulk hBN calcula-
tion (details in the caption). The quantities shown in (a) are RelI§}(w) (in red) and
ImII§5(w) (in blue). The subscript 3 refers to the lowest-lying bright excitonic level
(not counting degeneracies) at ¢ = 0, whose energy is indicated by the vertical line.
In frame (a), Eq. 4.24 is computed using the full response function 19 in the finite—
q sBSE calculations (see Eq. (1.62) in Sec. 1.4). This is a recent development in the

5Note that we have neglected the the “quasiparticle” correction to the bare exciton energy E, since
we are not interested in that at this point.
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FIGURE 4.3: Exciton—phonon self-energies I}, Eq. (4.24), computed for the lowest-lying optically
active exciton (¢ = 3) in a test calculation for bulk hBN. We used a 6 X6 x2 k- and g—grid sampling, two
valence and two conduction bands at the DFT level, and eleven excitonic states (note that the exciton
energies are rigidly shifted to their converged values). The peak broadenings are set at 0.04 eV. (a)
I1°%¢ is computed using the the full response function )((0) for the static BSE calculations. (b) 1% is
computed using the proper response function ¥(%) for the static BSE calculations. The imaginary part of
IT®*¢ is shown in blue, the real part in red. The dashed blue lines mark the energy of the corresponding
exciton E3. (c) A comparison of ImIT®*¢ (red) and ImIT™ (blue) is shown in a narrower energy range.
(d) Same as (b), but zoomed in around the energy E3; the peak broadening has been reduced to 0.01
eV. The black vertical lines indicate the finite-q transitions (as poles of the self-energy) lying below Es.
(e) Same as (d), but this time the self-energy is computed only at momentum g, whose position within
the IBZ is labeled in the inset with a red cross. The dashed red lines represent the two lowest-bound
excitons with momentum 7, called i1 and i2. This plot is meant to be compared to Fig. 3.10(a).
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Yambo code. Thus, in this case, if we look at Eq. (4.25) we have that A§ = Af

In frame (b), we instead use the proper response function ¥°) to compute the self-
energy (now denoted TI° ). This is the response to a transverse external field that is
typically evaluated in the context of optical absorption. In this case, as seen in Eq.

(1.75), we have that Ag = Z§ (with 7 now explicitly labelling a “transverse” exci-

ton). Additionally, the energies of the poles of x(*) and ¥(*) may also differ, so we
relabel them as E, and Eg, respectively, in order to avoid confusion.® It can be seen
from Fig. 4.3(c) that the self-energy changes depending on the presence or absence
of the long-range component of the Coulomb interaction vy. Indeed, some of the
peak structures in ImI1§3¢ and ImIT5; differ both in energy (since Ezp + Qg may be
different than Eqﬁ + Q) and in intensity (since the ExcP coupling will also be dif-
ferent). In particular, we know that in bulk hBN the bright exciton with symmetry
Ey, is doubly degenerate (therefore E; = E,): if vy is included, then this exciton un-
dergoes a LT splitting, with its “longitudinal” part, the part not sensitive to optical
absorption, becoming the eleventh state in the series (Ez < Ejj, see also Ref. [28]).
All the other degenerate states in this energy range do not split.

The presence of low-lying indirect transitions is emphasised in Fig. 4.3(d): this
is the same as Fig. 4.3(b), but zoomed in around the energy E3. We can see the pres-
ence of a dense peak structure below Ej, originating from allowed exciton-phonon
couplings with Eﬁq + Qg < Ezand q # 0 (black vertical lines). In order to provide a
loose comparison with the indirect peak structure reported in Fig. 3.10(a) by means
of our finite-difference approach (see Chap. 3), we have plotted the self-energy
component of g—point 7 only in Fig. 4.3(e). Despite the fact that the two functions
compared are technically different” and that the exciton and phonon energies are un-
coverged in the present calculation, the same characteristic spectral shape is present
in both figures: this indicates a likely agreement between the two approaches.

So far, we have discussed results at the self-energy level. As for the correction to
the absorption spectrum, we need the imaginary part of the dielectric function &, (w),
which can be directly obtained from Eq. (4.28). The indirect correction to the absorp-
tion associated with the excitonic level « will be similar to its self-energy spectrum,
renormalised by the the modified frequencies #2. However, should we choose to
compute ¥" (w), in accordance with standard optical absorption calculations in the
direct case, or switch to x(!) (w)? We will discuss this in the next Section.

4.24 Longitudinal-transverse exciton mixing

A transverse incoming em field will generate transverse excitations in the system
which are properly described by the response function x(q,«w). The longitudinal
excitations are absent in ¥ because the long-range component of the Coulomb inter-
ation, vp, has been removed. We have seen in Sec. 1.4 that this is only valid at g = 0
for optical absorption. Therefore, in principle there is no reason to remove the lon-
gitudinal poles of the full x(q, w) at finite wave vector. Furthermore, in the present
treatment the excitations are interacting, and the interaction is mediated by phonon
modes that can have both a longitudinal and a transverse component, something

6Recall that in our notation Egu = Eqifq =0.

’The plot in Fig. 3.10(a), based on Eq. (3.40), represents the indirect component of the absorption
spectrum at point §. Therefore, the proper comparison should be with the imaginary part of the second
term in Eq. (4.28). In the imaginary part of the self-energy, Eq. (4.24), a scaling factor given by #/? is
missing.
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that, as we have mentioned in Sec. 1.6, may be especially relevant for a polar ma-
terial like hBN. This means that the phonon-mediated mixing of longitudinal and
transverse excitons is possible and should be accounted for in our treatment: in or-
der to do that, the exciton-phonon self-energy should always be computed using
X, even when we are interested in the dynamical correction to 19, ie. xV. This
argument leads us to write Eq. (4.21) in the following way:

7V (13) = x9(13) + 7V (11'12")2(1'4'2'3" )1V (3'34'3), (4.29)

where E is computed using x©) and not ¥'*), even though %) is the response function
to be dynamically corrected.®

This physical consideration can be complemented by a mathematical one. So far
we have only considered a first-order correction to 19 or X(O), but let us consider
the full Dyson equation appearing in Eq. (4.22):

XD,fl — X(O),fl o HEXC‘ (430)

We know already that in the static case x(?) and ¥*) are linked by Eq. (1.62), i.e.

(0)1_1 (0)/_1 —

X =X 0p. (4.31)

Therefore, we can replace Eq. (4.31) into Eq. (4.30), and then define = X(O)'*l -
[1°%. This means, firstly, that we can write an expression relating x? and P which
is consistent with Eq. (4.31):

XD =% — o (4.32)

Secondly, a Dyson equation can now be written also for ), but in terms of I1®*¢, a
. . . T7EXC .
quantity that is computed using x, and not I, as one might have expected:

The validity of this equation guarantees the proper connection of the two response
functions P and X to the microscopic dielectric function, concisely written as ¢ =
1 —ovox” and e71 =1+ voxP.

The above considerations mean that we should consider Eq. (4.29), that is, the
first order contribution to Eq. (4.32), in order to express correctly the ExcP coupling
matrix elements in the absorption case:

Gore = 8in — S

Re

*

crky vk —q\ * K1 _qu c2k1+q,01 K1 _qu
Z (Aﬁq ) Az gvlkI/UZkl_q - Z Aﬁq Az g52k1+11,01k1 :
)

2 (4.34)

—-K . .
Note the appearance of both A", referring to the optically created transverse ex-
citons, and qu, relative to the “internal” scattered excitons. The exciton—-phonon
coupling strength now includes longitudinal-transverse (LT) mixing and is given

8This is clarified by looking at the expressions in App. I: it means that the part in blue brackets of
Eq. (I.16) is computed in terms of x©), while the part outside contains X«)). When the change of basis

is made in Eq. (I.17), this will be from the transition basis to the basis of the Zf, whereas the internal

excitonic indices of Eq. (I.19) will be expressed in terms of the Ag.
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s P @IgcIB) 12
R T Syt (4.35)
B, 1q ( Bq Tt w)

Here the energy denominator includes the difference between the transverse and
longitudinal exciton energies (including, for example E,-Ez which might be non-
Z€ero).

It is clear then that in the indirect absorption case the knowledge of x is always
required, while for direct absorption only X is in principle needed. The description
of the phonon-mediated LT mixing of excitons represents the final contribution of
this thesis. In the future, we are going to investigate the effects of the LT mixing both
ab initio and with models. We know already that neglecting the mixing might be a
reasonable approximation: this is what we implicitly did in our static approach in
Sec. 3.4, since we computed the finite—difference derivatives of X(O) and not )((0), still
obtaining a good agreement with experiment. However, this might not always be
the case. Yet, the LT mixing can be captured also in the context of static approaches,
we just need to compute x(*) directly: the only additional complication is that the
macroscopic dielectric function e); must then be obtained using Eq. (1.64) instead of
the simpler Eq. (1.65).

4.2.5 Conclusions

In light of these findings, we can now conclude this Chapter by writing our final
expression for the microscopic dielectric function, now including exciton—-phonon
coupling (it is instructive to compare this with Eq. (4.14) and especially with Eq.
(1.75) by replacing the index A with @):

8722 —
er(w) = v Y | Tel*[1 — Re)o(w — Ex)+
o
y (4.36)
s . ITallggs, P
—b(w — (Ex + P3aua))-
2 Bauq
VN C

This expression paves the way for a significantly improved description of indirect
absorption, because it finally gives access to a more complete spectrum, including on
the same footing phonon-mediated and direct contributions. The phonon-mediated
part is then accurately described in terms of dynamical exciton—phonon interaction
(an advance on the theoretical side) and spans the full BZ of the crystal instead of
just a single g—point (an advance on the numerical side). Indeed, the self-energy
plot in Fig. 4.3(d) already clearly describes an indirect absorption shoulder, whose
smooth appearance is due to the fact that we are able to compute the ExcP couplings
at many different momenta’. The cumulant expansion of Eq. (4.36), given by Eq.
(4.33), may also be taken at this point.

