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Abstract

The recent rise of two-dimensional materials attracted a tremendous amount of interest
in the fields of photonics and optoelectronics, as they are promising candidates for next-
generation devices. Materials, which are under extensive investigation, are graphene and
monolayer transition-metal dichalcogenides (TMDC). While graphene is a semi-metal, certain
monolayer TMDCs are semiconductors exhibiting tightly bound electron-hole pairs — excitons,
which dominate their optical response to a large extent. The light-matter interaction of two-
dimensional materials composes the footing of their excitation dynamics. This incorporates
the excitation of excitons in the visible range of the electromagnetic spectrum. Because of
exciton-phonon interaction a subsequent transfer from optically excited coherent to incoherent
excitons occurs. For molybdenum-based TMDCs calculations and optical experiments suggest
that the excitons at the optical active K4 points form the global minimum. In contrast, for
tungsten-based TMDCs it seems that momentum-indirect dark excitons with electron and hole
at different valleys in the Brillouin zone are the energetically lowest lying states. Time and
angle resolved photoemission spectroscopy (tr-ARPES) is a method to measure the ultrafast
electron dynamics directly in momentum space. In case that tr-ARPES is also able to access
Coulomb-correlated two-particle states this experimental method might be the smoking gun to
proof the presence of the momentum-indirect states. In this thesis, we develop a microscopic
description of the temporal dynamics of excitonic time and angle resolved photoemission
spectroscopy with the focus on phonon-mediated relaxation of optically excited excitons. We
show that tr-ARPES is able to access excitons and quantify the spectroscopic signatures
of coherent and incoherent excitons in tr-ARPES. Additionally, we suggest coherent pump
Fourier transform ARPES to measure the exciton coherence lifetime with great accuracy.
Here, we combine a coherent tr-ARPES experiment with a second pump pulse and investigate
the tr-ARPES signal as function of the time delay to the second pump pulse.

Moreover, van der Waals materials enable the construction of heterostructures of different
atomically-thin materials. Here, after excitation of the distinct materials different interfacial
energy and charge transfer mechanisms occur. In particular, we investigate a WSes-graphene
stack and study the coupling mechanisms of Forster, Dexter, and phonon-assisted tunneling.
In addition, we propose a new energy transfer mechanism: interlayer Meitner-Auger energy
transfer. Here, a non-radiative exciton recombination leads to intraband transitions in
graphene and therefore to a hot hole distribution deep in the valence band.

Besides intralayer excitons, van der Waals heterostructures exhibit also interlayer excitons,
where electron and hole are in different materials. We propose that interlayer excitons in
certain hybrid inorganic/organic systems might form a new many-body excitonic ground state.
Therefore, semiconductors functionalized by organic molecules might be the ideal candidate
for the experimental realization of the elusive excitonic insulator. Using a proper description
for the new many-body ground state based on a Bogoliubov description, we calculate the
excitonic phase diagram of a WSo-F6TCNNQ stack as function of the relevant experimental
parameters band gap (tunable by applied voltage), temperature, and dielectric environment.
We show that all excitonic phases, namely semi-metal, semiconductor, and excitonic insulator
have unique optical signatures in the far-infrared to terahertz (THz) regime.

Besides monolayer TMDC excitons excited by visible wavelengths and intraexcitonic
transitions, present in excitonic insulators, and excited by long wavelength radiation, also
core electrons can be excited by X-ray radiation. X-ray absorption spectroscopy is divided
into X-ray absorption near edge spectroscopy (XANES) and extended X-ray absorption fine
structure spectroscopy (EXAFS). The former constitute transitions of core electrons into



unoccupied conduction band states and is typically described by Fermi’s golden rule. The
latter accounts for ionization of core electrons from the material and is typically described
in a high-order multiple-scattering theory. Here, we aim for a consistent description of both
processes within a Maxwell coupled spatio-temporal Bloch formalism. Within this formalism
we describe the polarization dependence of core transitions, the radiative and Meitner-Auger
recombination channels of core electrons and give microscopic insights into the spectral
signatures observed in EXAFS beyond point scattering theory. Moreover, the correct inclusion
of the Bloch character of solid state core electrons allows us to assign so far uninterpreted
features in the Fourier transformed EXAFS spectrum of graphene.
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Deutsche Zusammenfassung

Die Moglichkeit der Herstellung vielfaltiger zweidimensionaler Materialien hat enormes In-
teresse in den Feldern der Photonik und Optoelektronik hervorgerufen. Materialien, welche
unter grofflichiger Untersuchung stehen, sind Graphen und Ubergangsmetall-Dichalgenoide
(TMDC). Wahrend Graphen ein Semimetall ist, besitzen halbleitende TMDCs Exzitonen mit
sehr grofien Bindungsenergien, welche die optischen Eigenschaften des Materials bestimmen.
Diese Exzitonen werden im sichtbaren Bereich des elektromagnetischen Spektrum angeregt.
Folgende Exziton-Phonon Wechselwirkung fithrt zu einem Transfer von optisch induzierten
kohédrenten zu inkohérenten Exzitonen. Fiir molybdénbasierte TMDCs legen Rechnungen und
optische Experimente nahe, dass Exzitonen an den optisch aktiven K. Punkten das globale
Minimum bilden. Im Gegensatz scheinen in wolframbasierten TMDC impulsindirekte Exzito-
nen mit Elektron und Loch an verschiedenen Orten in der Brillouin Zone das energetische
Minimum zu bilden. Zeit und Winkel aufgeloste Photoemissionsspektroskopie (tr-ARPES) ist
eine Methode um die ultraschnelle Dynamik von Elektronen direkt im Impulsraum zu messen.
Im Falle, dass tr-ARPES auch Coulomb-korrelierte Zweiteilchenzustidnde abbilden koénnte,
wiirde dieses Verfahren den unwiederlegbaren Beweis fiir die Prisenz dieser Zustdnde geben.
Wir entwickeln daher eine mikroskopische Beschreibung von impuls- und energieaufgeloster
exzitonischer Photoemission und beriicksichtigen dabei die phononvermittelte Relaxation
von optisch induzierten Exzitonen. Wir zeigen, dass tr-ARPES in der Tat Exzitonen direkt
abbilden kann und quantifizierten die spektroskopischen Signaturen von kohérenten und
inkohdrenten Exzitonen im tr-ARPES. Auflerdem schlagen wir vor mittels kohdrentem Pump
fouriertransformiertem ARPES die Exzitonkohédrenzlebenszeit mit grofler Genauigkeit zu
messen. Hierbei kombinieren wir ein kohdrentes ARPES mit einem zweiten Pumppuls und
betrachten das ARPES signal als Funktion der Zeitverschiebung zu dem zweiten Pumppuls.

Einen Vorteil den van der Waals Materialien haben, ist dass sie zu Heterostrukturen
gestapelt werden kénnen. Nach der optischen Anregung der konstituierenden Materialien
kommt es zu Energie- und Teilchentransfer zwischen den Materiallagen. Wir untersuchen
im speziellen eine WSes-Graphen Heterostruktur und berechnen den Forster, Dexter und
phononassistierten Tunnel zwischen den Lagen. Weiterhin schlagen wir einen neuen Energi-
etransfermechanismus vor: Den Interlagen Meitner-Auger Energietransfer. Hier rekombiniert
ein TMDC Exziton nichtradiativ und regt Intrabandiibergdnge im Graphen an. Dies fiihrt zu
heiflen Lochverteilungen im Graphen.

Neben Intralagenexzitonen gibt es in Heterostrukturen auch Interlagenexzitonen. Hier
sind Elektron und Loch in verschiedenen Materialien. Wir schlagen vor, dass Interlagenexzito-
nen in gewissen Hybridstrukturen aus inorganischem Halbleiter und organischen Molekiilen
einen neuen exzitonischen Vielteilchengrundzustand bilden kénnten. Damit sind diese Hy-
bridstrukturen der ideale Kandidat fiir die experimentelle Realisierung eines exzitonischen
Insulators. Wir verwenden eine angemessene Beschreibung des Vielteilchengrundzustandes
mittels eines Bogoliubovformalismuses und berechnen das exzitonische Phasendiagramm
einer WSo-F6TCNNQ Heterostruktur als Funktion der experimentell relevanten Parameter
Bandliicke (verstellbar durch ein angelegtes elektrisches Feld), Temperatur und dielektrischer
Umgebung. Wir zeigen, dass alle exzitonischen Phasen, ndmlich Semimetall, Halbleiter und
exzitonischer Insulator, einzigartige optische Signaturen im Infrarot- bis Terahertzbereich
aufweisen.

Neben einzellagen TMDC-Exzitonen, anregbar mit sichtbaren Wellenldngen, und In-
terlagenexzitonen, ansprechbar mit langwelliger Strahlung, kénnen auch Kernelektronen
mittels Rontgenstrahlung angeregt werden. Rontgenabsorptionsspektroskopie is unterteilt in
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Rontgenabsorption nahe der Kante (XANES) und erweiterter Rontgenabsorptionsfeinstruktur-
spektroskopie (EXAFS). Ersteres besteht aus Kernelektroniibergéngen in unbesetzte Leitungs-
bandzustédnde und wird iiblicherweise mittels Fermi’s goldener Regel beschrieben. Letzteres
betrachtet die Ionisierung von Kernelektronen in das Vakuum und wird in einer Multistreuthe-
orie hoherer Ordnung beschrieben. Wir zielen in dieser Arbeit darauf ab eine gemeinsame
Beschreibung beider Prozesse zu geben. Dafiir nutzen wir einen gekoppelten Formalismus aus
den Maxwell Gleichungen und zeit- und raumaufgeldsten Blochgleichungen. In diesem Formal-
ismus beschreiben wir die Polarisationsabhéngigkeit von Kerniibergéngen, die radiativen und
Meitner-Auger Rekombinationskanéle von Kernelektronen und geben mikroskopische Einblicke
in die spektroskopischen Signaturen von EXAFS {iber Punktstreutheorie hinaus. Dariiber
hinaus ermdglicht uns die korrekte Beriicksichtigung des Blochcharakters von Kernelektronem
im Festkorper bisher uninterpretierte Signaturen im fouriertransformiertem EXAFS von
Graphen zu bestimmen.
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Chapter 1

Introduction

In 1959 Richard Feynman asked in his famous lecture ,, There’s plenty of room at the bottom*:
»What could we do with layered structures with just the right layers?“ [1]. Since the synthesis
of graphene [2], the monolayer limit of graphite, in 2004 a new branch of solid state physics
and material science opened investigating exactly the answers to this question.

Quickly after the discovery of graphene many other layered materials were found and
reduced to their monolayer limit as was previously done for graphene. A very prominent
family, which attracted keen attention over the last decade, are monolayer transition-metal
dichalcogenides (TMDC) [3,4]. It turned out that, when going from bulk to monolayer,
semiconducting TMDCs undergo an indirect to direct band gap transition at the edges of the
Brillouin zone, namely the K, and K_ points [5-7]. Because of the two-dimensionality of
the material, monolayer TMDCs exhibit a low dielectric environment screening leading to
exceptionally strongly bound electron-hole pairs or excitons with binding energies of hundreds
of meV [8-10]. At the same time, the material exhibits a strong light-matter interaction that
excitons can absorb about 10% of the irradiated light in the visible range of the electromagnetic
spectrum [3,4,11]. This makes the material of special interest for optoelectronic applications.
Interestingly, monolayer TMDCs have even more fascinating properties. Their strong spin-
orbit interaction [12,13] leads to splitting of the optical transition at the K1 points into A
and B exciton transition. A time-reversal symmetry leads to the fact that the K4 and K_
point are non-equivalent causing opposite spins in the energetically same bands at both high
symmetry points [12,14]. Paired with a valley selective circular dichroism [15-17] this gives
rise to interesting spin-valley exciton physics [12,18,19].

This work investigates optical excitations of two-dimensional materials such as monolayer
TMDCs from low-energy light as terahertz up to high-energy X-ray radiation. Figure 1.1 draws
the examined part of the electromagnetic spectrum with investigated scenarios. The excitation
energy of optically bright excitons at the K4 points corresponds to red light. Moreover,
the complex quasi-particle band structure of monolayer TMDCs with different side valleys
influences the excitonic properties of the optically injected excitons at the K4 points. These
side valleys can lead to momentum-indirect excitons, where electron and hole are at different
points in the Brillouin zone, and are of extensive discussion in the literature [20-25]. Here,
we aim to finally end the discussion about momentum-indirect excitons by combining the
theoretically expected exciton dynamics of monolayer TMDCs with an excitonic theory for
time and angle resolved photoemission spectroscopy (tr-ARPES). Tr-ARPES is a spectroscopic
technique, which possesses time, momentum, and energy resolution and enables direct access
to the single-particle Brillouin zone [26]. Here, electrons are photoemitted from the sample
with extreme ultraviolet light, cf. Fig. 1.1. If tr-ARPES has also access to bound two-particle
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Figure 1.1: Investigated part of the electromagnetic spectrum with studied optical excitations.
Low-energy light excites intraexcitonic transitions, in the visible range of the electromagnetic
spectrum we find exciton and free electron-hole pair formation, and high-energy light induces
exciton and core electron ionization. All those scenarios are discussed in the following chapters.

states not only the existence of momentum-indirect excitons can be proven but it will also
trigger new experiments and boost the understanding of exciton physics in monolayer TMDCs
and other two-dimensional materials.

An advantage of layered materials is that they can be combined and stacked in desired way
forming van der Waals heterostructures with totally different properties than their single-layer
parts [27-30]. A promising heterostructure are TMDC and graphene stacks since they combine
strongly bound excitons and their high light-matter interaction with the high carrier mobility
of graphene [31-33]. Therefore, we investigate the different possible interfacial energy and
charge transfer mechanisms coupling the two layers. We study in detail Forster and Dexter
energy transfer, phonon-assisted tunneling of electrons and holes and find a new energy
transfer mechanism, which we term as interlayer Meitner-Auger energy transfer.

A different type of heterostructure are hybrid inorganic/organic systems (HIOS). Here, an
inorganic semiconductor is functionalized by a layer of self-assemble organic molecules. Such
heterostructures are a grand hope in device research [34-36]. We predict that they are the ideal
candidate to form a new phase of matter, namely the excitonic insulator [37]. This intriguing
phase was first predicted in the 1960’s and since then searched. The phase is characterized
by spontaneous formation of excitons since their binding energy exceeds the single-particle
band gap. Although spectroscopic signatures were observed over the time [38,39] compelling
evidence are still missing. With the appearance of monolayer TMDCs with exciton binding
energy of hundreds of meV and the possibility to built van der Waals heterostructures the
interest in the excitonic insulator skyrised in recent years [40-42]. We investigate in detail
the heterostructure WSo-F6TCNNQ, which we predict to have a many-body ground state
of excitonic nature. The fundamental excitations are addressed by far-infrared to terahertz
wavelengths, which correspond to intraexcitonic transitions, cf. Fig. 1.1.

The last part of the thesis puts a larger emphasis on a proper theoretical description
of the spectroscopic technique of X-ray absorption spectroscopy (XAS). X-ray absorption
spectroscopy is a technique, which played an important role at the beginning of the 20th
century in the establishment of the atomic energy level model [43,44] and the discovery of
rare-earth elements [45]. XAS is situated at the opposite end of the electromagnetic spectrum,
cf. Fig. 1.1, and uses X-ray light of several hundred up to thousands of eV to probe the
core electrons of the investigated material. Core electronic transitions in the material (atom,
molecule, or crystalline solid) constitute the X-ray absorption near edge spectroscopy (XANES)
and is comparable to typical absorption experiments but involving core electrons. When
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the core electrons are photoemitted from the sample we talk of extended X-ray absorption
fine structure (EXAFS). In case of molecules or solids here the absorption cross section is
modulated by oscillations [46-49]. First theoretical attempts to explain this phenomenon
were performed in 1931 and 1932 by R. de L. Kronig [50,51]. But it took further 40 years to
relate these oscillation with the local geometry of the irradiated material. This breakthrough,
achieved by D. E. Sayers and coworkers [52, 53], promoted XAS from a spectroscopic to a
structural technique and gave a rebirth to XAS experiments. Within a point scattering theory
D. E. Sayers et. al. interpret the oscillation as interferences of scattered X-ray waves. However,
the derived formalism, which is the standard of EXAFS analysis nowadays, does not fulfill
the Bloch theorem. Although this might be appropriate for the analysis of molecules, for
crystalline solids the basis functions need to satisfy the Bloch theorem, which was not included
so far. Therefore, we aim to derive a self-consistent Maxwell-Bloch formalism for X-ray
absorption, which gives a unified description of XANES and EXAFS, so far missing in the
literature. Within this framework we can extend the accomplishments of atomic and molecular
XAS investigations concerning recombination channels [54,55] or polarization dependent core
transitions [56,57] to solid states. Further, we find that the oscillations, although correctly
related to the local structure of the material, stem from interference of electronic Bloch waves
of neighbored atoms, which gives rise to additional so far uninterpreted features in the Fourier
transformed EXAFS spectra. Such an analysis is performed in the last chapter for graphene.
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Chapter 2

Exciton dynamics in tr-ARPES

2.1 General solid state Hamiltonian

A crystal consists of atoms arranged in a regular lattice. As consequence, we find an
underlying repeating structure, which minimal repeating unit is called the unit cell. The
crystal symmetries are represented by the space group, which contains all symmetry operations
leaving the crystal invariant, such as translations, rotations, inversion, or combinations. The
unit cell is spanned by a basic set of primitive lattice vectors {a;}. Translation in the space
group are represented by linear combinations of these lattice vectors connecting all lattice
points {R,, }.

The neutral atoms forming the crystal can be separated into atomic nuclei and the
electrons. As starting point for a quantitative investigation of solid state properties we use
the Hamiltonian. The Hamiltonian describing a perfect crystal, with nuclei, electrons, and
their mutual interaction reads [58,59]
h2V? % VAVAY
"= ; Z2]\4 4WEOZ\R — Rj/| 47reoz|rZ R[

Z 4; (VV(ri, Rj) xp;) - 0. (2.1)

The indices ¢ and j denote the electrons and nuclei, respectively. The electrons in an atom
see a magnetic field because of their own orbital motion, which gives rise to a spin-orbit
interaction. In a non-relativistic limit v < ¢, the spin-orbit coupling is described by the last
term of the Hamiltonian acting on the spin wave function. The momentum operator and the
Pauli spin matrices are denoted by p; and o, respectively. Since the effect depends on the
gradient of the potential generated by the nuclei and felt by the electrons, corresponding to
the fourth term of the Hamiltonian and abbreviated by V (r;, R;), it scales with the atomic
number Z of the crystal compounds. The complex Hamiltonian can be simplified by a variety
of largely valid approximations. Often the electrons are separated into two groups: core
and valence electrons. The former are electrons occupying the filled orbitals being mostly
localized at the nuclei. In most optical spectroscopic experiments these electrons do not
contribute in contrast to the valence electrons of incompletely filled shells. In consequence,
the core electrons can be treated together with the nuclei [60,61]. This reduces the sum
1 over all electrons only to the valence electrons. However, experiments involving extreme
ultraviolet (XUV) light with excitation energy around 100eV or X-ray radiation can access
the core electrons. Therefore, this typical approximation is not performed. A widely valid
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approximation is the Born-Oppenheimer approximation [62]. Because of the heavy weight of
the nuclei compared to the electrons, the latter react much faster to an external perturbation
than the nuclei. Therefore, the nuclei may be regarded as fixed in space on the time scale of
electronic interactions. The response time of ionic vibrations in solids are typically on the
order of 102 s [58]. To estimate the electron response time we consider the external excitation
of electrons. For semiconductors at least the band gap energy has to be fed. For an energy
of 1eV we can estimate the frequency of electronic motion to the order of 10 s~! [58]. We
see that with increasing energy of the excitation light the adiabatic approximation becomes
better. Within the Born-Oppenheimer approximation we can express the Hamiltonian in Eq.
(2.1) as

H= Hnuc(Rj) + Hel(ria Rj ) + Hel—nuc(Ti> 6Rj) . (22)

The nucleus motion under the influence of the atomic potential is described by Hyu.. The
Hamiltonian for the electron motion with the nuclei in their equilibrium position Rjo and
electron-electron interaction is described by He, which absorbs also the spin-orbit interaction.
Since in this work the spin plays only a secondary role, the spin-orbit coupling is neglected
from now on. Finally, Heppnyue describes the change of electronic energy due to the displacement
R; of the nuclei from their equilibrium position, which is known as electron-phonon interaction.
At last, we will assume that every electron experiences the same average potential V(r) =
>; V(r — Rj). The potential is by construction lattice periodic, i.e. V(r) =V (r + R) with
lattice vector R. Thus, the Schrédinger equation, describing the motion of the electrons in
the potential landscape of the nuclei background, reads

202
HaVu(r) = (— hZTZ + V(r)) Uu(r) =eq¥u(r), (2.3)

where ¥, () and ¢, denote the wave function and energy of an electron in the eigenstate «.
After having introduced the fundamentals of solid state physics, we see that the solution of
the Schrodinger equation is the basic task of quantum theory in solids. To tackle the solution
of the Schrodinger equation it is convenient to exploit the symmetry of the crystal.

2.2 Bloch theorem

In a crystal a periodic potential appears because the ions are arranged with the periodicity
of their Bravais lattice. Usually, the problem is simplified by assuming a very large crystal,
where the precise form does not affect the physical description. We may then choose periodic
or Born-von Karman boundary conditions, where the value of any wave function is the same
at equivalent points on opposite sites of the crystal. Counting along the direction of each
primitive translation brings us to a point not only physically but also mathematically identical
to the original point. In the case of two-dimensional materials the assumption of an infinite
extended crystal can only be performed within the plane. In normal direction to the plane
translation invariance is broken. Consequently, also the unit cell is semi-infinite in direction
normal to the surface. Since the Schrodinger equation can be restricted to a fixed finite
volume described by a single primitive cell of the crystal we expect to find an infinite family
of solutions with discretely spaced eigenvalues. They are labeled by a band index A\ and the
corresponding wave function is denoted by Wy (r).

We define a translation operator Tg acting in the crystal plane that T (r) = W) (r +
R). Note that R is two-dimensional. Since the lattice potential shows the same lattice
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periodicity, the translation operator and the Hamiltonian commute. This implies that any
function obtained by applying the translation operator to an eigenfunction ¥y will also be an
eigenfunction with the same energy as the original one. If we assume that the eigenenergy
ey is [y-fold degenerate, we may choose a set of [\ orthonormal eigenfunctions W% with
k=1,2,...,1) belonging to ). In other words, the [) degenerate functions form basis vectors
of a subspace of the entire Hilbert space of the Hamiltonian. We can therefore construct a
matrix, which executes the effect of the translation operator as [63, 64]

Ix
Tr¥s = 3 WTO(R), (2.4)
k=1

where Eq. (2.4) holds for a one-dimensional translation. The sum includes all ) degenerate
eigenfunctions W% having the same energy ) as W5 with v labelling the degeneracy and
F,(.ﬁ,) (R) is an irreducible representation matrix, which defines the linear combination. We
know that all eigenfunctions of the Hamiltonian with the translation symmetry of the lattice
must transform according to some representation of the group. Since we assume periodic
boundary conditions for the crystal description, the cyclic group of order N is the symmetry
group of the Hamiltonian. IV corresponds to the number of unit cells along one axis forming

the crystal. We can then write for the solutions from the pth representation
UP(r 4+ R) = TRUR (1) = TP=)(R, TP (R, )WR (1) = 2 P=/N 27y /NP () (2.5)

We used that the crystal is periodic within the plane and the well known representation of
the cyclic group T®)(R) = exp(2mip/N) with p = 1,2,..., N [63]. If we introduce the crystal
length L; = R;N with i = {x,y}, relate k; to p; by k; = 27p;/L;, and relabel the function
with equivalent index we obtain

U k(r+ R) = ™, 4 (r), (2.6)

which is the fundamental Bloch condition. We see that both functions just differ by a phase
factor. Consequently, physical quantities such as the probability distribution |¥ )Hk]z are
conserved. Introducing a lattice periodic function uy g (r), the electronic wave function can be
written as Bloch wave function

Uy k(r) = \}Zeik'r' ux k(T) (2.7)

constituting the solution of the Schiodinger equation Eq. (2.3). The normalization constant
carries the unit cell area A. The quantization volume in z-direction is merged into the periodic
lattice function, which includes also the orbital out-of-plane extension often described in
an envelope function approximation [65,66]. We see that the electronic wave function can
be written as a plane wave modulated by a lattice periodic function uy k(r + R) = uy (7).
The Bloch waves are normalized since the periodic functions are orthogonal over a single
unit cell of volume Vo @ (upklux k) = Vucda . Bloch’s theorem follows solely from the
translation symmetry of the crystal, holding true for any particle in a periodic lattice without
any assumption about the strength of the potential. The two-dimensional wave vector k can
be regarded as quantum number of translation. In a broader sense, the wave vector could also
be seen as a crystal momentum. Finally, the electronic state is characterized by the quantum
numbers band and wave vector {\, k}. The corresponding energy levels €y j, vary in k forming
the electronic dispersion. Note that the wave vector lies within the 1st Brillouin zone. Thus,

7



Chapter 2. Exciton dynamics in tr-ARPES

if we consider a vector in the extended zone k + G, the appropriate phase factor in Bloch’s
theorem is

(i(k+G)-R _ ik-R (2.8)

since G - R = 27n, n € N. Similar to the lattice vector R connecting identical sites in real
space, the reciprocal lattice vector G connects identical sites in reciprocal space. To have
further insights into the Bloch function, we can express it in terms of a discrete plane wave
basis, whose wave vectors are the reciprocal lattice vectors of the crystal because the Bloch
function has the same periodicity as the direct lattice. The electronic wave function can then
be expanded in terms of a linear combination of plane waves

Uak(r) = \/12 EG:Q,HG@%(HG)'T' : (2.9)
This approach takes explicitly the extended nature of Bloch waves into account. The coefficients
&\ k+c are obtained from the Schrodinger equation. An advantage of solving the Schrodinger
equation for the coefficients of Eq. (2.9) over solving Eq. (2.3) directly is that the reciprocal
space representation of the kinetic energy is diagonal and the potential can be described in
terms of their Fourier components.

For photoemitted electrons leaving the sample we use the free kinetic energy A2k?/2mg with
free electron mass mg. Correspondingly, the electronic wave function should be describable by
a plane wave. However, for pure plane waves the orthogonality to the material wave functions
would be violeted. One possibilty to overcome this problem is to use orthogonalized plane
waves (OPW) [67-69]. Here, the plane wave is orthogonalized to the bound electronic wave
functions W) () exploiting the Gram-Schmidt procedure:

\Ifkbk(r) = \;Vezk” ethLz _ ; nA,k,kL\PA,k(T) . (2.10)
For the photoemitted electrons, the wave vector is now three-dimensional. We choose
as notation that the out-of-plane component k£, is used additionally as band index for
the unbound states. Then, k still describes a two-dimensional in-plane wave vector. The
band sum runs over all states within the material and ng, xx = (k1,k|¥) k) denotes the
orthogonalization coefficient with the notation (r|k_, k) = exp(ik - r|| + ik, 2)/V/V stemming
from the unorthogonalized plane wave character of the final state.

However, the crystal potential is not perfectly cut at the surface that a plane wave
description can also be to simple. For instance, approximating the final states by plane waves
certain effects such as circular dichroism vanish [70,71]. Alternatively, we construct the final
states, such that they are Bloch states with respect to the in-plane wave vector and obey
time-reversed LEED asymptotic boundary conditions in the out-of-plane direction. A time-
reversed LEED approach is most commonly used in theoretical descriptions of photoemission
spectroscopy [72-75]. LEED stands for low energy electron diffraction and denotes a technique
from surface science. Here, electrons in the energy range from 20-50 eV are sent to the material
surface, where they interact with matter, that a diffraction pattern can be measured. We can
therefore consider in LEED an electron coming from a detector, arriving at the surface, where
they will be reflected and transmitted, matching the free wave function at the surface [76].
Now, considering that state to be time-reversed we obtain a free electron propagating from
the material towards a detector referred to as time-reversed LEED [77,78]. We expand the
final states as

Uy, k(r) = D *TD7TIG La(z). (2.11)
G
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The expansion coefficients in Eq. (2.11) are fixed by [70]

Uy k(r) — ek 4 Z Rgefi(’”g)'r“ (z — o0)
G
Uy, k() — ZTG — ikt Gy (z = —0o0)
G

(2.12)

where Rg and Tg are reflection and transmission coefficients, respectively. This description
of photoemitted electronic waves can be seen in comparison to an electron wave passing a
potential step. At the finite barrier the wave is elastically scattered and diffracted. Such a
behavior is absorbed into the coefficients Rg and T, whereby the potential step corresponds
to the sample surface. The coefficients of the final states Eq. (2.11) are determined by the
Schrodinger equation Eq. (2.3):

n20? Rk +G h2k*  h2k3
> K— 2y Pkt )> dg.qr + VG—G'(Z)] &,k (2) = < + l) Sk kG (2) -

o 2m 2m 2m 2m

(2.13)

Here, we see the earlier discussed diagonality of the kinetic energy and the Fourier transformed
Coulomb potential. It would now be necessary to solve Eq. (2.13) together with the boundary
conditions (2.12), which requires computational expensive methods [79].

2.3 Electronic Hamiltonian

Generally, the modes of the electromagnetic field and a simple harmonic oscillator satisfy the
same classical equations. This fact suggests that it is possible to quantize both in the same
way. By defining annihilation and creation operators for each wave vector k and integrating
over them yields a Hamiltonian for the free theory [80]. This procedure is known as second
quantization. Within this framework the Hilbert space is forwarded to the Fock space. A
direct sum of the Hilbert spaces of n-particle states at each time constitutes the Fock space [81].
We can define field operators, which are constructed from creation and annihilation operators
for each momentum. The second quantized electronic Hamilton operator can be calculated
from a Hamiltonian density, which is a functional of field and their conjugate momenta [80,82].

Knowing the complete set of eigenstates from the stationary single-particle Schrédinger
equation, the electronic field operators can be expanded by

> (T) *
) = 3w e @) (2.14)
Nk

with the single-particle wave function Wy x(r) and the electronic annihilation (creation)

operator )\g)(t). For the sake of readability, we introduce the notation )\,(J) annihilating

(creating) an electron in band A with in-plane wave vector k. The creation and annihilation
operators fulfill the fundamental commutation relations of fermions
] sAN (M ] _—
M Ae] L = o (WA =0 (2.15)
This ensures the antisymmetry of the many-particle wave function and that a state cannot be
occupied by more than one particle.