As Eq. (4.36) suggests, the self-energies shown in Fig. 4.3 should be computed
as [IX¢ =, ie., including the LT mixing. The necessary ingredients are then: (i)
the Kohn-Sham electronic eigenvalues and wave functions — computed in DFT
— along with their QP corrections (GW); (ii) the full list of excitonic eigenvalues
and eigenvectors associated with the sBSE response function X(O) ; (iii) the excitonic
eigenvalues and eigenvectors, only at 4 = 0, associated with the “proper” sBSE re-
sponse function ¥'%; (iv) the full list of phonon frequencies and ep coupling matrix

9Note however that in this Figure the couplings are not rescaled by the frequency # .
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elements (computed with DFPT). On the one hand, the convergence of the g-sums in
Eq. (4.36) is a particularly delicate point: our early results suggest that dense meshes
might be needed, especially because the value of Ry is prone to numerical instabil-
ities (in analogy with standard ep self-energy calculations). Therefore, numerical
approaches to accelerate convergence (such as usage of the crystal symmetries to
reduce the value of N, interpolation schemes, et cetera) might be beneficial for com-
plicated systems.

Finally, we point out that Eq. (4.36) constitutes the starting point for a rich variety
of additional developments such as an extension to finite temperatures and/or the
application of the cumulant ansatz to include multiphonon scatterings.
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Conclusion

The research work presented in this thesis has been inspired by two connected sci-
entific problems: (i) on the theoretical side, the development of practical approaches
for the ab initio description of indirect absorption when strong excitonic effects are
present; (ii) on the materials side, the explanation of the fine structures appearing in
the optical spectroscopy of hexagonal boron nitride.

We briefly restate below our main results, followed by an assessment of the fu-
ture research avenues to be explored.

Main results

There is an intense computational and theoretical effort currently ongoing in the
study of the optical spectroscopy of 2D semiconductors. Less work has been done for
cases where phonon-assisted optical excitations are important to the response of the
material because of the difficulties in modeling the combined spectral contributions
of both excitons and phonons. We have solved the problem in this thesis, providing a
theoretical and computational description of the impact of exciton—-phonon coupling
on the spectral features of a layered material with strongly bound excitons, namely
hBN.

In order to achieve this, we have elucidated the excitonic structure in BN sys-
tems. We established that exciton physics is essential to describe reliably this mate-
rial explaining how layer stacking, nearly—free electron states and the character of
the optical gap influence the spectral features. We have also proven that a strong
electron—phonon interaction is present in these systems together with a clearly indi-
rect optical gap for systems with more than three layers, including bulk.

We have developed a computationally feasible static approximation for the com-
putation of the exciton—-phonon coupling by calculating the variation of the optical
response function with respect to the phonon-driven atomic displacements. By ap-
plying it to the description of the optical spectra, we were able to reproduce the ex-
perimentally observed spectral fine structure: we definitively prove that the much-
discussed sidebands in the hBN luminescence spectrum come from the coupling of
the two lowest-lying excitons, of wave vector g, with every in-plane phonon mode
of the same wave vector, as expected from our selection rules. The absorption onset,
instead, is still dominated by the direct excitons.

After overcoming this first important problem, we have started to tackle the re-
maining liminations in accuracy such as the limited g—point sampling and the static
approximation. We have considered a recent theory about a microscopic description
of the exciton—phonon coupling arising from a dynamical correction to the kernel of
the Bethe—Salpeter equation. We find that in this view, the phonon-assisted com-
ponent of the spectrum can be reframed as a collection of satellites of the excitonic
spectral function. We have successfully implemented the resulting equations, once
adapted to our physical problem, in the Yambo code and have obtained promising
first results. In particular, we modify our expressions in order to account for the
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phonon-mediated longitudinal-transverse mixing of the excitons, an effect that has
never been considered before.

Because of the significant steps forward described in this thesis, we believe that
it is finally possible to accurately describe indirect optical spectroscopy with first—
principles tools.

Outlook

Future theoretical development

The microscopic, dynamical ab initio treatment for IP indirect absorption, Ref. [36], is
accurate close to the indirect absorption onset but fails away from it. Conversely, the
static, supercell-based approach, Ref. [105], is valid up to many order of magnitudes
in the absorption coefficient, but fails at the absorption edge.

In the course of this thesis we joined the strong sides of these two approaches
in order to find a solution for our specific research problem at hand. However, var-
ious enticing questions remain. One is how to build a rigorous theoretical bridge
between the two methods, linking for example the exciton—phonon self-energy, Eq.
(4.24), to the derivatives of the excitonic oscillator strengths, Eq. (3.36), through a
series of controlled approximations. Another is how to construct a microscopic and
dynamical theory that allows for the description of the temperature dependence of
both exciton energies and exciton—-dominated optical spectra on the same footing;
on this topic, the “cumulant” approach offers some interesting insight.

Another issue, though far harder to tackle than the previous ones, is the inclusion
of the microscopic exciton—phonon coupling into an out-of-equilibrium theoretical
framework for the consistent desciption of the luminescence process, including the
direct-to—indirect relaxation dynamics of excitations. This will eliminate the need
to pass through the van Roosbroeck-Shockley relation in order to describe lumines-
cence (and therefore remove all of its underlying assumptions, while leaving more
controlled approximations in their place).

Work in progress

Our first, ongoing, task is to transform our preliminary results obtained with the dy-
namical Bethe-Salpeter equation into a complete and converged phonon-assisted
absorption spectrum for bulk and monolayer BN. The code implementation will
be improved and made more efficient with the addition of symmetry operations
and parallelisation. It will also be streamlined so that it can be run just as a post-
processing tool after the computationally-heavy many-body data have been calcu-
lated and stored in databases. Further validation of the implementation will also be
performed with the help of simple, semi—analytical models.

This implementation can then be easily extended to cover the temperature de-
pendence of the excitonic optical spectra, and this will be our next step: in fact,
solving the exciton—phonon equations for a temperature-dependent phonon propa-
gator leads to the appearance of two satellite structures for each phonon scattering,
with the phonon Bose-Einstein occupation factor ngr now appearing. The structure
related to phonon emission is now weighted with npg 4 1, and the new structure
related to phonon absorption is weighted with ngg.
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Additionally, our implementation lends itself naturally to the introduction of the
cumulant ansatz for the exciton propagator: in this way we hope to be able to ex-
plain the overtone peaks in the luminescence spectrum, which are experimentally
attributed to multiphonon processes.

So far we have always ignored the possibility to correct the exciton energies
themselves using this method, since we focused on the dynamical corrections to the
spectral function at first order. However, after working on the excitonic cumulant
we will be able to extract complex “quasiparticle” corrections to the exciton energies,
with their imaginary part describing exciton—phonon scattering lifetimes. A new de-
velopment along this line will be helpful in order to tackle the very difficult problem
of out-of-equilibrium carrier relaxation in 2D systems, when the correlated motion
of electron and holes may strongly impact the dynamics.

Open problems in hBN and beyond

After having established our two approaches to the description of exciton—-phonon
coupling, we now have the possibility to study indirect absorption in layered mate-
rials beyond the state of the art, and yet in a numerically feasible way. We will keep
pursuing the answers to the interesting and very relevant questions that still remain
on the spectroscopic properties of BN and other 2D materials.

One of the most intriguing findings is related to the hBN single layer: a very
recent paper,[157] the very first about luminescence in the single layer (epitaxially
grown on a graphite substrate), finds two visible peaks in the spectrum, whereas
only one is expected due to its expected direct-band gap nature. It has been sug-
gested that this is due to indirect emission, yet this is still unconfirmed and could
be due to other effects such as strain and substrate interactions, something that we
would like to investigate.

The spectroscopy of BN multilayers leads as well to another puzzling observa-
tion: the luminescence signal, usually very strong, seems to disappear when the
number of layers is reduced below 6.[32] We plan to use our results on the exciton
dispersion in multilayer BN systems to explore if the signal may be quenched by
the excitons related to nearly—free electrons, and/or by changes in the nature of the
optical gap.

Furthermore, we are in the process of applying our static, finite-difference ap-
proach to other materials possibly also showing an indirect minimum in the exci-
ton dispersion. In particular, we are interested in heterobilayers of transition metal
dichalcogenides: their low-lying interlayer excitons allow for photo—induced charge
separation, which make them viable for energy applications.

Last but not least, it has been suggested for certain transition metal dichalco-
genides that even in the single-layer limit some of them remain indirect band gap
materials. This might explain the recently observed rich spectral features.[133] We
cannot tackle this with a one g—point approach (the static approach), since a compe-
tition between direct and indirect transitions is likely: nonetheless, we can do it with
the perturbative approach.

The above examples show that the indirect optical spectroscopy of layered mate-
rials is rich with fascinating unanswered questions, that we are now in the position
to tackle.
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Appendix A

Excitonic Hamiltonian for a
two-level system

An exciton in the proper sense of the term cannot exist in a two-level system, be-
cause it is not possible to mix transitions arising from different regions in the BZ
and/or from different band states, since there are only one occupied and one unoc-
cupied level. We can equivalently say that the exciton is a solid—state concept and
cannot be properly applied to an isolated system. However, we can still have mixing
between the resonant and anti-resonant character of the same transition as long as
we do not employ the TDA.
We start with the excitonic Hamiltonian in the transition basis:
Hylp? = (enz - 6,11)(5”1"3(5112714 + (fns - fﬂ4) [zvmnz - Wnlnz] ’ (A1)

nsny ns3ny nzng

with €, and f, being the single—particle energy and occupation of state n, respec-
tively, W being the statically screened Coulomb interaction and V the exchange con-
tribution. We label the hole level as v and the electron level as ¢. Furthermore, we
consider an insulator at zero temperature, so that f, — f, = 1.
First we define
Kd = Wgcc - 2VZ§]CC,
Koy = W& —2V%, (A2)

e =€.—€y— K.

In a two-level system, W and V are real quantities and are symmetric under ex-

change of indices (e.g. W5 = WSJ). Now we can write

H= [_Iiod Iiﬂ . (A3)

The solution of the eigenvalue equation HA, = Ey A, gives the exciton energies

E1:+\/82—K§d, (A4)
E, = —\/e&2 - K2,



122 Appendix A. Excitonic Hamiltonian for a two-level system

with the plus/minus sign referring to a resonant/anti-resonant excitation. The nor-
malised eigenvectors are

+ 2_K2
—sgn(Koa) |\ =V e

|Kod‘

\/2¢e(e++/e2—K2)) ’
“sgn(Ko) |/ oS K

2¢
A, =
2 |Kod

2e(e—/2—K2,)

Since the eigenvectors are not orthogonal, we construct the overlap matrix, defined
as Ny = AYFAY + A A

A =

(A.5)

(A.6)

Let us now consider the electron-hole correlation function L. According to the
BSE, L is given, in frequency space, by the resolvent of H as

-1
Ly (w) = [H=1z] 102 (fay — fur)
ANEN L AT

= (Opyo — 0 AN
( njo ﬂﬂ))& w_E)\"i_iﬂ/\

= (8nyo — Onyo) Y AVEN L AR Ly (w).
AN

(A7)

In the last step, we defined L, as the diagonal propagator in the excitonic basis, in
its causal (retarded) L;(w) = (w — E; + i) ! and anti-causal (advanced) L,(w) =
(w — Ey —in) ! parts (recall that E; = —E;). In our case the propagator Ly!;,? is made
up by four components, corresponding to the elements of H: resonant, anti-resonant
and off-diagonal. We compute explicitly all A}'"2N, ;A% terms by making use

of Egs. (A.4), (A.5), (A.6) and we obtain

w@ = |5 (5 +1)u -3 (£ -1) aw)],
i == |3 (5 1) u@ 3 (F+) @] ay

L) = B0 5 1 {10) - L) = Lw)

Notice that e/E; £1 > 0if K,y # 0, and that the expressions reduce as expected to
the TDA case L% (w) = Ly (w) when K,y = 0 (recall that in fact |K,4| = /€2 — E3). In
the TDA case there is no mixing and the transition and “exciton” bases coincide. The
energy of the two-level transition is reduced from ¢, — ¢, to €. The same calculation
as above also yields the completeness relation Y,y A3 N LA™ ™ = 8,,1,655m,-

As a final step, we write the full propagator in space-time coordinates. The
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(inverse) Fourier transform of Eq. (A.8) is simply given by the respective trans-
forms of L; and Ly, so that we have Li(t13) = —if(t3 — t1) exp(iE1(t1 — t3)) and
Ly(tos) = 10(tp — ta) exp(—iE1(t2 — t1)). Now we introduce the single—particle wave
functions ¢, (r) and obtain the four—point L as

(A.9)






125

Appendix B

Supercells

We briefly introduce here, for reference, the technique of calculating finite momem-
ntum quantities using supercells. Here by supercell we intend a simulation cell
that contains multiple repeated copies of the crystal unit cell along the directions
in which the crystal itself is periodic: hence the x and y directions for 2D systems.

Starting with the primitive lattice vectors a; that define the unit cell in real space,
the reciprocal ones b; are defined as a; - b; = 2714;;, and a wave vector inside the
reciprocal unit cell is given by k =} ; k;b; = }; %”ibi (0 < n; < N; —1). Here, k; are
the fractional coordinates and Nj; represents the number of real-space unit cells along
the i—direction (when the N; go to infinity, we have a continuum of wave vectors).
Therefore, each supercell size NxN, N, can accommodate the real-space periodicity
of a perturbation with a corresponding wave vector k (like the periodicity of a lattice
vibration). This means that by performing a simulation at the I point of a specific su-
percell, we also obtain information about the eigenvalues and eigenvectors relative
to the reciprocal space k—points with compatible periodicities, which and are then
folded onto T in the supercell. This is exemplified in Fig. B.1 for the energy band of a
monoatomic, 1D crystal with lattice parameter a.! If we double its lattice constant,
ay = 2a, then the BZ size is halved and the k—point at the zone edge is folded onto the
I' point in the new “supercell” band structure (blue line). If we perform a calculation
at I' on a system four times the original size, a4 = 4a, we then obtain both the state
at the zone edge (now at half the periodicity of the new supercell) and a new one
coming from the zone center (red lines). This also makes clear that by resorting to a
supercell calculation, we are trading k—points for bands, i.e. decreasing the set spanned
by the k—index at the cost of increasing the one spanned by the n—index.

In order to define the supercell lattice vectors, ag;, and the supercell fractional
coordinates, kgs;, we use the supercell matrix:[129]

ag] N1 0 0 aq k51 N1 0 0 k1
aso = 0 N2 0 a |, k52 = 0 Nz 0 k2 . (Bl)
ags3 0 0 N3 a3 k53 0 0 N3 k3

Here, a k—point is correctly folded onto I' in the supercell if the kg; are integers.
For example an M and a K point of an hexagonal BZ have fractional coordinates
(0,1/2,0)T and (1/3,1/3,0)T respectively. According to Eq. B.1, we need a 1 x
2 x 1 supercell (i.e. ayp = 2ap, ayn = a1, ay3 = agz) to fold M onto I, and a 3 x
3 x 1 supercell for K. We performed supercell BSE calculations in order to provide

IThis is given by the tight-binding expression E; = € + 27 cos(ka) where € and 7 are parameters.
2 A smaller supercell for K can actually be obtained by rotating the lattice vectors to a v/3 x /3 x 1
configuration.
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FIGURE B.1: Folding band states onto the I point in a one-dimensional crystal. The black
line is the dispersion in the primitive BZ, the blue line is the folded part when the real space
lattice constant is doubled, and the red lines are the folded parts when the lattice constant
becomes four times the original size. A band calculation at the I" point in the latter supercell
BZ will net the folded red and blue points, which are labeled, as additional bands.

support to the TBEM predictions[97] and to test the implementation of the finite—
g BSE in the Yambo code, providing as a result equivalent finite-momentum wave
functions and energies to the ones shown in Fig. 2.10.

However, performing supercell calculations quickly becomes impractical when
the size N' = NN, N; of the selected supercell increases beyond the first few in-
tegers, since the number of electrons in the system scales accordingly: in order to
maintain the same level of convergence as in the unit—cell calculations, the follow-
ing observations must be made. (i) The total number of k- or g-points Ny and N,
needed for convergence is reduced by a factor N. (ii) The number of states (bands,
excitons, phonons) needed for convergence is increased by a factor \V. (iii) The num-
ber of G-vectors needed for convergence is also increased by a factor N, since the
size of a supercell G-vector is a N'=submultiple of the corresponding unit—cell one,
but they have to achieve the same energy cutoff.

It is possible to show that the minimum supercell size needed to fold a k—point
with coordinates (11 /Ny, 12/ Na, n3/N3) T is just the least common multiple of the Nj,
not their product. This is achieved by constructing a non—diagonal supercell, where
off-diagonal elements are added to the supercell matrix:[129]

ks1 S1 S12 S13 k1
kso | =10 S» Sp ko (B.2)
ks3 0 0 §; ks,

where the S—elements (0 < S1p < 53,0 < 513,523 < S3) can be found in such a way
that the kg; are integers and the new supercell (where the new lattice vectors are not
related to the original ones by a simple scaling factor) has the desired minimal size.
We make use of non-diagonal supercells in Chapter 3. We have developed a Python
script compatible with the QUANTUM ESPRESSO code, to generate input files for
any supercells, diagonal or non—-diagonal, starting from the input file of a unit cell.
Additionally, the supercell atomic positions can be displaced according to a phonon
mode with the correct wave vector g if such mode has been previously calculated in
the unit cell with DFPT. Such a static displacement is obtained from Eq. (1.99) with
afixed t, e.g.,

c

VM

A
uLZX(t =0) =

Re {eiqﬂ ggf} , (B.3)
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Unit cell

Supercell

FIGURE B.2: Unit cell versus supercell in reciprocal space. A two—dimensional, hexagonal
BZ (blue) is shown alongside its six nearest neighbors. The neighbors are the translation
of the original hexagon by a reciprocal lattice vector G. The g—point discrete sampling is
shown with the blue dots. In red, the BZ corresponding to a 2 x 2 real-space supercell is
shown, its area being four times smaller. The supercell g-point sampling is shown with red
dots and three additional repetitions, two lying on the border of the original unit cell BZ and
one completely outside, are displayed. They are connected to the original supercell BZ by a
supercell reciprocal lattice vector g.

where ¢ is a custom scaling factor.

B.1 Folding of the response function

For the reasons explained above, the static RPA screening function xX(q), Eq.
(1.47), which includes sums over G-vectors and band states and must be computed
for a sufficiently large number of GG’ components, is difficult to compute for large
supercells. In order to obviate this problem, we developed a Python script that, tak-
ing as input a x computed in the unit cell (uc), folds it onto a diagonal supercell (sc)
of choice, provided the g—point samplings of the uc and sc are commensurate. Let us
denote the uc reciprocal space vectors with capital letters and the sc ones with small
letters. We know, because the supercell is diagonal, that each uc G-vector must be
a multiple of some sc g—vector. We also know, because the momenta grids are com-
mensurate, that each uc Q—point is related to a sc g—point by a specific sc g—vector, so
that Q = q + gq (go can and will be 0; these observations are clarified by looking at
Fig. B.2). The next observation is that the sum of gg with a uc G-vector must be a sc
g—vector, so that g = G + gq. Therefore, the routine matches the uc and sc extended
Q + G grids (see Figure) and finds gg for each Q—point. Ultimately it converts a
previously computed Yambo database for x on the uc Q + G grid to a sc database in
the g + ¢ grid that can immediately be read by the code in the context of a supercell
BSE calculation. In short, the operation implemented is shown below:

uc = x6,6,(Q) = x(Q+ G1,Q+ G2) = x(q +80 + G1,9+ 80 + G2)

(B.4)
= X(q+81,9+8) = Xag(q) < sc

Both of the implementations described here were developed in the form of
yambo-py” classes (respectively called supercell.py and foldvX.py).