Chapter 2. Exciton dynamics in tr-ARPES

Free Hamiltonian: With the expansion we obtain the single-particle Hamiltonian in
second quantization

h2v2
Z /dsr \Ij)\k: < om -+ V(’T’)) \II)\/,k,( )Ak k= ZS)\ k:/\k)\k, (216)

P W.N 4 Ak

where we used the orthogonality of the wave functions bringing the Hamiltonian into diagonal
form. The dispersion of the electrons in band A is described by ¢, k.

Carrier-light coupling: On the same footage, we include the interaction of solid state
electrons with an external classical light field. The radiation acts as a source for the investigated
excitation dynamics. Further, we are interested in the description of spectroscopy, which refers
to the study of matter through its interaction with light fields. We will treat the interaction
semi-classically, where the light presents only a time-dependent interaction potential that acts
on the matter. The electric dipole Hamiltonian reads [66, 83]

— > dp EMN, (2.17)
AN kK

The Hamiltonian describes the transition from a band A into the band ), optically induced by
an electric field E(t). The electric field is assumed to propagate perpendicular to the sample.
Consequently, the polarization vector of the incident light is parallel to the sample plane. The
dipole matrix element [84,85] reads formally

dk‘, k/ — e<\II)\7k|'r‘\II>\/7k/> (218)

with elementary charge e. The dipole matrix element describes the strength and selection
rules of the optical transitions. The latter is determined by the crystal symmetry and the
symmetry of the involved initial and final states. In order to derive the used dipole matrix
element, we insert the Bloch wave functions for the bands A and \. Then we substitute
v exp(ik - 7|) = iV exp(ik - ). The integral is shifted into the first unit cell and summed
over all unit cells. A detailed derivation is shown in the appendix A.2. Finally, we obtain the
dipole matrix operator

, \Y NA AN
dk k, = —ie(uy k| ( z: ) Uy k) Op p — 1€0; 1 Vi - (2.19)

Generally throughout this thesis, integrals in this notation involving the periodic lattice
functions wy g (r) or atomic orbitals extend over the 1st Brillouin zone. The first term
describes interband transitions from one band X into a different band A. The second term
is band conserving and specifies therefore intraband transitions, where the gradient acts
onto the creation operator in Eq. (2.17). The intraband term describes an acceleration of
carriers and polarization by the external electric field. The motion of the carriers induces a
macroscopic current, which contributes in addition to the macroscopic polarization to the
optical response [86,87]. The external field of the laser changes the crystal momentum of
electrons according to the acceleration theorem [88]. Usually, exciting light in the near infrared
and of higher excitation energy is used to probe the optical response of a material. Due to
the fast oscillation of the electric fields, the wave vector changes are small compared to the
electronic wave vector [86,89]. Therefore, the optical response is not strongly altered and the
intraband source is usually neglected. Besides restrictions for the band indices, we find also
a selection rule for the wave vectors. In Eq. (2.17) we see that the spatial extension of the
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2.3. Electronic Hamiltonian

€1

Figure 2.1: An atomically-thin material of finite thickness dy with substrate and supstrate
characterized by the dielectric constants €1 and eo, respectively.

electric field is neglected. In more detail, the spatial phase is expanded in orders of r| around
the nuclei position, which yields a series of multipole moments of increasing order [90]. Due to
its dominating contribution only the zeroth order is kept, i.e. exp(iQ - r|) ~ 1 with light wave
vector Q. The underlying reason is that for light in the visible and XUV (here considered up
to 20eV) regime the wavelength A = 27/k is largely smaller than the extension of the unit
cell lying in the range of the lattice constant. Therefore, for the first order holds 7| - Q <'1
compared to the zeroth order. Consequently, the electric field can be considered constant
throughout the unit cell. This explains also why the dipole Hamiltonian is diagonal in the
wave vector and describes only vertical transitions within the Brillouin zone with conserving
wave vector. Inserting the dipole matrix operator into Eq. (2.17) we recognize that the minus
sign cancels.

Carrier-carrier coupling: As third, the interaction between carriers is investigated. In
principle, intra- and interband Coulomb interaction is possible described by

1 NN
H:§ > Vk,k’l,/qy)‘kJrq)‘k’—q’/l/c'Vk (2.20)
PIPN7A74
kK \q

with the Coulomb matrix element [91]

VRN = Vo S (o g €6 ™ 1) (e g gl C My 1) (2.21)
G

To obtain the presented matrix element, we shifted the integrals into the 1st Brillouin zone and
summed over all unit cells. Equation (2.21) describes the probability of a Coulomb-induced
transition between the states (A, k + ¢q) and (N, k' — q) to (v, k) and (¢, k’). The momentum
transfer g corresponds to the distance in momentum space between the interacting carriers.
V4 denotes the Fourier transform of the Coulomb potential. It can be derived by solving the
Poisson equation for a three layer model [92-95], as sketched in Fig. 2.1. While the substrates
are approximately described by dielectric constants [96], the investigated atomically-thin
material is described by a non-local dielectric function [97]. The screened Coulomb potential
reads

n:%. (2.22)
q

11



Chapter 2. Exciton dynamics in tr-ARPES

It constitutes of the bare Coulomb potential [98]

e? 1
Vy= —— (1 — (1 — ¢ olal ) 2.23
"= coadola \~ dofal ( ) (2.23)

with dielectric vacuum permittivity ey and unit cell area A. Vg, corresponds to a quasi two-
dimensional Coulomb potential including the finite thickness dy of the investigated material.
Interestingly, for qdyp < 1 the expression recovers the ideal two-dimensional Coulomb potential
Vy = €%/egA|ql|. In contrast, for gdp > 1 we obtain the three-dimensional Coulomb potential
Vg = €?/epAlq|?. Therefore, the quasi two-dimensional potential interpolates between the
strict two-dimensional and three-dimensional case [99]. The Coulomb potential is statically
screened by the dielectric environment. The corresponding macroscopic dielectric function
€q includes a non-linear wave vector dependence, which is in agreement with ab initio
calculations [98,100-102], and reads [96]

€eq <d0|q| -1+ e*dom)

€qg = — - 2.24
1 do|gleq + 2e1€2 (1 — cosh(dolql)) — €22 (e + €2) sinh(do|q]) (2:24)

with the abbreviation
€q = eg™ (€1 + €2) cosh(do|q|) + (er€2 + (ef]nat)z) sinh(dp|q]) . (2.25)

Here, the dielectric function of the material appears, which includes a non-linear wave vector
dependence instead of being treated locally. It reads [98]

1
L yalf g (e )
Emat_l q%

H 2m0 Epl

6I‘ﬂat — 1+

q (2.26)

and requires the in-plane susceptibility e“mt of the material as well as the plasmon peak energy

E,; associated with the parental bulk material. Additionally, we find a dimensionless fitting
parameter «. For monolayer transition-metal dichalcogenides, which are introduced in the
next section as material, we use o = 1.55 [98]. The Fermi wave number ¢r in Eq. (2.26) is

defined as [96]

1/3

o = e%mo 37r260m0E:3l (2 27)
m2egh? e3h? ' '

Again, we can investigate the limiting case of ideally two-dimensional materials. We apply
dy — 0 together with the assumption of small wave vector, that dgg can be linearized. Then
the dielectric function €4 reduces to the well-known Rytova-Keldysh screening [92, 93]

€1t e€
€=

(1+7olql) (2.28)

with screening length rg.

In this thesis we focus mainly on the long range interaction. Long range interaction is
attributed to transfer of small momenta. This simplifies the matrix element since we can
use ¥ = A and v/ = ) and take G = 0. We treat only carriers located in the vicinity of the
relevant points in the Brillouin zone, corresponding to the high symmetry points. In this case
a locally defined wave vector can be set to approximately zero. Within this low wave number
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approximation, the Bloch functions can be treated perturbatively in g that the intraband
cross-section are close to unity: (uygiqlurk) = 1. Consequently, the intraband Coulomb
matrix element is determined solely by the statically screened quasi-two-dimensional Coulomb
potential.

Carrier-phonon coupling: The last contribution to the electronic material Hamiltonian
includes phonons and their interaction with electrons. The Hamiltonian reads [91]

A
H = Z hQ%b‘}?b% + Z gkiK,k,K)‘]Tc+K)\k ( % + biaK) (2.29)
a,K Aok, K
including the free phonon energy by the first term and the electron-phonon interaction with the
second term. The operators b(Ipa denote phonon annihilation (creation) operators following

bosonic commutation relations:
(b5, bl | =05 [pR 050 =o0. (2.30)

They are characterized by the phonon mode a and a two-dimensional wave vector K. The
phonon dispersion of mode « is described by h)%. We include two acoustic phonons,
namely longitudinal acoustic (LA) and transversal acoustic (TA), and three optical modes,
namely longitudinal (LO), transversal (TO) optical and the optical A; mode. Around
the I'-point, building the center of the Brillouin zone, the optical phonons are treated in
Einstein approximation, i.e. hf)g = h{)* = const. The acoustic phonons are treated in Debye
approximation, i.e. hQ% = hc®|K|, where ¢* denotes the velocity of sound for the given
phonon mode. Zone-edge phonons are treated in Einstein approximation [103—105].

The second contribution to the Hamiltonian describes phonon-induced scattering from
(A k+ K) to (A, k) under wave vector transfer K. Since the phonon energies considered in
this thesis are smaller than the band gap of the materials, the phonon scattering is band
conserving [103-105]. However, we have to distinguish between intravalley scattering and
intervalley scattering between different high symmetry points of the Brillouin zone. The
electron-phonon matrix element corresponds to a change of the self-consistent potential created
from electrons and nuclei, due to a perturbation, whereby the perturbation corresponds to a
phonon [106]. The electron-phonon matrix element reads

RS K kK = \/ mGﬁJm,k,K = mW/\,MKwVK’uA,H (2.31)

with the derivative dVg of the potential between carrier and nuclei due to atomic displacements
associated with a certain phonon mode. The mass density of the unit cell is denoted by p.

We distinguish between two kinds of electron-phonon coupling: polar and non-polar
coupling. The latter is described by a deformation potential interaction. Here, the carriers
interact with the local change in the crystal potential, which is associated with lattice
vibrations [107]. In contrast, for polar coupling mechanisms, such as Frohlich or piezoelectric
coupling, the charged carriers couple to an internal polarization of the lattice stemming
from a displacement field associated with phonons [108]. Acoustic phonons couple equally in
deformation potential and piezoelectric coupling [109]. In contrast the TO and A; phonon
mode couple mainly in deformation potential and the LO couples in Frohlich [103]. We can
split the integral as [103,104,108]

Dp

(GﬁK,k,K)aLC = (GziK,k,K)ac +i (GﬁiK,k,Kif (2.32)
(GﬁK,k,K)Op = (GQiK,k,K>ODpP +1 (GﬁK,k,Ki; ; (2.33)
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where the imaginary unit ensures that the coupling mechanisms are out of phase and do
not interfere [109]. As we will see, important for the exciton-phonon coupling are the signs
of the coupling integrals. However, first-principle calculations yield only the absolute value
of the scattering integrals. Therefore, a more detailed look onto the scattering mechanisms
is necessary. Polar phonon coupling mechanisms, such as Frohlich or piezoelectric, depend
on the charge of the involved carrier, which is involved in the scattering event. Therefore,
the signs of the integrals for valence and conduction band coincide [108]. The signs for the
scattering integrals for deformation potential coupling can be extracted from the direction
of band shifts occuring when the unit cell is deformed by the respective phonon mode [107].
A possible tool are strain measurements or calculations [110-112]. In the case of monolayer
transition-metal dichalcogenides it is found that valence and conduction band deformation
potential coupling elements have different signs. We can write

c/va o c/va DP | .| ~c/va PE

(Gknk) . =G kil + G R sk loe (2.34)
c/va . c/va DP .| ~C/va Fr

(Gk+K,k,K>Op = Gk kklop + UG K kK lop - (2.35)

The deformation potential matrix elements are treated by an analytical model described by
the deformation potential approximation. Here, the matrix element is expanded in orders
of the phonon wave vector, with the zeroth order (Dy) and first order (D;|K|) deformation
potential. Optical phonon interaction and intervalley scattering are treated in zeroth order.
Interaction of acoustic phonons is evaluated in first order [113].

2.4 Photoemission Hamiltonian

So far, we formulated the Hamiltonian for crystal electrons and intrinsic material interactions
such as electron-electron and electron-phonon interaction. The electronic structure within
the thermal energy range around the Fermi level determines a wide range of phenomena. We
can even go that far that the electronic band structure constitutes the macroscopic basis of
the material’s physical properties. For example, we can classify materials in semiconductor,
insulators, and metals depending on their band structure. Also classical properties such as
thermal conductivity or heat capacity are determined by the band structure. Or the materials
optical properties such as if the material is colorful or transparent. Therefore, to understand
and engineer new materials microscopic investigations of the electronic structure are necessary.
When neglecting the spin, two quantities are important for the investigation: energy and wave
vector. Photoelectron spectroscopy is a tool with the possibility to access these quantities.

Photoelectron spectroscopy is a collective term for all spectroscopic techniques exploiting
the photoelectric effect, which was first observed by H. Hertz [114] at the end of the 1880s
and later explained by A. Einstein [115]. When a material is irradiated by light and the
excitation energy is larger than the ionization energy of the material, then an electron,
called photoelectron, is emitted from the sample. The kinetic energy of the photoelectron is
determined by the difference of the light’s excitation energy and the ionization energy of the
material. Therefore, photoelectron spectroscopy is an experimental technique to determine
the relative energies of electrons in atoms, molecules or solids and the measured intensity is
proportional to the electronic density of states [116]. Depending on the source of the ionizing
radiation, photoelectron spectroscopy is divided into ultraviolet and X-ray photoelectron
spectroscopy. The former probes valence, while the latter core electrons.

A highly advanced technique is angle resolved photoemission spectroscopy (ARPES)
[117,118]. When the high-energy light strikes the sample and initiates the photoemission
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process, the photoelectrons leave the sample under a certain angle. The emission angle, which
is measured by a hemispheric detector [26], can be traced back to the initial wave vector

of the photoelectron within the sample. Using the wave vector |k| = |/k2 + szj in spherical

coordinates and the relation k = /2moE/h for the kinetic energy of a free particle, the
relation to the emission angle is

k=+2moEsing/h. (2.36)

Besides the connection of wave vector and emission angle #, we see from Eq. (2.36) that the
magnitude of the measured wave vector depends on the kinetic energy. To access the complete
Brillouin zone with ARPES, it is therefore necessary to use high energy radiation sources
such as extreme ultraviolet (XUV) or X-ray. With the simultaneous measurement of kinetic
energy and wave number the complete quantum state of the electron within the sample is
known. Therefore, not only the electronic band structure but even fingerprints of electronic
correlations are observable, which for example can constitute the basis of superconducting
properties [116,119]. Hence, ARPES is the most direct method to probe valence electrons
in material systems [120-122]. The mean free path of UV photons is on the order of a
few Angstrom [123,124], that ARPES is a surface sensitive method. Equation (2.36) shows
also that only the in-plane momentum can be easily related to the emission angle. Thus,
two-dimensional materials, where electronic states are delocalized in two directions and well
localized in perpendicular direction, are ideal candidates to be investigated by ARPES.