3See https://yambopy.readthedocs.io/en/latest/introduction.html.


https://yambopy.readthedocs.io/en/latest/introduction.html
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Appendix C

How many single—particle
transitions make up a converged
exciton?

In order to reduce the excitonic Hamiltonian size and make its diagonalisation more
efficient, while performing a BSE calculation, one should only include the single—
particle transitions (cvk) that give a finite contribution to the excitonic states of in-
terest. However, the choice of such transitions is somewhat delicate in BN, where
the excitonic weights can decay slowly in reciprocal space. Let us consider bilayer
hBN. In Fig. C.1(a), The transition energies A, (k) = E.(k) — E;(k) obtained from
the disentangled GW valence and conduction bands are shown in different colors.
In order to obtain converged ab initio results for the absorption spectra in multilayer
hBN, one might be tempted to only include in the calculations the area around the
K point or along the KM region in the BZ (transitions below lines (A), (B) or (C) in
the figure). This seems justified by looking at Fig. C.1(b), which shows the weights
Yoo |2, (k)|? of the electronic transitions in the BZ for the lowest-bound bright exci-
ton. However, it can be seen from Fig. C.1(c) that this would produce unconverged
spectra. In fact, transitions up to 12 eV and located in the middle of the BZ still give
non-negligible contributions to the first exciton, even though the band gap is at 7
eV and the exciton close to 5.5 eV. This is due to the fact that the Fourier intensities
decay slowly away from the K point. Therefore, the converged result is obtained by
increasing the energy window included in the calculation up to the 77*-c™ crossing
((E) lines in Fig. C.1(a)-(b)).
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FIGURE C.1: Transition energy region (TER) for absorption, in the case of bilayer hBN. In
(a), the transition energies obtained from the disentangled 7 and 7t* bands are shown with
different colors in the relevant part of the BZ. The lowest ¢ — ¢* transition is shown in
black. The horizontal lines labeled from A to E represent different TERs. They include (A)
only the K point, (B) the lowest transition along KM, (C) all transitions along KM, (D) parts
of the I'M and I'K directions, (E) all energies of the relevant region. The excitonic weights
in k-space for the first bright exciton are shown in (b). Most of the weight comes from the
area around the K point. The intersections between the irreducible wedge of the BZ (white
triangle) and the white dashed circles labeled AE represent the fraction of the BZ which
is included in the BSE calculations in the two cases. The imaginary part of the dielectric
functions obtained using the five TERs from A to E are shown in (c). It can be seen how only
a very wide TER — in this case the one labeled (E) — is able to reproduce the fully converged
result (gray shadow).
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Appendix D

Computational details for all the
results presented in the Thesis

In this Appendix we give the computational details regarding all the first-principles
calculations presented in this Thesis: converged values, tips for calculations, numer-
ical accuracy and issues, et cetera.

D.1 Sections 2.2 and 2.3

These Sections were concerned with optical absorption and excitonic Davydov split-
ting in multilayer hBN (from monolayer to bulk).

The QE DFT-LDA calculations were performed using norm-conserving von
Barth—Car pseudopotentials. The DFT convergence of the energy cutoff (110 Ry be-
ing the maximum value used) and of the k—point grid (12 x 12 x (1) /(4)) is standard
procedure. However, if a subsequent Yambo calculation is in order, the following ad-
ditional caveats should be considered: (i) if including a high number of conduction
bands, make sure that they accurately converged. (ii) Non-symmorphic symme-
tries should be disabled. (iii) If dealing with a non-bulk system, it is advisable to
position the system within the simulation supercell in such a way that it does not
break the symmetry of the discrete real space grid used in the Fast Fourier Trans-
form (FFT) routine. For example, if z = 0 is the bottom of the supercell, and the
interlayer distance is d, the z—coordinates for the layers of a bilayer system should
be —d/2,d/2; in the trilayer case it should be —d,0,d. This will help Yambo identify
correctly important symmetries (such as inversion symmetry).

Table D.1 summarizes the most important parameters needed to obtain con-
verged GW 7 and 7t* bands and converged (lowest-lying) excitonic peaks.

The convergence of the internal Yambo parameters was carefully checked by reg-
ularly increasing each one until differences in band energies (for GW) or excitonic
peak positions (for BSE) were less than 0.01 eV each time (except for the pentalayer,
where the threshold was increased to 0.02 eV), which is the precision of the GW
method. As we are dealing with quasi-2D materials, special attention was paid to
the amount of vacuum space introduced between repeated copies of the systems in
the vertical direction. The Coulomb cutoff allows convergence with a separation dis-
tance of v, = 20 A. Another important observation is that if 4 is the thickness of the
system and L, = h + v, the supercell height, as we increase the number of atomic
layers L, becomes larger, and consequently we might need to use a denser k—point
mesh and to sum over more G—vectors. We will also need to some over more un-
occupied states since the number of electrons in the system is increased. Table D.1
summarizes the needed parameters to obtain converged GW 7 and 7* bands and
converged (lowest-lying) excitonic peaks.
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System  k-pointmesh  number of bands  LFE cutoff (Ry)

1L 24 x24 x1 120 10
2L 36 x 36 x 1 200 10
3L 42 x 42 x 1 200 9
5L 48 x 48 x 1 350 12
Bulk 18 x 18 x 6 280 14

TABLE D.1: Size of the k—point mesh, number of bands and energy cutoff of the local field
effects (LFE) in the RPA screening used in the GW and BSE calculations of monolayer (1L),
bilayer (2L), trilayer (3L), pentalayer (5L) and bulk hBN. Only the highest values used be-
tween the GW and the BSE calculations are reported.

In the GW case, the plasmon—pole approximation was used for the computa-
tion of the electronic response function.[158] Its validity was checked, for the mono-
layer, against the direct integration in frequency space, yielding excellent agreement.
Moreover, our GW bandgap value (7.26 eV) for the hBN monolayer is in good agree-
ment with other results obtained with different many-body codes (7.36 eV[95] and
7.37 €V[159]). The numerical shift of 0.1 eV is entirely due to the underlying DFT cal-
culation: the cited results can be obtained exactly by switching to the optimized lat-
tice constant for the monolayer. Our optical spectrum for the monolayer also agrees
with the one in Ref. [95].

An additional convergence check was performed on the monolayer, by decreas-
ing the convergence threshold by almost an order of magnitude (using a 48 x 48 x 1
k-point mesh, a vacuum separation of 30 A, and summing up to 400 states). The
results for GW band gap and excitonic peak positions differ by about 0.03 eV (rigid
shift) from the ones obtained with the parameters listed in Tab. D.1. We conclude
therefore that our results are well converged. Our reference calculations for the bulk
system (convergence parameters also listed in the Table) are in agreement with pre-
viously established results.[21, 23]

D.2 Section 2.4

In this Section we calculated the exciton dispersion curves for BN systems (bilayer,
trilayer, bulk) using the finite—g BSE.

The convergence parameters used are essentially the same as in the previous
Section. The DFT-LDA pseudopotentials where changed to the “fhi” ones from Ref.
[160]. For bulk, the GW and BSE k/g—grid was increased to 36 x 36 x 6 in order to
have better reciprocal-space resolution.

D.3 Section 3.2

Here we computed electron—phonon couplings and the zero—point redshift of the
absorption spectrum in monolayer BN.

The prescriptions from the previous two Sections were followed, with the cal-
culations being now performed at the optimised lattice constant for monolayer BN.
Checking for the converged values of the total energy and of the forces acting on
each ion (respectively for the scf and DFPT calculations) is standard procedure, and
the g—point grid sampling for the interatomic force constants was 24 x 24 x 1. In
order to guarantee a very accurate convergence of the electron—phonon self-energy,
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FIGURE D.1: (a) Figure referring to Sec. 3.2. The 8100, randomly generated g—points in
the 2D BZ used for the calculation of electron—phonon couplings in monolayer hBN. (b)
Figure referring to Sec. 3.4. The imaginary part of the dielectric functions are plotted for
the hBN unit cell (blue, DFT-GW-BSE calculation on fine k—point grid) and non-diagonal
supercell (red, DFT—scissor—BSE calculation on coarse k—point grid). Only the first 480 states
are included in the iterative solution of the BSE in the supercell. The black vertical line is at
the energy of the indirect quasiparticle band gap. Both spectra have a broadening parameter
of 0.04 eV. Differences in the spectra (due to finite k—point samplings) only occur in the
energy region above the band gap. In the relevant energy region below the band gap, both
spectra are identical.

40 electronic states were included over a g—grid of 8100 (90 x 90) randomly generated
g—points in the 2D BZ (randomized g—samplings can accelerate convergence for low—
dimensional systems) — see Fig. D.1(a). The calculations of the required electron—

phonon coupling matrix elements gﬁ;k were automatised using Python scripts. The
random integration method (Sec. 1.5.2) was used to attenuate numerical instabili-
ties in the self-energy g-integrations. The convergence of the electron—phonon self-
energy was checked on the full spectral functions for the band edges at the high—
symmetry points in the BZ (not just on the band gap energies). It is worth noting
that the Newton method (default option) fails to solve properly the quasiparticle
equation, Eq. (1.55), and gives wrongly shifted energies. Therefore, we apply the se-
cant method directly on the spectral function ImG,;(w) for each corrected (k) state
with an external Python script.

Supercells.'? Extreme care was taken in ensuring that every frozen—atoms super-
cell calculation shared the same level of convergence as the unit—cell one. This was
done by properly scaling the internal yambo convergence parameters, and compar-
ing the results of the calculations. The same approach was taken in the construction
of the scissor operator for the supercells, in such a way that the resulting scissor+BSE
supercell spectra coincided with the GW+BSE unit cell one.
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FIGURE D.2: Figure referring to Sec. 3.4: static exciton—-phonon couplings between the i1 and
i2 excitons and the 12 different phonons at g = % |TK|. We compare results obtained from the
full second derivative of the response function (dashed blue lines) — which contains also
derivatives of the exciton energies — and from the second derivative of just the oscillator
strengths (full red lines), see Eq. (3.36). An average over polarization of the incoming light
and sum over the 6 equivalent directions of phonons with wave vector [g]| is performed.

D.4 Section 3.4

The phonon frequencies and eigenmodes were computed with DFPT in the unit cell,
using a g—point grid sampling of 18 x 18 x 6. The GoW, and semi—self-consistent
GW (sscGW) corrections to the band energies were obtained with Yambo for the unit
cell, using the plasmon-pole approximation for the dynamical screening. The di-
rect and indirect gaps were converged with the same parameters as in the previous
Sections, the QP corrections being computed for the last 4 valence bands and the
tirst 6 conduction bands (the sscGW amounts to an additional opening of the band
gap by 0.22 eV with respect to the one-shot GoWj calculation). The fully converged
result was subsequently used to construct a k-dependent scissor operator (see next
Section) in such a way that, when applied to the supercell, it would yield exactly
the same optical absorption spectrum as the unit cell (here we neglect the changes in
the GW corrections due to lattice displacements). The BSE in the supercell is solved
iteratively in the Yambo code for the proper response function x using the SLEPC
library[63] for the first 600 eigenvalues and eigenvectors. In the unit cell, a reason-
ably converged calculation of the static screening can be obtained by considering an
18 x 18 x 6 k—point grid and summing 250 bands. However, the energy window
close to the absorption edge is already converged with a 12 x 12 x 4 sampling. As

IFor a general discussion about how to scale some previously converged parameters in the unit cell
in order to obtain an equivalent accuracy level in a supercell, see App. B.

%For a general discussion about how to use the scissor operator to replace a GW calculation, and
about the specificities of BN systems, see Sec. D.5.
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FIGURE D.3: Linear regression to obtain the scissor operator for bilayer hBN. The GW band
energies throughout the IBZ are plotted against the DFT-LDA values. Valence bands are in
red, conduction bands 77* and ¢* are in green and blue, respectively. The red and blue lines
represent the linear fits for valence and conduction states, respectively.

the non—-diagonal supercell contains 6 times the atoms of the unit cell, the conver-

gence parameters were changed accordingly, using a 12 x 2 x 4 k—point grid, and

including enough states in the Bethe-Salpeter kernel to span the transition energy

region relevant for the absorption edge. The static screening was computed sum-

ming 1.2 - 6 - 250 bands. The factor 1.2 is a safety margin to account both for the

folded bands from the zone edge and for spurious finite—g bands (see Fig. D.1(b)
(0)

for a comparison of the optical absorption spectra ¢, (w) between unit cell and su-

percell). All in all, the spectra of 5%22) (w) and R%p (w) shown in Figs. 3.10 and 3.11
required ~ 70 DFT-RPA-BSE calculations in the (displaced) 24—atoms non—diagonal
supercell. This figure arises when atomic displacements, phonon modes and light
polarisation directions are all taken into account. In order to manage the volume of
data required both to pre—process and post—process the actual simulations, several
Python scripts, interfaced with both QE and Yambo, were developed. The main ob-
jective of the scripts were: (i) the automatic generation of displaced supercells and
relative input files for the two codes; (ii) the direct extraction of the exciton oscillator
strengths and energies from the Yambo databases (ensuring the highest possible pre-
cision), followed by externally performed finite-difference calculation of the second
derivatives as well as construction of the required response functions.
Concerning Eq. (3.36), its numerical verification is shown in Fig. D.2.

D.5 Scissor operator

A scissor operator is a correction applied “by hand” to the DFT Kohn-Sham energies
in order to avoid computationally expensive GW calculations. This can be useful
when the precise value of the QP band gap is not a quantity of interest, or when a
BSE calculation is feasible but a GW one is not. The latter case typically applies to
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supercell calculations. The scissor energy correction may be just a rigid shift of the
conduction bands, but in order to improve accuracy such shift can be made momen-
tum/energy dependent to better reflect the behaviour of the actual GW self-energy.
If converged GW calculations are already available, for example in the unit cell, then
the scissor operator can be “tailored” so that the optical spectrum resulting from a
DFT-scissor-BSE calculation is exactly the same as that of a DFT-GW-BSE one. In
this case, the GW energies thoroughout the BZ can be fitted with a linear function,
as it is shown in Fig. D.3 for bilayer hBN: the GW band energies are plotted versus
the LDA ones, with the valence bands in red and the conduction ones in blue/green.
In order to obtain a correct optical absorption spectrum for BN systems, the fitting
on the conduction bands should include only the 77* states (in green) and neglect the
o* ones (blue) which have a different energy shift while not contributing to optical
transitions. We call the fitted conduction and valence band slopes s. and s,, respec-
tively. The DFT band gap is €; = €. — €,1 and the intercept of the fits gives the band
gap GW correction, A = A + |Ayr|. Then, the Kohn-Sham states are corrected as
follows:

Eox = €T — So(€oT — €0k),

(D.1)
Ej =€+ Ag + 5c(€ck — €cB)-

If s = s, = 1 we just obtain a rigid shift by A, of the whole band structure.
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Appendix E

Reference for expressions
appearing in the literature

E.1 Indirect absorption in silicon: Ref. [36]

In this paper, the authors write the following dielectric function for indirect optical
transitions mediated by a single phonon:

e2(w) = C(w) Y [S1 4 S2|*Pé(€ik—g — €jx + hew £ 1O (E.1)
ijkgA
Here, (), is the phonon frequency and €, is the energy of an electronic state. The

prefactor C(w) reads 2 dne?

VaENNw? With V being the unit cell volume. We also have
q

A
S = L
g m emqu — €iqu — hw + il“mk,q

gA
8 k € ijk
Sa(k,q) = = —,
2( 5]) ; E€mk — eiqu + th)\ + 11"mk

(E.2)

with vj; and gqu].k being the optical matrix element in the dipole approximation and
the electron—phonon coupling matrix element, respectively. The light polarisation
iseand P = (ngn + 3 £ 5)(fi—q — fjx) is the dependence on the occupation factors
(Bose—Einstein distribution n for phonons, Fermi-Dirac distribution f for electrons).
Finally, I';,;x represents a broadening of the intermediate electronic states. Based on

the result obtained in Section 3.3, we can make the following observations on Eq.
(E.1):

e Eq. (E.1) is in the “Tamm-Dancoff” approximation (in this context, it means
only considering the contributions of resonant transitions i — j), which is only
justified if €j — €j—4, > 0 and larger than any phonon frequency. Otherwise
there are more terms involved than just S; and S, (their relevance might be
negligible anyway).

e The terms in Eq. (E.2) refer to the photon absorption case exclusively. How-
ever, if there is competing emission (i.e. phonon-assisted recombination) from
the final state, the screening is reduced and one should consider the net ab-
sorption rate, which is the difference between absorption and emission rates
for any transition i — j and involves more terms than just S; and So.

e The Fermi functions in the factor P seem to represent the dependence on the oc-
cupation factors in the case of the net absorption rate for direct transitions.[43]
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The rest of the P—factor instead seems to refer to the absolute absorption rate for
indirect transitions. Even in the approximation of f; << f; where j is a conduc-
tion and i a valence band, the occupation dependence has a slightly different
form.

The factors I, are added “by hand” and don’t come out of the time-dependent
perturbation theory employed in order to derive this formula (they can
nonetheless be computed separately with an electron—phonon self-energy
calculation).
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Appendix F

Magnitude of the Davydov
splitting along the wave vector
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FIGURE F.1: Scheme of the tight-binding model for two interacting linear chains.

Here we construct a simple tight-binding model to reproduce the difference in
the magnitude of Davydov splitting for states as one goes from I' (where the split-
ting is 6 meV for phonons, 50 meV for excitons in hBN) to large momentum (where
both splittings drop below 1 meV). The model consists of two identical simple lin-
ear chains with periodic boundary conditions (sketched in Fig. F.1). We consider
for simplicity a basis of localised atomic orbitals |n, X), with na being the position
along one linear chain (a is the interatomic distance), X = A, B labeling the two
chains and the resulting Bloch sum being |k, X) = 1/V/N Y, e |n, X). The intra—
chain interaction is not important for our purposes, therefore we limit it to the first
nearest neighbours with on-site terms (n, X| H |n, X) = 0 and hopping elements
(n+1,X|H|n,X) = c.c. = v, giving for the two bands of the system the dispersion
E(k) = 27 coska. We are more interested in the long-range inter—chain interaction,
therefore we consider the hopping between sites on different chains up to infinite
order: (n, A|H |n,B) = Boand (n+j,A|H|n,B) = (n+j,B|H|n,A) = cc. = B;
with j € [1, 00) (if only the By contribution is retained, the two bands will be parallel
and shifted by 2¢). We obtain the following tight-binding matrix,

_ ((kAlHIk,A) (k A|H |k B)
M_<<k,A|H|k,B> <k,A|H|k,A>>' (F1)

whose elements can be easily computed to give the energies E+ (k) = 2y coska +
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FIGURE FE.2: Results of the double linear chain model in the one-dimensional BZ. For all
plots v = =2, B = —1, a = 1. a) Davydov splitting with C = 1, §1 = —0.6 and M
converged. b) Plot for increasing values of M (darker curve means larger M) with C = 0.6
and B; = —0.6. ¢) Increasing values of |81 | (darker curve means larger |B1|) with C = 1 and
M converged. d) Decreasing values of C (darker curve means smaller C) with 81 = —0.6
and M converged.