A limitation of ARPES is that the method accesses only the occupied density of states.
An extension of ARPES is time resolved ARPES (tr-ARPES), which adds a time resolution
to the experiment. A common problem of many optical experiments is the indirect nature
of the measurement. In pure optical experiments many possible excitation and relaxation
pathways can contribute to the measured transients, which makes the identification of transfer
and relaxation channels difficult [125]. Tr-ARPES can provide this information in many cases
as it is capable of directly imaging the excited electron dynamics in k-space [125,126].

To describe the photoemission process we formulate now the underlying Hamiltonian.
It consists of the unperturbed vacuum Hamiltonian and the XUV-matter interaction. The
free kinetic energy is described by a manifold of three-dimensional parabolas starting at the
ionization energy of the material. The transition probability of the optical excitation, where a
valence or conduction band electron is elevated by the XUV light to the ionization continuum
is described by the matrix element dzlﬁ = —ie(ur k| V&, k) — te{u kliz|&k, k)€ with the
Cartesian unit vector &,. Born-von Karman plane waves are an orthogonal set of functions.
Since Bloch waves and tr-LEED states fulfill the Born-von Karman condition within the
plane they have to be orthogonal. Since the bound states A can by definition not equal the
ionization continuum, d;kl is a pure interband dipole element without intraband contribution.
For the photoemission we use a XUV excitation energy of 20eV. Also for such soft XUV
light the wave number is comparable small to the electronic wave vector. For example, the
momentum of a zone edge electron is about 1000 times larger than that of a 20eV photon. In
the reduced zone scheme the photoemission transition is therefore wave vector conserving and
can be seen as vertical [127]. Here lies also the reason for the momentum resolution of the
ARPES measurement. The photoemission contribution to the Hamiltonian describing the
emission process of electrons into the ionization continuum initiated by a XUV pulse, reads

H= e, skl ko= > (a3 BOME , +He) . (2.37)
k.k | A={cv},k,k,
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(a) 2700 (b)

Figure 2.2: (a) A sketched top view of a monolayer TMDC with drawn symmetry axes. Blue
dots denote transition-metal and green dots chalcogen atoms. (b) Side view of a monolayer
TMDC displaying the op symmetry. (c) Sketch of the hexagonal Brillouin zones with high
symmetry points and symmetry axis. The first Brillouin zone is highlighted in gold.

Oh

We introduce the fermionic operator kf)k, which acts as band index and perpendicular

momentum and describes creation or annihilation in the three-dimensional ionization states
of the vacuum.

Based on the distinct symmetry properties of the crystal bands certain bands are ruled
out by the photoemission matrix element. The final state continuum wave function should
be symmetric with respect to all mirror planes of the surface. The product of polarization
vector and dipole operator e - r is even if the polarization is parallel to the plane but odd if
the polarization is perpendicular to the plane [128]. Therefore, different polarizations probe
different states. In our case, for a perpendicular irradiation the polarization vector is parallel
to the plane. The material, which we are going to investigate by tr-ARPES are monolayer
transition-metal dichalcogenides.

2.5 Monolayer transition-metal dichalcogenides

2.5.1 Real and reciprocal lattice

Since the exfoliation of graphene from a bulk graphite crystal, many other two-dimensional
materials were identified. A very prominent family of layered two-dimensional materials are
transition-metal dichalcogenides (TMDC). TMDCs are layered materials with general chemical
formula MXs, where M stands for a transition-metal and X for a chalcogen atom. Each
monolayer is composed of a covalently bonded trilayer, consisting of metal atoms sandwiched
by two chalcogen atom sheets. The most widely studied polytypes are the trigonal prismatic
2H-types. Here, two trilayers in a trigonal prismatic coordination (H) are required to form
the bulk primitive unit cell [129]. Adjacent trilayers of the bulk crystal are held together
by weak van der Waals interactions. Especially, semiconducting TMDCs are of significant
interest because their band gap lies in the optical range of the electromagnetic spectrum,
which is favorable for optoelectronic devices [130,131]. The majority of attention focuses on
the molybdenum- and tungsten-based constituents: MoSs, MoSey, WS, and WSes. These
four materials are also the subject of this thesis. As exemplary candidates for their class we
focus on WSey and MoSes.

It has been demonstrated that the band structure drastically changes, when going from bulk
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to monolayer samples: The originally indirect semiconductor turns into a direct semiconductor
making them even more interesting for device applications [3,4]. Such monolayer TMDCs
host many intriguing electronic and physical properties [132].

To access mono- or few-layer structures from bulk crystals an adhesive force of skotch tape
is used, referred to as mechanical cleavage. This method produces large flakes of high quality
with few defects. However, the production rate is low and thickness and size are hard to
control [133]. Therefore, currently intense efforts to grow large-area TMDC monolayers with
low-defects from chemical vapor deposition are performed. Such an industrial manufacturing
is important for future implementation into technological applications [134,135].

The investigated molybdenum- and tungsten-based TMDCs appear in a 2Hc stacking,
where every transition-metal atom is situated on top of two chalcogen atoms. From a top view
the composing atoms of the monolayer TMDC arrange in a hexagonal lattice, as is shown in
Fig. 2.2(a) and (b). The basis vectors of the real two-dimensional lattice are

a1:“20<*{§>, a2:6§<_1/§> (2.38)

and span the planar unit cell, which contains 3 atoms. ag denotes the lattice constant.
From a linear combination of these two vectors we can construct any translation vector R.
The trigonal prismatic geometry gives rise to the crystallographic point group Dgsp. The
included point symmetry operations are the 3-fold Cs rotation, the 2-fold Cs rotation along
the monolayer plane, the horizontal reflection o, with its plane passing the transition-metal
atom, a S3 mirror-rotation, a ¢, vertical reflection plane, and obviously the identity. Figure
2.2 draws the symmetry axes.

The uniquely defined unit cell in reciprocal space is described by

or [ V3 or [ _V3
9= ( ; ) 92= ( ) ) , (2.39)

which fulfill the necessary condition: a;-g; = 2md;;. Similar to real space, we find a hexagonal
structure of the 1st Brillouin zone in momentum space, which is sketched in Fig. 2.2(c)
together with the reciprocal high-symmetry points. At the center lies the I'-point, while at
the edges are the K4 and K_ points. Monolayer TMDCs show at the zone edged K4 and K_
points an advantageous direct band gap, forming the optical relevant points in the lattice.
This situation is different compared to the classical III-V or II-IV semiconductors, such as
GaAs, where the optical band gap lies at the I'-point [136].

The K, and K_ points are connected by time-reversal symmetry. We can define a time-
reversal operator that 7W(r) = U*(r) holds. This action can be verified by inserting the time
evolution operator for 7. Inserting a Bloch wave we obtain the identity TV (r) = ¥_g(r) =
Uy (7). Investigating the action at the K point, i.e. k = K, we see that time-reversal
symmetry ensures a valley degeneracy since 7 flips the Bloch factor as (e +71)* = ¢ K57
and swaps therefore the eigenstates at K; and K_ [137]. This follows from the fact that the
K4 and K_ coordinates are related by a sign change. If we include the spin the time-reversal
operator needs to be redefined as 7o, with the Pauli spin operator o, to ensure time-reversal
symmetry of the Hamiltonian Eq. (2.3) [138]. Now, not only k — —k but also the spin s — —s
is exchanged under time-reversal operation, i.e. TWy p4(r) = ¥y _g () with time-reversal

17



Chapter 2. Exciton dynamics in tr-ARPES

conjugate states Fy i+ = E) _i| . We obtain at the K, point

T\IJ)\,ICT = T(CiK+.T|luA,K+,T ( é >> — e*iK«k-'r‘” (iUK’_KZF’T ( 2 ))

— 6iK7'T||UA7_K\L < (i ) , (240)

which is the Bloch state at K_ with spin s =| and the corresponding energy E) x .+ = Ex k_|.
We see that wave functions connected by conjugation have the same energy, namely the
spin-up state in the K, valley and the corresponding spin-down in the K_ valley have the
same energy. Important for this relation is the lack of inversion symmetry Ky = E) _g,
present in monolayer TMDCs, which would restore the two-fold spin degeneracy. Therefore,
the absence of the inversion symmetry in monolayer TMDCs is of essential importance for the
rich coupled spin-valley physics of monolayer TMDCs [12,138,139]. The band splitting by the
intrinsic spin-orbit coupling is lifted at the time-reversal invariant points M and I' [140]. The
M point is situated between the K, and K_ points and finally we introduce the AL points,
which lie between the I" and the K4 points, cf. Fig. 2.2(c). It is found that the spin-orbit
coupling splits the conduction band by a few tens of meV. But in contrast, the valence band
splitting is about a few hundred meV [140]. This can be traced back to the orbital composition
of the bands. Ab initio calculations reveal that the bands around the Fermi level are formed
predominately by d orbitals of the heavy transition-metal atoms. Around the K4 points the
valence bands are mainly formed by the linear combination d,2_,2 & id;,. The conduction
band is constituted by the d,» orbital [141,142]. At the K4 points not all symmetries of
the lattice are preserved, cf. Fig. 2.2(c). Here, only the three-fold rotational symmetry
axis (C3) and the horizontal mirror plane (o3) are valid symmetry operations. For the d 2
orbital, constituting the conduction band, when rotated around at the lattice site no phase
contribution occurs since the d,2 orbital has no azimuthal phase. In contrast, for the valence
band the atomic orbitals themself induce an orbital angular momentum since they exhibit an
azimuthal phase winding around the transition-metal nuclei. This large, and at the nuclei
localized, angular momentum originates the large spin-orbit splitting [143]. To describe the full
microscopic character of the electronic wave functions and the electronic dispersion also the
minor contribution of the chalcogen p orbitals needs to be included. However, their influence
on the symmetry of the wave functions is negligible [143]. This rich orbital contribution to
the relevant bands makes a construction of a tight binding model, valid in the whole Brillouin
zone, a cumbersome task. Here, we apply an effective mass approximation and treat the band
structure as parabolas around each high symmetry point. The parabolic approximation is
valid up to 300 meV [6,103] and reads for the bands A = {¢,v}
h’k* | Eg

+ =<, (2.41)

By =+
M T oms T 2

The effective masses of valence and conduction bands are denoted by m) and E¢q corresponds
to the band gap. An exemplary electronic TMDC dispersion is sketched in Fig. 2.3. Since the
spin plays only a minor role in the investigated scenarios, we will focus on the spin up bands.

2.5.2 Selection rules

Now that we have defined the orbital basis functions and investigated the TMDC crystal
symmetries we can revisit the previously formally formulated matrix elements. For the optical
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Figure 2.3: TMDC dispersion in effective mass approximation. For a complete picture of
monolayer TMDCs, the spin bands are included.

) (

valence-conduction band transition we know that the periodic Bloch factor wuy g (r), involving
the periodic sequence of atomic orbitals, transforms according to the point group Csp at the
K4 points. Thus, the Bloch functions at the Brillouin zone edges are eigenstates of the Cs
operator, which describes a 27/3 rotation with eigenvalue exp(i27wmy/3). For the bands hold
me = 0 and m, = +2 due to the d 2 and d 2_,2 & idy, contribution, respectively. The dipole
matrix element transforms upon two cancelling rotations as [144]

27

rluck) = <uv7k|C’3_IC’3ng_103\ucyk> = e_i?(m”_mchl)(uv,k\r]uqk) . (2.42)

<uv,k

We used that the C3 operator, acting on the dipole operator, induces a phase exp(i27wm/3)
with m = +1 for circular polarized light o1 and m = 0 for linear polarized light. For a
possible transition the matrix element should not change since we inserted a one. Therefore,
we find the condition (m, —m. F 1)mod3 = 0. We see immediately that the K point is only
excited by oy light and the K_ point only by o_. Furthermore, we see that the transition in
the respective valley does only occur if (u, k|r|uck) # 0, i.e. the integral must be even. In
other words: The product of irreducible representation I';; ® I', @ I'. must contain the fully
symmetric representation [138]. At the K+ points the d,2_,» & id,, hybridized orbital of the
valence band transforms according to the irreducible representation E’ and the dipole vector
according to E’+A”. With the help of the reduction formula for I", ® I, we can check that
the optical transition is allowed into final states with irreducible representation A’ (and A”),
having the d,» orbital as basis function. Therefore, the investigated optical transition from
highest valence band into lowest conduction band is dipole allowed. A detailed derivation is
given in the appendix A.1.

In a similar way, we can investigate the photoemission selection rules from the relevant high
symmetry points Ky and AL. For the final states we know that they should be symmetric with
respect to all mirror planes of the surface [145-147]. We find that the final state transforms
according to A’ and E’. We can then check for the perpendicular excitation geometry with
in-plane parallel polarization that transitions from valence and conduction band are dipole
allowed. A similar result can be obtained for the A4, which are associated with the point
group Cip. The appendix A.1 shows the derivation for the TMDC photoemission selection
rules.

We introduced monolayer TMDCs, their electronic dispersion and the electronic optical
selections. But the low excitation properties of monolayer TMDCs are determined by excitons.
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2.6 Excitons

2.6.1 Excitonic Bloch equations

The two-dimensional character of atomically-thin materials entail among others also a weak
dielectric screening. Therefore, the semiconducting monolayer transition-metal dichalcogenides
exhibit an enhanced Coulomb interaction, which gives rise to strongly bound electron-hole
pairs or excitons [10]. These quasi-particles dominate the optical properties of monolayer
TMDCs [3]. In the following we are going to investigate Coulomb-correlated electron-hole
pairs in terms of the semiconductor Bloch equations. Due to the incredible importance of
excitons in the linear and perturbatively nonlinear limit over quasi-free electrons or exciton
plasmas an excitonic description of these two-body quasi-particles is desirable [91,148,149].
To investigate excitons, we start from the interband transition defined as

Pheo ke = DR ko = Vb, O, - (2.43)

For the interband transitions we assume near-resonant excitation conditions. Therefore, for a
better readability the band indices are dropped, cf. Eq. (2.43). Within a Heisenberg equation
of motion formalism we derive the semiconductor Bloch equation for the interband transition.
From the Hamiltonian defined in Sec. 2.3 we obtain

. d cv ve .
Zhapk = (e — €ok) Pk + (fox — fer) (th t-> Vi Pk+q> +ih0ipglcon  (2.44)
q

for the microscopic polarization py = (v;fcck>. The first term, referred to as gap dispersion,
describes the oscillation of the interband transition, or microscopic polarization, and corre-
sponds to the difference between the single-particle energies. The second term corresponds
to the source term stemming from the exciting light. We see that the optical transition
is driven by the valence band occupation and blocked by the conduction band occupation,
which corresponds to Pauli-blocking [150]. As already discussed in Sec. 2.3 the optically
induced transition is wave vector conserving. Consequently, also the valley is conserved. For
monolayer TMDCs this implies that electron and hole are, depending on the polarization
of the electric field, either both at the K, or K_ point. The Rabi-frequency is defined as
QF = dj’ - E(t)/h. Finally, we included to the derivation also Coulomb interaction. When
incorporating many-body interaction to a single-particle element such as pg this leads to a cou-
pling to higher-order terms. They describe the correlation between the carriers. Troublesome
is that we obtain an infinite hierarchy of equations with increasing number of carriers. To
close the arising set of equations, the infinite hierarchy needs to be systematically truncated,
which is achieved by the correlation expansion [151-153]. In case of Coulomb interaction the
factorization of the obtained 4-operator quantity is called Hartree-Fock factorization. The
energy renormalizing terms are absorbed into the single-particle energies ey ;. Additionally,
we find the last term of Eq. (2.44), which describes a Coulomb-induced renormalization of the
Rabi-frequency. It can be interpreted as local field contribution and gives rise to the formation
of excitons. The correlated part of the factorization gives rise to many-body interaction [154]
and scattering-induced dephasing [155], and is schematically included in 9;pg|con. At this point
electron-phonon interaction is neglected. Note, that the wave vector k is defined throughout
the Brillouin zone and addresses implicitly the different valleys.