[Bo + 2 Y p—1 Bm cos mka]. In order to model the spatial decay of the inter—chain in-
teraction we define B, = Bre~C("~1), which gives the B, coefficients up to infinite
order from the parameters p; and C (the latter parameter can be made dependent
on the inter—chain distance). This allows us to write the analytical results

—1+eCcoska

coshC — coska |’

—1+ e“ coska + e MC(cos Mka — e€ cos(M + 1)ka)
cosh C — coska

Ey(k) =2vycoska+ [ﬁo + B1

4

EM(k) = 2y coska + [,80 + B1
(E2)

where the first expression stands for infinite inter—chain neighbors and the second
one for the partial sum to M. Our results, reproducing the strong reduction in the
splitting away from T, is displayed in Fig. F.2(a). We make the following observa-
tions: (i) the inclusion of 1, which has the periodicity of the BZ, causes the bands to
come closer together toward the zone edges; (ii) to reproduce the strong bending ob-
served for the Davydov splitting (see e.g. the phonon dispersion of hBN or MoS,),!
it is necessary to have at least a second non-negligible oscillatory contribution (e.g.
B2); this means that (iii) the parameters C and 1, controlling the long-range decay
and the strength of the inter—chain interaction, should take values such that the sum
is not converged after just one term and B1/Bo 2 0.5 (Fig. E2 (b) to (d)).

1See http://henriquemiranda.github.io/phononwebsite/phonon.html
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Temperature dependence in the
finite—difference spectra
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FIGURE G.1: Temperature dependent spectra from Eq. (3.41). The computed spontaneous
emission rate (see Sec. 3.4 of the main text) is shown with a green line for various tempera-
tures. The main phonon modes responsible for the peaks are labeled, as well as the overtones
(“0.”). The peak broadenings as a function of temperature, as well as the effective “excitonic”
temperatures, are discussed in the text. Black dots: experimental PL emission spectrum[83]
(uncorrected for setup response). Blue squares: experimental CL emission spectrum.[84]

In our calculations from Sec. 3.4, the temperature-dependent exciton lifetime,
which is related to the imaginary part of the exciton-phonon self-energy and in-
versely proportional to the line broadenings 7, remains an empirical parameter. As
the imaginary part of our response functions intrinsically gives a Lorentzian shape
for single peaks (Im[w — E — ix] '), we focus on the range of temperatures in which
the experimental phonon-assisted peaks can also be reasonably described with a
Lorentzian broadening (from 0 to 100 K).[83] We use a linear model where the line
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broadening 7 is given by[109]
=Ty —|-{1T+bNBE(T), (G.1)

where Npgg = [eFo/kT —1]~1 is the Bose-Einstein distribution. The values of the
parameters are taken from the experimental fit in Ref. [83]: ') = 3 meV, a = 0.1
meV /K, b = 150 meV, and Ep = 25 meV. For completeness, in Fig. G.1 we provide
a version of Fig. 3.11(b) of the main text with several temperatures (T= 8, 20, 60 and
100 K). The effective “excitonic” temperatures Tey. entering the Boltzmann factor of
Eq. (3.41) of the main text are taken from the data points in Fig. 1c of Ref. [19]. At
the lowest temperature (8 — 10 K, top frame), both the experimental spectra obtained
from photoluminescence (PL, black dots, from Ref. [83]) and cathodoluminescence
(CL, blue squares, from Ref. [84]) are compared with the computed one (green line).
The temperature—dependent data are only available for the PL spectrum. Notice
however that, contrary to the CL spectrum, the PL one is uncorrected for the re-
sponse of the luminescence experimental setup, giving rise to wrong relative peak
intensities in the low—energy structure.
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The many-body case for
phonon-mediated absorption

We have seen with Eq. (1.76) that the response function x can be generated by the
derivatives of the interacting electron density p with respect to an external perturba-
tion ¢ex;. We will do this now, only graphically, by considering an electron density
where both the electron—electron and the electron-phonon interactions are present
at first order. The resulting terms are displayed in Fig. H.1. The zero—order contri-
bution (a) gives the non-interacting eh pairs described by x°. To fix the ideas, we
can imagine that all the electronic lines in the upper halves of the diagrams refer
to conduction bands ¢, and all those in the lower halves to valence bands v.! The
first-order contribution in the electron—electron interaction (b) gives rise to the BSE
with the kernel of Eq. (1.78). The first-order contribution in the electron-phonon
interaction (c) produces terms from (1) to (4) in Fig. H.1. Here, the (c1) and (c2)
contributions would be normally already included in the electron—-phonon single—
particle QP corrections if the single-particle GF is G: this is why analogous terms
are not considered in the electron—electron case. However, the dynamical part of the
electron—phonon interaction in this diagrams contributes to the satellite structure,
therefore we explicitly list these terms here. Contribution (c3) is a new one, that
we will call interference term.” We will neglect the last phononic term (c4) for two
reasons: (i) a contribution of this type is already approximately incorporated in the
electron-phonon coupling matrix elements g"? if they are computed within DFPT
(as mentioned in Sec. 1.6.5; more information in Ref. [49]), and (ii) these terms are
zero in the TDA, since for phonons it implies that gggk = 0. Finally, at first order
in both the electron—electron and the electron—-phonon interactions, we obtain the
terms in Fig. H.1(d): these are be the main new contributions that will describe the
exciton—phonon coupling.

The exciton-phonon scattering cross—section is described by the following pro-
cesses. First, an electron-hole pair is optically created; then the electron or the hole
is scattered by a phonon, changing its energy and momentum; now the scattered
particle interacts with the other one via the electronic kernel K = W — 2v; later the
lost energy and momentum are recovered by the eh pair via another phonon scat-
tering, and ultimately the excitation annihilates emitting optical light. A first-order
dynamical correction can then be obtained for the full static BSE (sBSE) by going
to all orders in the electronic part: let us imagine inserting an infinite number of
kernels K = W — 2v in between the start and end times of the phonon interaction,
obtaining the expression in Fig. H.1(e). The kernels that fall outside the phonon

IFixing this actually implies taking the Tamm-Dancoff approximation.
2In Ref. [107] this is called “phonon exchange diagram”.
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interaction part reconstruct the response function x from the sBSE. This final expres-
sion contains the (a), (b), (c) and (d) terms. It is clear that this expression represents
a first-order dynamical correction to the sBSE.

Note that a similar development could be made by considering the dynamical
part of the electron—electron interaction (and indeed this is the goal in Ref. [38]) in
order to describe plasmonic satellites, however this is not our interest here. There-
fore, we will maintain the static approximation for the BSE electronic kernel: the full
kernel is then made dynamical just by the presence of the electron—phonon interac-
tion mediated by the phonon propagator D(w).

The full expression for (e) is discussed in Secs. 4.2.1 and 4.2.2, and explicitly
derived in App. L.
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FIGURE H.1: Response function yx at zero and first orders in the electron—electron and ep interaction.
(a) Non-interacting eh pairs, Eq. (1.44). (b) Static, electronic eh interaction at first order (i.e. static BSE,
sBSE, Eq. (1.87)). We are not interested in its dynamical part here, which is neglected. Note that the
single—particle GF G (solid lines) already includes quasiparticle corrections, Eq. (1.57). (c) Dynamical ep
interaction at first order. The phonon QP correction is either neglected or will be summed at a later step
to all orders. (d) Both dynamical ep and static eh interaction present at first order (the static phonon
contribution to the eh interaction is either neglected or included in the kernel K). (e) By keeping the ep
interaction at first order [(c) and (d)] and summing the sBSE kernel at all orders [(a)+(b)], a correction
to the sBSE at first order in the ep interaction can be obtained (Eq. (4.21) and Ref. [113]).
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Appendix I

Reference for the derivation of the
exciton—-phonon self-energy

In this Appendix we sketch the derivation of the exciton-phonon self-energy Eq.
(4.24) and Fig. H.1(e). We follow Ref. [38] and provide several useful identities for
reference. Our conventions for the energy and momentum flows are shown in Fig.
I.1(b), as well as a scheme of the notation we employed. These choices will lead to
the indexing of the exciton-phonon coupling (ExPC) used in Eq. (4.25), which is
particularly favourable in the case of finite-momentum matrix elements computed
with QE and Yambo. The mathematical expressions will soon become large and com-
plicated; however the schematic representation in Fig. 1.2 provides a reference that
emphasises the physical meaning of the processes considered.

We consider the two—particle correlation function in the excitation basis, Lix(#13)
(t1 and t3 being the initial and final times, respectively). Let us recall that when the
four-times dependence of L is collapsed to just two times, in order to describe si-

multaneous electron-hole pair generation, we just have x(t13) = —iL(t13). Now,

ng’)c,(tlg) is the correlation function obtained in the BSE with a static electronic

kernel (sBSE, Sec. 1.5):
LO =L 4 L VKLO, (L1)

where L((]O) is the independent-particle electron-hole propagation, corresponding to

X" elsewhere in the thesis. Notice that in this case we can pass from the excitation to
the excitonic basis, where LO) is diagonal, as

Lick: (t13) = Y AX [Af'} L0 (1) = YAl [A,X’C’} Oty — tr)e Emh) (1)

For now, our L) can be equivalently the full one or the one without the long-range
components of the Coulomb interaction (elsewhere denoted as L or ¥), as can its
eigenvector components .A and exciton energies E,. We denote as L%y,?, (t13) the cor-
relation function given by the first-order correction to the static kernel in the dy-
namical phonon propagator D,,;, Eq. (1.24), as in Eq. (4.21). Then, the full correlation
function up to first order in the dynamical effects is given by

L (h3) = L (h3) + L (113). (L3)
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I.1 Several identities used in the derivation

T—matrix. We can rework the sBSE in order to cast the electron-hole interaction com-
pletely inside a new quantity, called the T-matrix:

LO = 9 4 1O (L4)

This leads, after comparison with the inverted Eq. (I.1), to the following expression
for T:
T =K+ KLOK (L5)

(a graphical representation of this equation is shown in Fig. I.1(a)). The usefulness
of T consists in the fact that it allows us to rewrite the dynamical correction in Eq.
(I.3) explicitly in terms of a modified dynamical kernel Z which, as we will see, is in
turn written in terms of the T-matrix:

LU =10 4 pdn = 10 4 [OF[T]LO. (1.6)

The expression of T entering the calculations, with explicit transition indices and
time variables, is:

T i, (ta23) = 1K, x0,6(£13)8(t34)8(t12) — ) KIC11C3L;(g3);C4(tsl)KIC4IC25(t12)5(t34)
KaKs
= iKj, x,0(t13)0(t34) 0 (t12) — Skeykc, (831)0(H12) 0 (E34).
(17)

Replacing the static electronic kernel with a difference of single—particle transitions and
exciton energies. By reworking the eigenvalue equation for the excitonic Hamiltonian,
Eq. (1.84), we obtain the following identities:

Y Ko AY = [er — eor — Ea] AY,
]C/

YK [AL] = leaw — ewe = E:] [AF] (18)

Notice that here we indicate the single-particle energy associated to G, as €, and
not as E, like in the main text: this is to avoid confusion with the exciton energies.
By using Egs. (I.2) and (I.8) we can rewrite the S function in the T-matrix expression,
Eq. (I.7), in terms of single—particle energies and the excitonic quantities:

Sicia(t31) = Yleers = €urty = Eal €ty — €unty — B AN [AR2] L0 (131). (19)

o

Expressing the three—times L(%) in terms of time—ordered, two—times L(°). As can be

seen from the diagrams in Fig. 1.2, LYY™ contains, to the left and to the right, two sBSE
. . . . . _ (0)

correlation functions depending on three time variables: we have L (cok) (cyorky) (t121117)

and LY

(c2v2ky

ing these functions, we notice that they can be reduced to two-times L? functions

)oK (t334/3), respectively. In order to evaluate the time integrals involv-
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via the following identity:

(0) _ i€, t 1=ty (O
L(Cvk)(clﬂlkl)(tlzllll) = 9(1’2/ — tl’) € 1k1 12 L(cvk)(617)1k1)( 11/)
i€, t 1 —tor (0)
+ G(tl/ . t2/) €oyky (1 —to )L(cvk)(clv1k1)( o (L10)
(0) ey (tyr—t) 7 (0 )
L(szzkz)(c/z;/k/) <t3’34’3) 9(t3’ - t4’) i€ zkz v )L(Czlizkz)(C/U/k/) <t3/3)

0)

+0(ty — ty)el il ta/)LEczvzkz)(C/v/k/)(t4l3)

(this can be proven relatively easily for L(()O) = GG; the proof for L) is more cum-
bersome and is done using the T-matrix expression, Eq. (1.4)).

1.2 Specific notation for finite momentum quantities

(a)

(b)

c1k1 cok1 + q c1k1 + q C2k1
_ | H N
vikq v1ky
C1k1 Clkl
_ | H N
*= {g’CI’CgL} *- g}C K1
viky vk1 — g ks — g vokq

R 4

FIGURE 1.1: (a) Graphical expression for the T-matrix in terms of the sBSE kernel K and
correlation function L(©), (b) Choice of notation and momentum flows for electron—phonon
couplings with simultaneous electron-hole propagation (see also text).

Valence bands are denoted with the letter v and conduction ones with c. If the
phonon scattering happens on the valence band, we denote the momentum transfer
as q |, while if it happens on the conduction band we write 4 1. The momentum
flows in both cases are chosen as shown in Fig. 1.1(b), so that in terms of transition
indices K we may write

’qu (clkl)(vlkl — q)

L (L11)
K1 = (ciki + q) (v1k1).
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In particular, when expressing the electron—-phonon coupling matrix element gnk e
using transition indices, we write

*
*
M — qu
|:glcllcgi:| - |:g'01k1,"02k1 —qi| 5C1C2§klk2’

K — oIH
g/CQ’C;u - gvzk1,vlk1fqéclc25klk2’

H

(L12)
— oK
g’C?TKz o gc1k1+q,C2k1501025k1k2/

I3

*
— qr
g}cf;cl - |:gc2kl+qzclkli| 0010, Okiky -

I.3 Calculation of the first-order dynamical correction to the
response function

With reference to Fig. H.1, L%¥" is given by the sum of all the contributions previ-
ously discussed,

L%;g/(tm) _ LESQ—[CZ]+[c3]+[el]+[62]+[33]+[e4] (t13)- (L13)
The terms [el] to [e4] contain the T-matrix, i.e. the full summation of the kernel K to
infinite order, and at first order in K reduce to the [d1]-[d4] terms in Fig. H.1.

Now, we will proceed to write explicitly the [e2] term to emphasise some crucial
aspects of the derivation. The remaining terms can be obtained in a similar way: all
the [e] terms are explicitly shown diagrammatically in Fig. 1.2, while the [c] terms
are sketched in Fig. 1.3. We have

Lgé%(tm) /dt1’2'3’4'LSC,)< (ti117)E =y ],Cz(t1/4/2f3/)L,(C°2),C,(t3/34/3)- (1.14)
K1Ko

Here, the two L(%) functions refer to the propagation of the exciton via a static elec-
tronic kernel before and after the phonon scattering event. The kernel Z1?/, which
contains the dynamical phonon scattering at first order (and the static electronic ker-
nel at all orders), refers in particular to the case of the hole component of the exciton
being scattered. The [e1] term refers to the conduction electron being scattered, and
[e3], [e4] are the interference terms.

We can write E2) explicitly by looking at the corresponding diagram in Fig. 1.2:

=2 () = ¥ X s

K1K2 1q

/ dt1"t3”G,Cq¢( 1/1”)T,Cm,€q¢( 1”4'2'3“)6in( 373/ ).-

*

’/l .
/C ’C‘N /C ]C'NID.uq(tl,?’/)

(1.15)

Here, we already explicitly introduced the T-matrix and the single-particle GFs G
are given by Eq. (1.57). They may contain GW and/or the electron—-phonon quasi-
particle corrections. The first task is the evaluation of the time integrals in Eq. (1.15)
for all the diagrammatic contributions: this will lead us to the exciton—phonon self-
energy. Secondly, thanks to Eq. (I.14), we will obtain the dynamical correction to
L) as in Eq. (1.3). This will in turn provide us with an expression for the phonon-—
assisted absorption spectrum as x() = —iL®, Imy™ (w) — ex(w).
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; !

ck 2/ cski+q csko+q v4/ c'k
1 3
vk : 5 o'k

Ulkl 1/ 3/ Uz§k2

= (e4)
2/

11
4 C4k2+q¢f Czkz

vk

b g

ortky wki—q1"” 3" wvks

FIGURE 1.2: Diagrammatic representation of the terms entering the first-order dynamical
correction to the two—particle response function, LY. The time labels are written in blue.
Only the terms corresponding to Fig. H.1(d) are shown (with the T-matrix replacing the
sBSE kernel: therefore they are denoted with the letter (e).)

The evaluation proceeds as follows. First, we use Eq. (1.10) to break down Eq.
(I.14) in two integrals involving only two—times L) functions with different inter-
nal time orderings. Second, we evaluate the internal time integrals appearing in Eq.
(L.15) using Eq. (I.7) for the T-matrix. We also use Eq. (1.8), along with the complete-

*
ness relation S = Y, AN [Al’f/} , to simplify the resulting expressions in terms
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20 e

FIGURE 1.3: Graphical representation of the terms corresponding to Fig. H.1(c), where the

T-matrix is not present. The sum of all the Z(¢) and E(¢) terms adds up to the full dynamical
kernel = shown in Fig. H.1(e) and Egs. (1.6) and (4.21).

of excitonic quantities. In the end, the calculation for [e2] produces two terms: one,
only involving the phonon propagator D, is exactly cancelled by the result for [c2],
while the other remains. Therefore, the resulting contribution from [e2] reads

L2 . s B0
ICIC/(tB) = —1 Z dtll t3/ LIC/Cl (tll’)D}lq(tl’?)’)
K1, tp tyr

* e . it * i, . 0
Z [ Z Z <g;1,cg¢> Aﬁs g;CZKZL (Aﬁ4 ) ] e Eﬁq(f3 ty )LI(CZ)IC’(t3/3)'

qu LGk B
(I.16)

The quantity between blue square brackets represents a contribution to the exciton—
phonon coupling coming from this term. The other [¢] terms are evaluated in a simi-
lar way and after cancellations with the corresponding [c] terms produce analogous
results.