So far the equation of motion is expressed in the electron-hole pair picture. We see that the
Coulomb interaction couples every wave vector to all other wave vectors making a numerical
treatment fairly difficult. To circumvent this problem we transform from the electron-hole
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(a) with spin at K (b) spin up exciton dispersion
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Figure 2.4: (a) Electron-hole band structure with spin up and down at the K points and the
possible electron-hole pairs. (b) Corresponding exciton band structure. Blue dashed denotes
the molybdenum-based TMDCs and violet solid tungsten-based TMDCs. In the former
materials the ['-exciton forms the global minimum and in the latter the momentum-indirect
states are energetically more favorable.

pair into the exciton picture. The transformation is achieved by performing a coordinate
transformation. Since we need to treat a two-body system, we define

q=aky,+ Pk, and Q=k.—k, (2.45)

as relative ¢ and center-of-mass momentum . The mass factors are defined as ratios of
electron or hole mass to the excitonic mass according to

a=—— and f=——-—. (2.46)

With the transformation, the pair operators carry relative and center-of-mass momentum. By
projecting the pair operators onto a complete basis relative and center-of-mass motion can be
separated. Denoting the pair operator in exciton basis by Py g we can write

FPoq = Z uabuq - (2.47)
n

By these means, the exciton depends solely on the center-of-mass momentum. As basis
function we choose the exciton wave function ¢, 4, which determines the relative motion of
the exciton of state p. They are obtained as solution of the Wannier equation. In the linear
limit, i.e. neglecting Pauli blocking, it reads [91,156,157]

h2q2

S Pma = 2 Vi uark = Efuq- (2.48)
k

The first term describes the kinetic energy with reduced exciton mass m. The second term
takes into account the electron-hole intraband Coulomb interaction, which gives rise to the
exciton binding. Besides the exciton wave function as eigenfunction we obtain also the
corresponding exciton binding energy E', with exciton quantum number y as eigenvalue. The
Wannier equation depends on the electron and hole valleys and can be applied to all kinds of
excitons possible in a complex multivalley band structure. We can transform the electronic
dispersion with electron-hole pairs into an excitonic dispersion as is sketched in Fig. 2.4.
Excitons with electron and hole at the K (or K_) points form the excitonic I" point since
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it includes the vanishing center-of-mass momentum Q. I' excitons with electron and hole of
spin up form the A exciton. The spin down exciton is referred to as B exciton. Since we
focus on spin up (A exciton is the energetically lowest lying), and if not other stated, we drop
the A and just write exciton. Additionally, also momentum indirect excitons are possible
such as Ay excitons, where the hole is at the K, point and the electron at the AL point
or K excitons with hole at the K, and electron at the K_ point. An alternative labeling
of excitons is Ky Ky, Ky A4, or KL K_ depending where the electron is situated. Generally,
the K is exchangeable by K_, which yields the same excitonic configurations. To reduce
the clumsy notation we drop the plus sign K; — K when addressing the excitonic states.
Interestingly, when numerically solving the Wannier equation, we find that I' excitons form the
global minimum for molybdenum-based TMDCs but momentum-indirect A and K excitons
are energetically more favorable in tungsten-based TMDCs, cf. Fig. 2.4(b). The equation of
motion for the exciton in the limit of negligible Pauli blocking reads

ih%PH’Q =FE,qQPuq+ hQu(t) 0g,0 + iﬁatP%QL:OH . (2.49)
Compared to Eq. (2.44), the equation of motion is now in a diagonal form and corresponds to
a simple driven harmonic oscillator with the exciton kinetic energy E, g = Q% /2M + E,,
where M = my, + m, denotes the exciton mass and E, = Eg + E'% the exciton energy.
The driving term is the excitonic Rabi frequency Q,(t) = 3>, ¢}, 4%’ We see that only
excitons with vanishing center-of-mass momentum can be excited, which corresponds to
vertical transitions at the K4 points in the electronic picture.

We have discussed the complex quasi-particle band structure. But, because of the optical
selection rules, the excitons in Eq. (2.49) are restricted to the optically active I' excitons within
the light cone. The possibility for the formation of momentum-indirect excitons is given by
exciton-phonon interaction, which is included in Eq. (2.49) only schematically by 0y P, q|col-
In the following, exciton-phonon interaction is briefly investigated. Therefore, we include
electron-phonon interaction to the semiconductor Bloch equation Eq. (2.44) and transform
the additional contribution into the exciton picture. The exciton-phonon contribution to the
excitonic Bloch equation reads

L d .
Z}:L%P#,Qbhon = 9k (Sﬁ/,Q_K,K + Sz’,Q—K,—K) : (2.50)
a, K

(~)
We find that the exciton transition couples to the phonon-assisted transitions SS9 g_k x =

P ,_ p% . The sum over the phonon quantum numbers include not only intra- but also
uw,Q-K"K
intervalley scattering of excitons. Important is that the hole scattering can be neglected
due to a large energetic separation of excitonic states, which are addressable by intervalley

scattering of holes. The exciton-phonon matrix element is defined as

I K =D (cpz,qgié“w,wm{ - wZ,qg%“waq—aK) : (2.51)
q

Here, we see the earlier claimed substraction of conduction and valence band electron-
phonon matrix element. For electrons and holes with similar effective mass the form factors,
constituting of the product of the exciton wave functions, are comparable. As consequence,
the exciton-phonon interaction vanishes if the electronic matrix elements have equivalent sign
and add up for opposite sign. The phonon-assisted transitions are coupling back to the exciton
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transition via the phonon population n%, which is treated in bath approximation:

_d .
ih - Spiq i = (Buq +h0%50) Siiq i + Y (95w —xcPv.@ric ) (14 ) + ih9,Sj g seloon

w
(2.52)
d . _ o
Zh% z,Q»K = (Elqu — hQ?{) Sz,QJ{ + Z (gﬁ{/l/,*KP//aQ"FK) n%( + ZhatsQO7K|C0]] . (253)
w

The first equation describes phonon emission while the second equation describes phonon
absorption. The phonon-assisted transitions can be solved in a Markov approximation.
As consequence we find a self-consistent expression for the non-radiative phonon-induced
dephasing, determining the exciton coherence lifetime [158]. In contrast, solving the phonon-
assisted transitions by Fourier transformation leads to a complex and frequency-dependent
self-energy of the excitonic transition. The real part describes a red-shift of the exciton
resonance, referred to as polaron shift. The frequency-dependent imaginary part of the
self-energy leads to an asymmetric lineshape of the absorption line, which can be attributed
to phonon sidebands [159-162].

By investigating only the optically prepared exciton transition with vanishing center-of-
mass momentum we considered only the coherent limit. The quantity |P,q=o|* is called
coherent exciton. Due to exciton-phonon interaction the coherent excitons decay and form
the source of incoherent excitons N, g = 5<PJ,QPM7Q>’ where the § denotes the correlated
quantity. The equation of motion reads

d

maN#vQ =2 Z G K S [(SZ?Q,KPMCQ—K + S:?Q,—KPM’,Q—K”
who K
+2i Y g xSm (O go-x.x + O go-x-x)| - (2.54)
who K

We see that the phonon-assisted decay of the coherent excitons (first line) are the source
of the incoherent excitons with finite center-of-mass momentum. The formed incoherent
excitons can then scatter with phonons. The second line describes exactly the process of
exciton relaxation and thermalization. The mediating quantities are the phonon-assisted

(~)
densities O, @.0-K,K = 5<PJ,QP;/ 0 Kb(IpO‘>. Deriving equations of motions for the phonon-

assisted densities and by inserting their Born-Markov solutions together with the Born-Markov
solutions for the phonon-assisted polarizations we obtain an excitonic Boltzmann equation.
The numerical solution was performed by Malte Selig and published in reference [163].

The incoherent excitons are also the source of photoluminescence — excitonic recombination
under photon emission. In the coherent limit we briefly discussed that the coupling of exciton
coherence to the phonon-assisted coherence gives rise to phonon sidebands in linear absorption.
In comparable matter, the coupling of exciton density to the phonon-assisted density via an
exciton-phonon-photon correlation gives rise to phonon sidepeaks in the luminescence spectra,
which are discussed in detail in reference [164].

2.6.2 Self-consistent Maxwell-excitonic Bloch equations

The easiest method to investigate excitons is a linear absorption measurement. The absorption
of a material is determined by its reflection and transmission regarding the irradiating light.
Obviously, the excitation triggers a response of the material, which influences the light
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waves [156]. To obtain a self-consistent coupling between light and material, we need to couple
the excitonic Bloch equations with the Maxwell equations. From the coupling, we can derive
an expression for the absorption coefficient and identify the radiative dephasing of the exciton.
For a normal incidence of the exciting light, the field varies only in propagation direction and
the polarization is orthogonal to the z-axis. As consequence, the in-plane divergence of the
electric field vanishes and we can use the one-dimensional wave equation [156,165]
2 2 2

;ZQE(z,t) - S E(z1) = —,uoaaﬁP(z,t). (2.55)
We assume a constant uniform background refraction index n. The vacuum speed of light
and the vacuum magnetic permeability are denoted by ¢ and g, respectively. The source of
the wave equation corresponds to the macroscopic polarization P(z,t). The solution of the
wave equation reads [65,166,167]

c 0

E(z,t) = Eo(2,t) — po——=P 2.

(50 = Bole) oy Pl| (2:56)
The incoming light is divided into reflected and transmitted part

En(at) = — -2 p(u) 2 <0 (2.57)

ey M02n Ou u=t—|nz|/c - ‘
Br(,t) = Bo(2.1) — o2 P(u) >0 (2.58)

T\%,1) = LolZ, Ho on 9u z V. .

u=t—|nz|/c

The excitation geometry is sketched in Fig. 2.5(a). Already at this level, we see that the
reflected and transmitted light are influenced by the material response. The equations can be
solved by Fourier transformation. Assuming an infinite thin sample at z = 0 the electric fields
read

Er(w) = i,uoiwp(w) , (2.59)
Er(w) = Eo(w) + in%wP(w) . (2.60)

The derived expressions hold for linear and nonlinear excitation conditions. In linear optics the
field is directly proportional to the electric field at the materials position: P(w) = eox(w)Er(w)
with the scalar susceptibility x(w). Combining the definition of the linear polarization with
the calculated electric fields we can derive the self-consistent reflected and transmitted fields

) = X)) o
Bl = X ) 26)
Brlw) = — Byw). (2.62)

C 1—igex(w)

The transmission and reflection coefficients can now easily be calculated from the definitions
t(w) = |Er(w)/Eo(w)|? and r(w) = |Er(w)/Eo(w)|?, respectively [65]. On the other side, we
can also calculate the frequency-dependent self-consistent absorption coefficient [166], which
reads

a(w) = 1= r(w) — t(w) = —peomX(w))

= e 0 7L 2.63
1= i y@)P (2.63)
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Figure 2.5: (a) Perpendicular irradiation of a sample with the electric field Ey(z,t). The light
is reflected (Eg(z,t)) and transmitted (Ep(z,t)) alternated by the response of the material.
(b) A exciton series of the WSes exciton. Clearly observable is the 1s to 3s exciton and the
continuum starting at the band gap.

The absorption coefficient is determined by the imaginary part of the susceptibility. The
denominator is renormalizing the absorption due to the radiation coupling in the sample. The
denominator gains importance with increasing radiation coupling [166].

A second quantity, which we obtain from the coupling of Maxwell’s equations and the
excitonic Bloch equations is the radiative lifetime of the exciton. As discussed, the source of
the wave equation is the macroscopic polarization, which is determined by the microscopic
polarization P(w) = 3°, d,P,(w) with excitonic dipole element d,,. On this level, we can
combine the Maxwell equations and the excitonic Bloch equations. By plugging the electric
field together with the definition of the macroscopic polarization into the Fourier transformed
excitonic Bloch equation Eq. (2.49) for a fixed exciton number p we obtain

W

duPN(w)> . (2.64)

RoPul) = BuPu(w) + - (Bofw) + i

From the above equation we can identify the radiative dephasing [158]

w

Yrad = ‘d#|2 ) (265)

2ncep
which is determined by the square of the excitonic dipole matrix element satisfying Fermi’s
golden rule.

Figure 2.5(b) displays the absorption spectrum of WSes for the A excitons broadened
by a radiativ and non-radiative dephasing [158]. We observe a s-like Rydberg series. The
strongest bound 1s exciton exhibits also the highest oscillator strength, which is decreasing
with increasing exciton number. At last, the spectrum enters the continuum. The energy
difference between 1s peak and the start of the continuum marks the band gap.

2.7 Excitons in tr-ARPES

2.7.1 Excitonic tr-ARPES theory

As already introduced, photoemission spectroscopy accesses only the occupied density of
states. To access excited states and add a time resolution, a pump process is preceding the
photoemitting XUV pulse. Typically, in tr-ARPES, the excitation energy of the pump pulse
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corresponds to the band gap energy or slightly larger. This injects a non-equilibrium carrier
distribution in the unoccupied conduction band, which then can be accessed by the probe
pulse. By varying the time delay between pump and probe pulse the dynamics of the excited
carriers can be traced directly in momentum space [126]. Two-dimensional semiconductors,
such as monolayer transition-metal dichalcogenides, exhibit strongly bound excitons, which
dominate the optical properties of these materials. Consequently, we want to address the
question, whether excitons do appear in time-resolved ARPES. In this case, the power of
tr-ARPES would even increase, since it could not only access quasi-free electrons but also
correlated two-particle states and image directly the excitonic Brillouin zone.

The time-resolved photoemission signal is proportional to the total number of electrons
per solid angle and energy interval [168,169]

de:(E7T)

(2.66)
where 7 denotes the time delay between pump and probe pulse. J. K. Freericks and coworkers
derived an expression for the photoemission signal solely exploiting the sudden approximation
[170]. This approximation assumes that the photoelectrons do not interact with the sample
anymore. J. K. Freericks et al. find that the signal depends on the matrix element and the
one-particle lesser Green’s function of the photoelectrons. Therefore, we use the Heisenberg
equation of motion to develop a microscopic description of the time and momentum resolved
photoemitted vacuum electron distribution f; x = (k:TL kk | ) [171,172]. Assuming that the
photodetector collects all emitted photoelectrons, we define the tr-ARPES signal as

Ty, (7) = Jim / dt' By fi, w(t'7). (2.67)

The equation of motion of the vacuum electron occupation reads
d
Tfi e = —29m (S P gpfsepius) (2.68)

We find that the sources of the vacuum electrons are the photoemission amplitudes of valence
and conduction band with the corresponding Rabi frequencies szﬁ“ = dvklf“ - E(t)/h
and QZ]“&C = dzkigc - E(t)/h, respectively. The photoemission amplitudes are defined as
PRt — ik Yy and PO = (¢f*k | ). For easier insights into the equations with
respect to the corﬁplex quasi-particle band structure of monolayer TMDCs and the origin of
the photoemission, we include at this point a valley index &) to the fermionic operators. This
quantum number indicates the valley location of the electron and k is then defined locally
around the corresponding valley. The total wave vector is given by &, + k.

Because of the sharp excitation pulse, we can perform a rotating wave approximation for
the photoemission amplitudes

BRR () = PR (e it (2.69)

and split off the the rapid carrier frequency pulse oscillation from the XUV pulse. The quantity
=AMk . . . . . .
P}~ is now a slowly varying envelope. In the following all equations are presented in rotating
wave approximation and for the sake of readability the tilde is dropped.

In Eq. (2.68) the vacuum population is determined by the photoemission of uncorrelated
valence and conduction band electrons. The procedure to take into account the electron-hole
Coulomb coupling for the electrons is based on the unit operator method. This formalism was
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2.7. Excitons in tr-ARPES

originally introduced by A. L. Ivanov and H. Haug to describe exciton-exciton scattering. They
suggested a transcription to transfer electron operators to electron-hole pair operators [149,173].
Exploiting the completeness relation of the Fock space [149,173-175] we define a unit operator

1=[0)(0] + > v ol + S elfedie + S0 v |0y (0l
v,k Eerke §c,£u,kc,ku
f&ey Tée oo e €oy T§u Tﬁv
+ 2 auall0lezal £ >0 v vk 00O Ry
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> e 0Ol ok + Onxak ) (2.70)
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where nx denotes the pair (surface) density and ax the exciton Bohr radius. The conventional
semiconductor ground state |0) consists of a completely filled valence and empty conduction

band. The expansion of c,chk Lk in Eq. (2.68) yields

CT£C ’ Z CT{C );:v ’0> <O|UT£U
§v>k’0
1
T3 > v e v J0)0[oy 22 v g + O(nak)* . (2.71)
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Note that the expansion has to be performed on the operator level before taking the expectation
values. From this procedure the conduction band electron operators are expressed uniquely by
electron-hole pair operators. Since we consider a weak optical excitation below the free-particle
band gap of an undoped semiconductor only the second contributions to the unit operator
needs to be taken into account, which yields the first term of Eq. (2.71). However, to illustrate
the method and its power we display also the second order, which stems from the eighth term
in Eq. (2.70). In the next step, we need to replace the projection operator. From Eq. (2.70)
we obtain |0)(0] = 1 —37¢ ¢ k. k. c,];icv,ﬁ“ |0><O|UT§” e —|—(9(na )2. At this point, the projection
operator still depends on itself. Therefore, we 1nsert the expression infinitely often into itself
and obtain

|0)(0] =1 — Z czicv,%; (]1 + (’)(na?x)) U,tsvcic (2.72)
5U?£C7kv7kc

By combining Eq. (2.71) and Eq. (2.72), we find the final expression of the electron
photoemission amplitude in terms of electron-hole pairs:

Sk = 30 ol ofion,

Evakv
1
-3 Z c;rfcvizl CECCQ vi? v;fj” Cicf v,];ivl kig+O(nak)®. (2.73)
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Since we restrict ourself to the low excitation regime only the first term is relevant and the
second contribution neglected from now on. In a similar way we expand the valence band

electrons in v,Tf” k| of Eq. (2.68), which yields in lowest order

Tiv 1&v Tée fc TEu 1w &e TEC
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Chapter 2. Exciton dynamics in tr-ARPES

Here, the situation is different. We find that the electron-hole Coulomb interaction leads
to corrections of U}Lf“ k| - Due to the weak excitation the valence band occupation satisfies

fg”k ~ 1 for all investigated scenarios. As consequence the term U,Tf” k| 4 is dominating
co&npared to the many-body correction justifying the neglect of the Coulomb correction to
the valence band electrons. To treat the quantum mechanical hierarchy problem arising from
the many-particle interaction we exploit the cluster expansion scheme [151-153].

In the lowest order the equation of motion Eq. (2.68) becomes

d
&fkl,k = —928m szj_fv PI':kJ_é-v QCkJ_fc *gvchUkJ_fv Ems + Z QCkLEC(S<pL§:icPZfL§v>
&v kv
(2.75)

The first term describes photoemission of the filled valence band. The second and third term
stems from the photoemission amplitude of the conduction band electrons. In the former
we identify the interband transition p;‘; ”&, which couples to the photoemission amplitude of
valence band electrons. The interband transition is driven by the VIS pump laser and strongly
off-resonant to the XUV pulse. Therefore, the valence-conduction band transition is written
in rotating wave approximation with decoupled fast oscillation with frequency of the exciting
pump laser pulse €,;5/h. The last term corresponds to the Coulomb-correlated photoemission.

First we turn our attention to the kinetics of the photoemission amplitude of valence band
electrons:

d
Zh%szLﬁv = (5]“_7]6 — Eka — 6337“,) kaLgv + ih@tP,:kL&’ ’coll

+ RS £y RO Sepiyte eimevist, (2.76)

The free oscillation carries the kinetic energy of the photoelectron, the valence band dispersion
and the excitation energy of the XUV pulse. The second term summarizes higher-order
correlations from electron-electron and electron-phonon interaction, which lead to a dephasing
of the transition. The last two terms are the sources. First of all, the transition is driven by
the valence band occupation but couples also to the interband transition both mediated by
the XUV pulse.

The correlated photoemission reads

d v C k v v v c vsce k v
Zhd 5( 7€ i ]’:vi_g > = (5kl,k +€’L§),kv —557,6 Ek _5551“)) 5<p;§v,£ PU 1€ >

+ zh(‘)ﬂi( Jr&)&PU]“'&}HCOH
oo (G Evée kit
+ Z VCU& ¢ (f Jko+q fc k+q) <plT€u+q k+qP’1€)vl >
n m;]zlcgc 5<p’fc§vicp§:vgc> (2.77)

Again, we find a free oscillation with the single-particle energies and a collision term simulating
a dephasing. The attractive Coulomb interaction attacks the electron-hole pair constituting
the photoemission transition (third line), which is optically driven by the interband Coulomb
correlations (last line). Generally, the vacuum occupation is assumed to be small compared
to the valence band and electron-hole occupations and therefore neglected as Pauli-blocking
factor, which was also done in Eq. (2.76).
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2.7. Excitons in tr-ARPES

(a) (b)

EIon PI::Ck‘L XUV

Figure 2.6: (a) Sketch of the possible transitions in tr-ARPES for a two-band semiconductor
with an excitonic state (grey dashed). The VIS pump pulse excites an excitonic transition
and the XUV probe pulse can photoemit either valence or conduction band electrons. (b)
Photoemission sketch from a complex excitonic band structure. The optically excited excitonic
transition in the light cone decay into incoherent I' excitons due to intravalley phonon
scattering. Additionally, also intervalley phonon scattering is possible leading to momentum
indirect excitons with electron and hole at different high symmetry points. The XUV pulse
can photoemit electrons, which are bound into I' excitons but also electrons, which form the
momentum-indirect intervalley excitons. Figure is similarly published in Ref. [125]

Transforming to the exciton picture, we find an expression for the photoemission signal
Eq. (2.75)

d kL€ pukLEs ko pr€ube pokLés kLo o) pleute pokite
T Ph = —20m [ QRS BIRS 4 B QURST IR R Y g0 (P PG
I

Hk,Q
1,¢0,Q
(2.78)
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with the coupling elements Q77" = Q> p ~>e i and € 56 = O SDMk_ang-

Within the low excitation limit, we find three different sources for the photoemission signal.
Obviously, we find the photoemission of valence band electrons contributing to the
photoemission signal. It will lead to an image of the occupied valence band. In term two
we identify the exciton transition with vanishing center-of-mass momentum, described by
Eq. (2.49), which couples to the photoemission amplitude of valence band electrons. Since
the exciton transition is restricted to the K4 points, the second term will only contribute at
these high symmetry points to the tr-ARPES signal. The corresponding matrix element is
determined by the exciton wave function and carries a rapidly oscillating phase stemming from
the pump-driven transition. And finally, the last term can be identified as exciton-assisted
photoemission including a finite center-of-mass momentum. The latter is described by

y d vee k v v vse vSe k v
LB PIG P = (e — o5 — B — o) SPISEPA)

. ~k vse vse
+ 00 (P PEE ™ ean + 1Y G NS (2.79)
A
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Chapter 2. Exciton dynamics in tr-ARPES

k Cﬁvé“ k c vse vse
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energy explicitly appears. Further the exmton assisted photoemission is directly driven by
incoherent excitons. We can therefore expect that the information on the bound TMDC
excitons and their incoherent scattering dynamics is encoded in this quantity. Finally, we give
also the photoemission amplitude for valence band electrons in exciton basis:

We see that in the gap dispersion the exciton

d k., g kibo | ki
zhdtP,: Lo (&u,k — ¢t e~ Emw) P 4 im0y P con

I thLUEUf +h Z Qkic£c+P£”£C(5£c7Ki (2.80)
H€e

with Qﬁfkcéd = Qi’lc&c (pfﬁic emevist, We see that the second source with appearing exciton
transition is counter-rotating to the second contribution of the tr-ARPES signal Eq. (2.78).
Consequently, source two of the tr-ARPES signal is slowly oscillating and contributes to
the signal. Figure 2.6 (a) displays a sketch of the tr-ARPES transitions for a two-band
semiconductor, for example by restricting the Brillouin zone to the K, point. The sketch
shows the possible induced optical transitions namely the below band gap interband transition
and the photoemission amplitudes from two-dimensional electronic states into the three-
dimensional ionization continuum. Figure 2.6(b) transforms into the excitonic picture and
extends to a multivalley situation. Excitons are optically injected in the light cone. Subsequent
exciton-phonon interaction leads to a transfer to incoherent excitons with finite center-of-mass
momentum, which form the source of the correlated photoemission amplitude Eq. (2.79).

2.7.2 Exciton dynamics in tr-ARPES

In the following, we investigate in detail the material WSes as exemplary material for tungsten-
based TMDCs. Afterwards, we compare with MoSe, representing the molybdenum-based
TMDCs. We focus on the 1s exciton justified by the large energetic 1s-2s separation compared
to the thermal energy. In terms of equations, the exciton number can be dropped. While the
pump pulse is chosen to excite resonantly the exciton, i.e. €,;s = E1s, the XUV probe pulse
has an excitation energy of 20eV. The pulses are assumed to be Gaussians with intensity
widths of 35fs and 20fs for VIS and XUV, respectively. The temperature is fixed to 77 K. At
room temperature we can expect a similar behavior but with more efficient exciton-phonon
scattering.

We start with a pump-probe delay of 25 fs corresponding to the coherent limit with slightly
overlapping pump and probe pulses. Figure 2.7(a) displays the calculated tr-ARPES signal.
Note that the k-axis lies at the K point. At 0eV we obtain a direct image of the valence
band, which curvature is determined by its effective mass, and is described by the first term
in Eq. (2.78). In principle, a reduced intensity at the maximum could reflect the excited hole
occupation. However, since in the low-excitation limit this contribution is vanishing small, a
fingerprint of the holes is not observed. Second, we observe a strong signal at the exciton
energy clearly lying below the free-particle band gap shown as grey dashed line. The excitonic
signal has two contributions: from coherent and incoherent excitons described by source two
and three of Eq. (2.78), respectively. Figure 2.7(b) and (c) display the tr-ARPES signal in
case of artificially turned off incoherent (b) or coherent (c) excitons. Comparing to the full
signal we recognize that the tr-ARPES signal at such short time delays is mainly dominated
by the coherent exciton, described by the second term in Eq. (2.78). Since it consists of a
product of exciton coherence and photoemission of valence band electrons, it contributes only
as long as the exciton transition does not vanish. Consequently, this signal directly reflects
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Figure 2.7: (a) Calculated tr-ARPES signal at 25fs delay time imaging the completely filled
valence band and a signal at the exciton energy below the free-particle band gap (grey dashed).
The excitonic signal displays a shadow of the valence band (white dashed). (b) Tr-ARPES
signal from the coherent source. (c¢) Tr-ARPES signal from the incoherent source. Figure is
similarly published in Ref. [125]

the coherence lifetime of the exciton, sometimes referred to as Tb-time. Interestingly, we see
that the excitonic signal at k£ = 0 exhibits a shadow of the valence band. To clarify this, we
plot the valence band dispersion as white dashed line and see a perfect match between signal
and dispersion. This intriguing signal stems from the fact that the photoemission amplitude
of valence band electrons couples to the exciton transition, which has vanishing center-of-mass
momentum. In terms of an assisted-transition picture, we can regard the photoemission
process of excitons as a recombination of an exciton with immediate photoemission of the
created valence band electron. This picturesquely describes, why we see a signal at the exciton
energy, which was gained during the annihilation, and which exhibits a valence band shape.
However, this picture suggests a two-step process, which is not necessary. Since the signal is
driven by the exciton transition, which is bound to the K1 points, it exists only at these high
symmetry points. Further, we see that the signal’s intensity decreases for increasing wave
number.

To obtain more analytical insights into the coherent tr-ARPES signal, we can formally
integrate the equations Eq. (2.78), (2.80), and (2.49), assuming exponentially shaped pulses
of the form exp(—|t — 7|/0) with width o. In the limit of ¢ — 0 we find for the coherent
tr-ARPES signal

Ik(gkl,k) XX |g0k\25 (5kJ_,k: — Exuv — Els — Ev,k) . (2.81)

From the delta-function, we clearly see that the signal lies at the exciton energy with a
valence band dispersion contribution stemming from the hole left in the sample during the
photoemission of the Coulomb-bound electron to ensure energy conservation. In experiments
it is now possible to first pump strongly far above the band gap to excite a non-equilibrium
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Chapter 2. Exciton dynamics in tr-ARPES

electron distribution and in a second experiment pump around the exciton energy. From
the energy difference between the tr-ARPES signals the exciton binding energy can be
measured [176]. Additionally, we see in Eq. (2.81) that the signal is directly proportional to
the exciton wave function squared. This suggests that the decrease of the intensity along the
valence band shadow could be related to the exciton wave function. To gain more insights, we
plot in Fig. 2.8(a) the tr-ARPES signal with artificially turned off valence band and vanishing
incoherent excitons Nggc = 0. Here, the valence band artifact can be observed even better
since the contribution of the strongly overshining valence band is absent. From this signal, we
plot in Fig. 2.8(a) the momentum distribution curve (MDC), which is defined as

(7)) = / dzr,. They,. () (2.82)
— 00

and integrates over the energy axis. We clearly see in the inset of Fig. 2.8(a), how the
MDC is overlapping with the exciton wave function squared obtained as solution of the
Wannier equation. Therefore, we conclude that in the ultrafast coherent limit tr-ARPES
is a technique to image the exciton wave function and measure the exciton Bohr radius in
momentum space [125,177]. Via a two-dimensional Fourier transform of the MDC it is even
possible to visualize the electron-hole distribution in real space [176,178]. Important is that
the square root of the MDC is Fourier transformed since the tr-ARPES signal is proportional
to the wave function squared. A direct Fourier transformation of the MDC would correspond
to a convolution of the real space wave function with itself. In Fig. 2.8(b) we show the
Fourier transform of the MDC, the real space exciton wave function, and the obtained radial
distribution, which forms the traditional definition of the Bohr radius of a two-dimensional
hydrogen model. Because of the non-hydrogenic character of the TMDC excitons we define
the spatial extension of an exciton via the root mean square defined as /(p1s|r?|@1s) [179].
We find a root mean square of 1.6 nm, which differs from the peak of the radial distribution
and extents over multiple unit cells.