In particular, we can now write the complete L™ in the exciton basis, obtaining
the expression

LM (h3) = ¥ (AF) AS LI (3)
K (L17)

_ (" S0 exc ©
= dty t ta Lo (t11) Iy (trar ) Ly (t313),

1 1

where all the complicated ExcP interaction has been hidden inside an exciton—phonon
self-energy I1¢. Notice that in the case of optical absorption, the excitons labeled as
« represent the optical excitations induced by the external laser field: therefore, «
excitons always have g = 0. The internal sum over excitons f, instead, includes
every possible exciton level Eg, that can be connected to E,o0 = E, by emitting one
phonon with frequency ();,. The self-energy can be written in a “GW”~type form

as
0
T (fry) = H%D&ww<f1'3’>LéJ<fw>- (118)

Here, the exciton—phonon “interaction” D contains the dynamical phonon propaga-
tor D and the quantities between blue square brackets in Eq. (I.16) and analogous
terms, which represent the coupling.
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I.4 Form of the exciton—-phonon coupling

We can write the interaction D by making the phonon propagator appear explicitly:
! — K\ mantt 4k
Diagoipantr3) = = 1Dulter) 2 (40) s A7 L)
12

. K1\ mandd 4K
—iDyy(try) Y (Aal) Bl A (2]
KKy

. (L19)
+iDyy(tyr) Y (,451) BN A [e3)

K1Ko
+iDyg(ty) Y (ART) =l AL [ed)

K1KCo

The E-factors are the ExcP coupling contributions coming from the various terms
in Fig. 1.2, the one on the second line being given by the quantity in blue square
brackets in Eq. (I.16). Their explicit expression reads:

mondt _ K5 on ki
H’C]]Cz 2 Z( K‘ﬂ]c) B g}c‘lT’Cz (Aﬁ4 4

KKy B

=l ’C‘”

’ClKZ Z Z < ’C ,CN) < >

Kok p (1.20)
i _ ( ) < ’C >
=LK 8
STt _ A
=LK Z Z ( > 8 < >
1Ko ]C3IC4 /5 ’C ,C‘IL ﬂ K‘IT’C

This can be written in a considerably more compact form with the additional defini-
tions

]C‘N
ggzi - ICZIC (Aﬁ2 ) Av'g) Sxukg’
2 (1.21)

T _ N\ 4k
g;z - Z]:C <A,32> A 1 K@T,C
1 2

Thus, we obtain the exciton—coupling matrix element as

Gy = S — ght. 1.22)
These definitions are chosen in such a way that now the interaction D will be given
by D|9%¢|? if « = a’. Now, the full non-diagonal exciton-phonon self-energy, Eq.
(1.18), is written as

IS (fry) = —1 Y Dug (b3 ) G55 g (gggjlq) LY (). (1.23)
upq

Armed with this result, we may now take the cumulant expansion, x¢ =
x© expnmx(o). This will automatically include approximated descriptions of multi-
phonon scattering processes and renormalisations of the exciton energies. If instead

we want to stick to the first order, where cumulant and Dyson approaches coincide,
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then the final result for x() = —iL("), that is Eq. (I.3), can be obtained by solving
Eq. (1.17) explicitly, using L (t1/3) = 0(ty — t1/) exp[—iEg,(ty — t1)]. In this case
we need to neglect completely the spurious contribution to the renormalisation of
the exciton energy (because it is only treated correctly at all orders) and focus on
the single—phonon satellite. Therefore, we remove the static part of the phonon
propagator and only consider its purely dynamical part, given by (see Egs. (1.109)
and (1.110))

AD)(t21) = Dpy(t2n) — D\ (ta1) =

| | 2
—i [G(tl — ty)e wmti—h) 4 g(t, — tl)e“"w(“*tz)} +d(t2 — ).
qu

(1.24)

I.5 Dynamical response function

Let us consider first the case of a one—exciton system («) interacting with a single
phonon at frequency (), with a diagonal self-energy. The result is (in Fourier space)
gexc|2
1 — ¢ ‘ge{;‘(c 2 1

(1) _
X““(w)_w Ea+117 02 w—(E,+Q)+iy’

(1.25)

One satellite due to phonon emission appears in the spectrum. Notice that this re-
sult, a part from the quantities involved, is analytically equivalent to the first-order
dynamical GF in Langreth’s model (one-level fermion interacting with one boson,
Eq. (4.8)). Notice that here we have the bare exciton energies instead of the quasiparti-
cle—corrected ones, since we neglected this part of the theory and focused only on the
dynamical structure of x. Moreover, if we take the limit of a two-level system (one
valence state v, one conduction state c), the result correctly reduces to the expres-
sion found in Sec. 4.1.2, Eq. (4.18), with the exciton—phonon coupling in particular
reducing from Eq. (1.22) to eq. (4.15).

Below, we will write the full expressions for [T and x(!) in frequency space.
We consider both the case of a non—-diagonal (upper formulas) and diagonal (lower
formulas) self-energy, and for the sake of generality we let the exciton a have any
momentum, labeled as 7. In the main text, we always discuss the diagonal case with
q = 0 for optical absorption. The self-energy is

exe(7 () — 1 Dbava wa, ng (gﬁe;iq g, w/)
anl X N, w — (Eggrq +Q ’
7 upq (Epg+q qzu) in (126)
exc
T1%¢ (g = Z ’gﬁqﬂ aq, w‘
N, upg & (Eﬁq+q + Qqu) +1i7

and for (") we have:

1 R gexc (gexc ) *
W@ w) = an'q 1 Ba+q ', pg \ 7 B+q aquq 1

“ w—Eag+in - Ny iz Ppagug(Ppagpg — Bang) @ = (Eag + Ppagpug) + 11

1—-R ‘ @exc |2 1

X{(m)(q, w) = aq Ba+q aq, pq

@ = Eaq 11 Nq w1 Mhaapg @~ (Bag T Ppagpg) +37°
1.27)
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L5. Dynamical response function

Like in Sec. 4.1.1, the renormalisation factors are given by

exc exc ¥ —
1« Ypgvqwa m (gﬁﬁﬂ 0@#[]) ol (g, w)
dw e
w=Eug (1.28)

sztx’ﬁ = N7
Ny 1Bq Y bt g (W pag g — Darag)

R = — Ftg oq,nal” 3G, @)
ag — N7 2 - = ’
No s 7 puia de w=Eoq
with the energy denominators being
Wpagug = Epgq — Eag + Qqp, (129)

Aa/aq — Ea/q - an.

Finally, in the diagonal case, we go in the basis of the G-vectors, Eq. (1.87), so
that we can write the x(!) corresponding to a periodic crystal that may be computed

with first—principles calculations:

Koo @) = LY (4l) ex(@+6) LAk (d+6) 1 @),
14 IC/

on

(1.30)

W@ w) =Y T2 @ w).
®
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Appendix ]

Notes on the implementation of the
exciton—-phonon self-energy

We give here a brief outline of the steps taken so far for the implementation of the
exciton—phonon coupling and self-energy in the Yambo code.

Symmetries. Ideally, an exciton—-phonon calculation would be performed in a g-
vector grid spanning just the irreducible part of the BZ. However, this task is made
difficult by the fact that the phases of both the exciton eigenvectors A and ep cou-
pling matrix elements g are relevant to construct the coupling Ag* A*g. Since the
BSE is solved in the full BZ, and the ¢ matrix elements are computed in DFPT us-
ing the symmetries of the crystal, in order to match the correct A with the correct
g in Eq. (4.25) it is necessary to know how these quantities transform under crys-
tal symmetry operations. This is not a trivial task, especially when we are dealing
with degenerate band and exciton states. As a consequence, for the moment, all the
exciton-phonon calculations have to be performed in the full BZ with the symmetries
of the system turned off. Clearly, this represents a major hindrance for a calculation
that is already computationally very demanding on its own: therefore we will pur-
sue the solution of this issue in the future.

Electron—phonon coupling matrix elements. Within the TDA, we only have two
types of ep coupling matrix elements, as defined in Sec. 1.6 and discussed in App.
H:

853% = <a|AwVeff’U/k_”i> / (2Q),

: —— — J.1)
Strtirq = (| AguVerglck) /(20)-

In Yambo, the default convention for the momentum transfer g is the one on the first
line (i.e. k — k' = g). In order to obtain the second line (i.e. k' — k = g), we need to
introduce a mapping function M that associates the index k in the momentum grid
and the index g in the momentum transfer grid to a third momentum p in the same
grid as k:

M:{k+q} — {p},
p=M(k+q)=plirg J.2)
k=M"(p) = plirg— 7

In this way, the required matrix element in the k' — k grid can be recovered from one
already computed in the k — k’ grid:

Hq — oM
gc’ck+q - gC/CP|k+q' J.3)
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As for the phonon frequencies at the denominators, it is implied that the three acous-
tic modes at g = 0, where (), = 0, are not included in the gy sums.

Exciton eigenvector components. The last basic ingredient is .A,’fq, coming from the
diagonalisation of the excitonic Hamiltonian. Again, the default convention in Yambo
for finite—g calculations is

lag) = Y AL k) ® |ok—q) (7.4)
K

(for the meaning of the (g |) notation, the reader is referred to App. H). For the
construction of the ExcP coupling we also need:

AR = {(ck+q| © (vk|} |ag) . (0.5)

This can be obtained from the (g |) components by again using the mapping Eq.
(J.2):

P — (cvp|k+q) ,

A/ctﬁ _ Apffl ' (]6)

The self-energy loop. Out objective is to compute Eq. (1.26). The exciton and
phonon energies, as well as the EPC matrix elements and exciton eigenvector com-
ponents, are read externally from databases produced by (i) the Yambo finite-q BSE
calculations and (ii) the Yambo interface with QE (for the EPC). We start from Eq.
(L.20) for the E—components of the exciton—-phonon coupling. We break the four
terms down using the following definitions (where S =, 1):

G = Y 8kin (45",

wﬁ _ K\ *

Zg/c"mc (Aﬂ ) ’ J.7)
=SS N xHqS 14115/
KK, T ZCMCI akCy

(here the overline indicates the complex conjugate). In particular, switching back
to band indices and using the previously defined mappings, the {—components are
written as

§7§ = Zg 'k (Aw(k> ’
E7CT = ch "cplitq ( CUP‘“L?) '

Equation (J.8) represents the first quantity computed in the innermost loops of the
“exciton-phonon” Fortran routine. In a subsequent step, the quantity T; is com-
puted from the #-terms and the exciton eigenvectors AY at g = 0:

(J-8)

TL% — Z AKX guqi ng) 7.9)
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and by defining Tr = T, we reconstruct the ExcP coupling matrix element as

g _ T q¢ qm

me’ﬁ - Tszﬂ TRo/ﬁ' (J.10)
Now, loops over B and yu are performed. Here we add the frequency denominator in
order to obtain the self-energy at each g,
1 Tgil’/s

Ny w — (Egy + Qqp) +iy’

m,(w) =Y (J.11)
up

Every time a BSE calculation is performed at a certain g, the code calls the exciton—
phonon routine to compute I17 ,. The routine returns as output both IT! , and T/, B
Finally, the full self-energy is given by

X (w) =Y 11 (w). J.12)
q
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