Finally, we discuss the weak incoherent contribution to the signal, cf. Fig. 2.7(c). It
stems from incoherent KK excitons localized at the exciton energy. Since they form due to
exciton-phonon scattering of optically excited coherent excitons, a certain built up time is
necessary. Therefore, at 25 fs the number of formed incoherent excitons is low compared to
coherent excitons and contributes only weakly to the signal. Compared to the coherent signal,
the incoherent signal is blurred out and does not show the clear valence band shadow anymore.
The reason is that in the incoherent limit thermally distributed excitons are present with finite
center-of-mass momentum. The signal is now determined by a convolution of the valence
band with the exciton dispersion, distribution and exciton wave function, cf. Eq. (2.78) last
term and Eq. (2.79).

After having investigated the tr-ARPES signal at short delay times around the K point,
we extent the study to large delay times including all high symmetry points of the hexagonal
Brillouin zone. First, we choose a pump-probe delay time of 400 fs being much larger than
the typical exciton-phonon scattering times in monolayer TMDCs [163]. In Fig. 2.9(a) we
recognize a strong signal at the A valley, which stems from momentum-indirect KA excitons
with hole at the K and electron at the A valley. As already discussed for the coherent limit,
one could expect also at the A valley an artifact of the hole. Since it remained at the K
point the curvature would correspond to the effective hole mass at the K instead of the A
valley. However, since the signal is convoluted with the thermally distributed excitons it not
observable anymore and difficult to extract as already discussed at the K point. In Fig. 2.9(a),
a weaker intensity remains at the K point, which has its origin in momentum-indirect KK _
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Figure 2.8: (a) Excitonic tr-ARPES signal with artificially turned off valence band. The
inset shows the MDC of the tr-ARPES signal and the squared exciton wave function in
momentum space. We see that both quantities perfectly coincide. (b) Also in real space, the
Fourier transformed tr-ARPES signal and the squared exciton wave function perfectly match.
Additionally, we show an analogue of the radial distribution function defined as r|I(r)|?, which
forms the traditional Bohr radius definition. The peak and the root mean square value differ
by about a factor of two.

excitons. Note, that we show the tr-ARPES signal as function of absolute value of the in-plane
wave vector. Therefore, all three A valleys contribute equally to the observed signal at the
A point in Fig. 2.9(a). Additionally, since KK_ excitons have a center-of-mass momentum
of @ = K they are refolded to the K-point. Comparing the intensities suggests that the KK
excitons scatter about equally into KA and KK _ excitons, where they thermalize. The reason
is that these momentum-indirect excitons lie energetically below the optically excited KK
excitons. At last, we want to stress that if the tr-ARPES signal is investigated as cut through
the Brillouin zone along the high symmetry traces all valleys and corresponding excitons could
be resolved individually.

To trace the exciton dynamics, we show in Fig. 2.9(b)-(e) the energy distribution curves
(EDC) for different time delays. The EDC is defined as cut of the tr-ARPES signal at a
constant wave number. Generally, the first peak stems from the valence band at the K-point
and is independent of the delay time. Since the valence band at the A valley lies energetically
far away and plays no role for the exciton dynamics it is neglected. The peaks around 1.8eV
can be related to the excitons. We can nicely see, for increasing delay time, the relaxation into
the momentum-indirect exciton states. Only recently, it has been successful to access excitons
in tr-ARPES experimentally and resolve the predicted momentum-indirect excitons [176,180].

At the end, we briefly discuss the influence of the Coulomb corrections to the valence band
electrons, which has been neglected. The excitonic correction reads

k v k v vSsc vsc k c vsc vsce k C
PR = P SRR - Y S SPSERESY. (28)

u£c 1y ch

The correlated two-particle quantity is driven by the incoherent bound excitons and would
lead to an excitonic satellite at the exciton binding energy above the valence band. The
second term couples the excitonic transition with an unbound electron-hole plasma. This
contribution would lead to a shadow of the conduction band above the valence band at the
exciton binding energy [181]. However, these signals should be rather small compared to the
dominant signal from the valence band, especially in the case of low excitation density.
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Figure 2.9: (a) Calculated WSes tr-ARPES signal at 400 fs pump-probe delay. The momentum-
indirect KA excitons are directly resolved. The remaining signal at the K point stems from
momentum-indirect KK_. (b)-(e) EDCs of WSey and MoSe; at the K and A point for
different delay times resolving the phonon-induced exciton scattering. WSes is characterized
by exciton-phonon scattering into momentum-indirect states. Note the logarithmic scale.

So far, we investigated in detail the tr-ARPES signal of WSes after resonant exciton
excitation. Now, we compare the EDCs of the tr-ARPES signal at different time delays between
WSes and MoSes, shown in Fig. 2.9(b)-(e). Based on the exciton relaxation dynamics, which
we resolve by tr-ARPES, we find a crucial difference in the excitonic band structure between
both materials. For tungsten-based TMDCs, the KA and KK_ excitons lie energetically
below the optically excited KK exciton. In contrast, for molybdenum-based TMDCs the
KK excitons form the global minimum. While for WSes the relaxation and thermalization
is mediated by intervalley phonons providing the necessary momentum to access the lower
lying momentum-indirect exciton states, the scattering dynamics in MoSes is determined
by intravalley scattering. Optical excitation, phonon-mediated formation, and subsequent
relaxation and thermalization is restricted mainly to the K valley.

2.7.3 Non-resonant exciton excitation

So far, we excited the 1s exciton perfectly resonant. Next, we investigate the EDCs when the
pump excitation energy is slightly detuned to the 1s exciton resonance. The first consequence
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Figure 2.10: (a) Energy distribution curve of coherent tr-ARPES at 25 fs pump-probe delay for
detuned excitation. We observe an energetic shift of the EDC corresponding to the detuning.
(b) Energy distribution curve at 25 fs pump-probe delay for detuned excitation solely taking
incoherent excitons into account. The signal is energetically independent of the excitation
condition.

is, that the phonon-assisted transitions can not be solved in a Born-Markov approximation
anymore. Instead they have to be solved dynamically together with the exciton formation
and relaxation. Generally, the detuned excitation leads to smaller injection of excitons in the
sample.

For the investigation of the tr-ARPES signal, we split the signal into its coherent and
incoherent contribution. Figure 2.10(a) displays the obtained EDCs. Generally, from Fig. 2.10
we can see that the coherent signal shifts energetically depending on the excitation energy
of the pump pulse. The reason is that the exciton transition Py oscillates with the pump
excitation energy. Comparing with Eq. (2.78), we see that this determines the energetic
position of the tr-ARPES signal. In contrast, the incoherent signal is independent of the
excitation condition. Therefore, the signal lies always at the exciton energy. We can conclude,
when exciting the exciton slightly detuned, the tr-ARPES signal lies first at the pump energy
and shifts energetically with time to the real exciton energy.

2.8 Coherent-pump Fourier transform ARPES

We developed an excitonic tr-ARPES theory, which shows that the tightly bound excitons
contribute to the photoemission signal and that their dynamics can be resolved over the
Brillouin zone. In principle, the coherent signal, which leads to a weak valence band signal
at the exciton energy reflects the coherence lifetime of the exciton. The coherence lifetime
is directly related to the exciton linewidth measured in absorption experiments. However,
since the simultaneous formation of incoherent excitons contributes to the same signal, it is
difficult to extract directly the coherence lifetime from tr-ARPES. We suggest, together with
Michele Puppin from the Ecole polytechnique fédérale de Lausanne, a slightly different setup
by combining a coherent tr-ARPES experiment with a second VIS pulse. The interference
of both pump pulses should enable the extraction of the coherence lifetime. Figure 2.11(a)
sketches the setup. The coherent tr-ARPES consists of a simultaneuous VIS and XUV pulse
(7 =0) at a fixed time. A second VIS pulse irradiates the sample at time delay 7" with respect
to the coherent tr-ARPES. The tr-ARPES signal is then investigated as function of time delay
T. For T > 0 the second VIS pulse arrives before the tr-ARPES pulses, while for 7" < 0 the
second VIS pulses arrives afterwards.
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Chapter 2. Exciton dynamics in tr-ARPES

The equation of motion for the excitonic transition in rotating wave approximation and
driven by two exciton resonant pump pulses reads

ih%Po(t, T) = —iyPy(t, T) + hQ(t) + hQ(t — T)exT (2.84)
where the second pump pulse arrives at ¢ — 1" compared to the first one. The pulse width
and intensity of both pumps are identical. The exciton frequency corresponds to Fqs/h =
Ex/h = wx. From the developed tr-ARPES theory, we know that the excitonic transition
enters the coherent tr-ARPES signal and drives the photoemission amplitude of valence band
electrons. Since we are only interested in coherent processes and we have previously seen
that the amount of incoherent excitons is very low for small VIS-XUYV delays, we neglect the
incoherent contribution. Additionally, we take the tr-ARPES signal at £ = 0. To obtain first
insights, we can formally integrate all equations and obtain

f(T) = /_O:O dt 0 f(t,T) (2.85)

4 f(.7) = ~29m (1190 s B (£) X i8R

dt
t , . t /
X ( / dt’ VPB4 exT / dt' ' /P e — T))

v /t dt’ e(iAe—iEx-i-“/)t’/hExw(t/) (/t dt" e—“/t"/ﬁE(t”) + ewxT /t dt" evt”/hE(t// _ T))] .
(2.86)

We define the Rabi-frequencies 2 and €2;,, now as the dot product of dipole element and
polarization vector and E(t) and F,,,(t) denote the pulse envelopes. Ex denotes the exciton
energy and Ae = €5, —&, —Ezuw- The tr-ARPES signal in time domain is a difficult expression
consisting of multiple convolutions of pulse envelops and exponential functions carrying the
exciton dephasing . For Gaussian pulses the integral has no analytical solution. Therefore,
as first attack, we assume delta-sharp pulses for pump and probe. Then, we can solve the
above integrals and obtain for the tr-ARPES signal

F(T) = —4|Q2|Qqpu|? cos(wx T)e " TmO(T) . (2.87)

First of all, we see that the signal exhibits a fast oscillation with the exciton frequency, which
stems from the interference of the two time delayed pump pulses. For T" > 0 the envelope
corresponds to an exponential decay determined by the exciton dephasing constant. We can
expect that the suggested method indeed might be able to directly extract the T5-time, at
least for short enough pulses compared to the lifetime. For T" < 0 the signal drops to zero.
Figure 2.11(b) displays the numerical result with a VIS pulse width of 5fs. As the analytical
solution suggests, for T' > 0 the envelope of the tr-ARPES signal follows an exponential decay
with the dephasing constant . For T' < 0, as we expect from Eq. (2.87), the signal rapidly
decreases to zero. Since we have no infinite thin pulse, but a finite width of 5 fs, the tr-ARPES
signal follows the pulse, which is drawn in grey dashed. For the resonant excitation, the
underlying fast oscillation corresponds to the exciton frequency.

After having discussed the underlying equations and investigated the limiting case of
infinite short pulses, we present the numerical results for Gaussian pulses with realistic widths.
We choose an intensity pulse width of 40 fs for the two VIS pulses and 20 fs for the XUV pulse.
Figure 2.12 presents the results for three different dephasing constants. Figure 2.12(a) shows
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Figure 2.11: (a) Sketch of the coherent pump Fourier transform ARPES. Two VIS pump
pulses with delay 7' are combined with a photoemitting XUV probe pulse with time delay
T to one of the VIS pulses. We choose as convention 7 = 0 and vary T' with respect to the
coherent tr-ARPES experiment. (b) Tr-ARPES signal as function of delay T for 5 fs short
pump pulses. The left tail quickly decreases to zero, while the right tail decreases exponentially
with exp(—+7'/h) shown by the fit. Additionally, we display the Gaussian pump pulse as grey
dashed.

the result with the microscopically calculated dephasing of v = 22meV at room temperature.
Figure 2.12(b) and (c) display the results for a twice and four times larger dephasing constant
at unchanged pulse widths. By artificially tuning the dephasing we can check the limits of
the suggested method.

Generally, looking at Fig. 2.12(a)-(c), we conclude that their is no strong difference in
the time domain. We add in red dashed the exponential decay around 7' = 0. We find no
matching for any 7. In violet dash we try to fit the exponential decay away from T = 0. Also
here the agreement is generally bad but becomes better with smaller . For completeness we
add also the Gaussian pulse to the plots.

To further analyze the results we transform the signal from time domain to frequency
space by Fourier transformation. Figure 2.12(d)-(f) show the obtained results. The fast
oscillation yields a signal at the exciton energy. Since the fast oscillation is determined by
the laser excitation frequency the peak shifts depending on the detuning to the exciton.
As already discussed in the previous section, a detuned excitation would also lead to an
energetic shift of the curve related to the detuning. We see that for pulses short enough or
in comparable magnitude to the dephasing time, the Fourier transformed spectra accurately
yield the dephasing constant. For v = 22meV a Lorentzian almost perfectly fits and yields the
dephasing constant from its full width half maximum. When the pulse width is comparable to
the dephasing time (Fig. 2.12(d)), the curve is best described by a Voigt profile corresponding
to a convolution of Gaussian and Lorentzian, as has already been discussed from Eq. (2.86).
Also here, the dephasing is obtained in convincing accuracy. When the pulse is long compared
to the lifetime, the Fourier transformed spectrum simply corresponds to the Gaussian pump
pulses. We conclude that a growing ~ leads to the fact that the pulse becomes spectral short
compared to 7y, which is unfavorable for the method. However, as long as the dephasing and
the spectral pulse broadening are comparable the method yields the exciton T5-time with
great accuracy.
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Figure 2.12: (a)-(c) Tr-ARPES signal in time domain for three different dephasings. Added
are exponential functions around 7' = 0 and shifted to the signal’s tail with a = 34fs, a = 85 s,
and a = 65 fs, respectively, with exp(—v(T — a)/h). The grey solid line displays a Gaussian
with 40 fs width. (d)-(f) Corresponding Fourier transformed tr-ARPES signals together with
Gaussian and Lorentzian with corresponding width ¢ and ~, respectively. As long as the
dephasing is comparable to the spectral pulse width the Fourier transform yields accurately
the exciton linewidth.

2.9 Conclusion

This chapter introduced monolayer transition-metal dichalcogenides as material system, whose
optical properties are dominated by tightly bound excitons. The optically excited interband
transition exhibits a renormalization of the Rabi-frequency, due to Coulomb interaction,
which is identified as the formation of excitons. The many-body problem is circumvented by
introducing the exciton basis. Optically excited are exciton transitions with vanishing center-of-
mass momentum. Subsequently, exciton-phonon interaction induces a transfer from coherent to
thermally distributed incoherent excitons with finite center-of-mass momentum. We addressed
the question if excitons do appear in time and angle resolved photoemission spectroscopy,
which naively seen corresponds to a one-particle experiment. To answer the question, we
derived an excitonic description of tr-ARPES by exploiting the unit-operator method and
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expanding the photoemitted valence and conduction band electrons after electron-hole pairs.
We find indeed, that strongly bound excitons, although being two-particle complexes, can
be resolved by photoemission spectroscopy [125,177,182]. The momentum resolution of
tr-ARPES enables access to relaxation and thermalization of excitons throughout the Brillouin
zone. We find that excitons in tungsten-based TMDCs relaxe in momentum-indirect excitons,
where the hole remains at the K point but the electron is either at the A or K_ point due
to their energetic favorable position compared to I' excitons. In contrast, the I' exciton in
molybdenum-based TMDCs forms the global minimum. Therefore, the exciton dynamics is
restricted to intravalley scattering. The possibility to access excitons by tr-ARPES might
open new perspectives in exciton physics [183—-187].

For short time delays between pump and probe pulse the tr-ARPES signal shows at
the exciton energy a shadow of the valence band reflecting the hole left in the material.
Interestingly, the intensity along this intriguing signal reflects the exciton wave function
squared in momentum space. We conclude that tr-ARPES is a method to directly image
the envelop of the exciton wave function. A Fourier transformation of the signal enables a
transcription to real space and direct access to the electron-hole separation. This signal is only
present as long as the exciton transition is finite. Since the exciton transition oscillates with
the excitation energy of the laser pulse a detuned excitation first yields a tr-ARPES signal
differing by the detuning from the exciton energy. With ongoing time incoherent excitons
form, which lie at the exciton energy. Therefore, when investigating the EDC over time of a
detuned excitation the tr-ARPES signal shifts in time to the real exciton energy.

Since coherent and incoherent excitons contribute to the same signal it is rather complicated
to extract the exciton lifetime (75-time) from tr-ARPES. We suggest coherent-pump Fourier
transform ARPES as method to access the lifetime. We combine a coherent tr-ARPES
experiment of simultaneous pump and probe pulse with a second VIS pulse. The tr-ARPES
signal is investigated as function of time delay between the second VIS and the coherent
tr-ARPES. A Fourier transformation of the obtained interference spectrum yields a Voigt-
profile from which the dephasing constant can be obtained. The method depends strongly on
the relation of the exciton lifetime to the pulse width. For short or comparably pulse width
compared to the exciton lifetime the method yields accurately the Th-time.
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Chapter 3

WSes-graphene energy and charge
transfer in tr-ARPES

In the last chapter we focused on monolayers of atomically-thin materials. We turn now our
attention to van der Waals heterostructures. Since the exfoliation of graphene the number
of atomically-thin materials with different intriguing properties is constantly growing. Van
der Waals heterostructures are synthetic quantum materials composed of stacks of different
two-dimensional layered materials [27,28]. The idea is to design materials based on the
desired properties. Since the heterostructure electrons are exposed to interlayer coupling, the
material properties are not only defined by the monolayers but also by interactions between
them [29,30]. In the last chapter, we have seen that the properties of monolayer TMDCs
in the low excitation regime are dominated by exceptionally strongly bound excitons. In
contrast, the prototype two-dimensional material graphene exhibits totally different properties.
Graphene is composed of an atomically-thin honeycomb sheet of carbon atoms and is a
semi-metal. As for semiconductors the valence band is completely filled and the conduction
band empty but the band gap is vanishing, that the two bands touche at the so called Dirac
point, situated at the K points. For low energies around the K point, which is the most
relevant region for many optical and electronic properties of graphene, the electronic dispersion
is linear. Therefore, electrons at the Dirac point have zero effective mass and are referred to
as Dirac electrons [188]. A comparison of graphene with conventional materials as silicon or
copper shows graphene’s exceptional standing: The carrier mobility is hundred times larger,
than in silicon, the electrical conductivity is 13 times better than in copper, and also the
heat conductivity is twice as large as copper’s [189,190]. Therefore, there is at the moment
great interest in combining the properties by building a TMDC-graphene heterostructure and
studying the coupling mechanisms [191-195]. In the following, we will investigate different
energy and charge transfer mechanisms in a WSeg-graphene stack.

3.1 Forster coupling

A prominent energy transfer mechanism is Forster transfer [196,197]. A detailed analysis of
Forster transfer in a WSeg-graphene stack was given by Malte Selig in reference [198]. To
have a complete overview of the different possible energy and charge transfer mechanisms, we
give in the following a brief summary of the derived Forster results.
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To investigate the Forster coupling, we start from the Hamiltonian

I/
H= Y VX MNvlveN, . (3.1)
AN v
k.q.k'.q

To dispense a layer index, we use as convention (A(), k(/)) for WSes quantum numbers and
(1/(,), q(,)) denote the graphene band and wave vector. The matrix element reads

Vi = /R R R S LV ACR L PP GOl (Y (3.2)
with electronic Bloch waves Wy /,, r/q in WSez and graphene integrated over the complete space.
The Coulomb potential takes into account the dielectric environment of the heterostructure.
Both materials are separated by a distance z with a dielectric constant e. The interlayer
potential can be derived by solving the Poisson equation for a five layer model: substrate,
TMDC, spacing, graphene, and supstrate with appropriate boundary conditions [199]. If the
spacing is sent to zero, the used interlayer Coulomb potential, displayed in the appendix A.3.1,
recovers the well-known Rytova-Keldysh potential with summed layer thicknesses [199]. By
Fourier transformation of the Coulomb potential and k - p expansion [154] of the integral the
matrix element can be evaluated [198]. Together with an exciton basis we find

H=Y" Fq(z)P! R +He., (3.3)
1,Q,q

t .

q+%qu_% stands for a pair
operator in graphene. For Forster coupling an excitonic transition couples to an inverse
interband transition in graphene, as sketched in Fig. 3.1(a). The matrix element reads [150]

where P/j 0 denotes the exciton transition in WSey and RqQ =c

Fra(:) = = Va(2)oulr = 0Q - diy Q- do. (3.4)

The matrix element is characterized by the dot product of the dipole elements dy /g of
both materials (W for WSes and G for graphene), which shows that Forster coupling is a
dipole-dipole interaction. Besides finite dipole elements, the coupling mechanism requires a
non-vanishing center-of-mass momentum of the exciton. Otherwise, for @ = 0 the coupling
mechanism directly vanishes. From the Hamiltonian Eq. (3.3) and the Heisenberg equation
of motion formalism we can derive equations of motion for exciton transition Pg and RqQ.
Restricting the discussion to 1s excitons, the exciton number yu is dropped:

_d q

ih—Pq = EqPq + qu FQRY, (3.5)
; d qd nd

ih—Rq = EGRG + FoPq (3.6)

The first term describes the free energy of the transition amplitude and the second term the
Forster coupling. The formal solution of the graphene transition reads

1 t N . 1 t 1 ) / ~
RY = %FQ/ dt’ emPa=1) po (1) = ﬁFQ/ dt' PRl Deibal Po(t),  (3.7)
— —00

where the tilde index denotes a slow oscillating amplitude. The graphene transition can be
solved within a Markov approximation and plugged back into the equation of motion for
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Figure 3.1: (a) Forster coupling between TMDC and graphene. (b) Forster transfer rate for
different interlayer distances. A close stacking of 0 nm yields the highest transfer rate. Figure
is similarly published in Ref. [200].

the exciton transition. The Markov approximation is good as long as the Forster interlayer
coupling is smaller than the spectral bandwidth provided by the broad electronic energy
distribution in graphene. We substitute ¢ — ¢’ = s and obtain

q_

| e _ 1 =
R = ﬁFQ/O ds e Pa~FQ)semBat Po(t — 5) = ﬁFQPQ(t)/O ds en(Fa~Fa) - (38)

where in the second step we performed the Markov approximation and assumed that the
envelope of the amplitude does depend only weakly on s and can be taken out of the integral.
Performing the integration yields

RY = —inFQd(EY — Eq) Py, (3.9)

which can be inserted in Eq. (3.5). Then it is possible to read off the Forster induced transition
rate

To(2) = 4n Y |Fo(2)Ps (B - ) , (3.10)
q

where we included a factor 4 to account for the electron spin and valley in graphene. The
graphene dispersion is linear in the investigated g region for coherent or even thermalized
TMDC excitons. Paired with the assumption that typically |g| < |Q| we can assume
that the graphene electron energy is independent of the center-of-mass momentum Eé =
hwr(lg+ Q/2| + |q — Q/2|) = 2hvr|q|, with the Fermi velocity vp. The summation over the
delta function can be treated analytically. Together with an average over the angle dependence
of |Fg(z)|* we finally find [198]

_ Va(e) Plos(r = 0P a2 E Q"

Ta(2) 871%%62

(3.11)

Figure 3.1(b) displays the Forster rate as function of center-of-mass momentum for different
layer distances. Since the Forster coupling is directly proportional to the center-of-mass
momentum it vanishes at the origin. Therefore, Forster coupling has no influence on the
linewidth of the exciton transition [198]. For increasing momentum we observe a monotonous
increase followed by an exponential decay. The behavior results from an interplay of the Q*
dependence and the momentum dependence of the Coulomb potential. Because the Coulomb
potential enters the scattering rate we can also expect a strong influence of the dielectric
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environment to the transfer rate. For a silicon carbide substrate we find that the transition
rate peaks at 0.08 meV even for a close stacking of z = 0. Since for close stackings the
Forster rate drops with distance as exp(—z) the transfer rate quickly decreases for larger
layer distances [198]. We conclude that Forster coupling is a slow coupling mechanism on a
picosecond time scale.

3.2 Dexter coupling

Besides Forster transfer, a second prominent energy transfer mechanism is Dexter transfer.
In contrast to Forster transfer, which is a dipole-dipole interaction, Dexter relys on a wave
function overlap of the involved states [201,202]. The Dexter transfer is described by the
following Hamiltonian with matrix element

H= Y vewe cholvgc, +He (3.12)
k.a.k'.q
Viak' g = /Rdd?) /R3d37“' k()Y (P )V (i, 7 ) W g () W g (1) (3.13)

and sketched in Fig. 3.2(a). While for a Forster transfer the carriers stay in their respective
layer, Dexter coupling is characterized by a layer exchange of valence and conduction band
electrons. The notation is equivalent to the previously discussed Forster transfer. Because of
the in-plane translation invariance of the Coulomb potential, we can Fourier transform the
Coulomb potential with respect to the in-plane component. Inserting the Bloch waves and
by shifting the integral into the first common unit cell 7| — r|| + Ry, we can decompose the
spatial integrals to obtain

1
e, = — dz/ dz' xe(2)xo(Z)VVK (2, 2)0k.a/+ KOy 1/ — K - 3.14
Caa = 72 o8 [ 0 XV sl s (310

We introduced the abbreviation xx(z) = (uxw|uxa)/Vuc, where the dependence on the
orbital overlap becomes apparent. The indices W and G are layer indices denoting WSes
and graphene. In the following, we assume a close stack with zero interlayer distance. The
z-integrals can be decomposed into two integrals, one over WSes and one over graphene. For
an atomically-thin material we can assume that the Coulomb potential varies only weakly
with each layer, that the z/z’-dependence of the Coulomb potential can be replaced by the
positions of the layers. Additionally, we assume that the integration in both layers contribute
equally to the wave function overlap between WSey and graphene in conduction and valence
band, that we can write xxw = xa¢ = Xr/2 [200]. After a projection onto the excitonic
wave function, we obtain the Dexter Hamiltonian

— > DukP (RgH+He. (3.15)
wK.q

with

*(T _ O)VDex K

D,k = mXchSOM (3.16)

G )

where VDeX corresponds to the sum of the Coulomb potentials at each material position,
cf. App. A.3.1. We observe that the Dexter coupling element depends on the momentum
distance between the K points in TMDC and graphene, which originates from the different
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Figure 3.2: (a) Dexter coupling between TMDC and graphene. (b) The Dexter transfer rate
is increasing with increasing orbital overlap but remains exceedingly small. Figure is similarly
published in Ref. [200].

lattice constants. The distance is about |Kg — K| ~ 3.6 nm~!, which is large compared to
the valley local relative and center-of-mass momenta. Therefore, we neglected the relative
and center-of-mass momentum in the Coulomb potential as a first approximation. A more
detailed derivation of the Dexter coupling element is given in the appendix A.3.1.

Analogously to the Forster case, we calculate the Dexter-induced scattering of WSeq
excitons to graphene, which reads

Do2AEY
Tg=2m) ’DQ\Z(S(Egz - E&.)S) = T’U%Q’ (3.17)
q

where we evaluated the momentum sum. As long as the center-of-mass momentum @ is
much smaller than the K point distance of both materials, the Dexter rate is independent of
the center-of-mass momentum. Figure 3.2(b) displays the Dexter rate as function of wave
function overlap. We see that for reasonable overlap, the transfer rate is in the magnitude of
a millionth meV. Therefore, Dexter energy transfer can be ruled out for a WSeo-graphene
heterostructure.

3.3 Phonon-assisted tunneling

So far, we discussed the transfer rates for two energy transfer processes. Apart from energy
also charge transfer mechanisms can occur. We present now a microscopic calculation of
the interlayer phonon-assisted tunneling process. Due to the strongly different dispersions
of WSes and graphene, the phonons are indispensable to ensure energy and momentum
conservation during the tunneling process. We keep the derivation as general as possible,
such that it can be applied also to different processes as phonon-assisted Dexter transfer for
example. Additionally, we will see that the derivation does not distinguish between fermionic
and bosonic operators. The presented formalism can therefore also be used to an excitonic
Hamiltonian [149]. We introduce the compound indices a, b accounting for layer, band, and
momentum of carriers and ¢ carrying the phonon quantum numbers. The Hamiltonian reads

H =" caafa, + 3 hblb. + 3 taala, + > gaeala, (b +bl.) = Ho+ Hi.  (3.18)

a,b a,b,c

The first two terms correspond to the dispersion of carriers and phonons and are abbreviated
as the free Hamiltonian Hy. The third and fourth term constitute the interaction Hamiltonian
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H;. The third term describes tunneling from state a to b and the last term represents
phonon-assisted scattering of carriers. After specifying the necessary Hamiltonian for the
investigated process, we apply a canonical transformation [108]

1
H' = e He® = Hy + (Hy + [Ho, S]) + SlH1, 5] (3.19)

The collected terms in the middle constitute the first order and the last term corresponds to
second order contributions. Since we are interested in the second order process of phonon-
assisted tunneling we claim that the first order in the interaction vanishes [108]. Therefore,
we choose

S = Z aabtabalab + Z gabca:rlab(ﬁabcbc + ’Yabch—c) ) (320)
a,b a,b,c
with the coefficients
1 1 1
- , S S = - 3.21
(717 b — €4 ﬁabc € — €q + hwc Yabe ) — €q — ﬁwc ( )

The notation —c denotes that the phonon wave vector is negative. By inserting the operator
S into Eq. (3.19) we can verify that the first order cancels with Hy. The transformed
Hamiltonian reads

H = %[Hl,S] (3.22)

carrying only second order processes. The Hamiltonian includes higher-order tunneling terms,
two-phonon processes, phonon-mediated attractive electron-electron interaction but also the
desired phonon-assisted tunneling. Restricting ourself only to the last contribution of the
Hamiltonian we obtain

H' =3 t i - b — bT
2 abzc:d dbgadcaaab((eb — € €4 — € T ﬁwc) et (Gb — €] €4 — €q — hw_c) ~)
1 1 1 1 .
3,2 ladtat - b - bt,).
2 a;d adgdbc%ab((ﬁd — €, €p—€q+ hwc) et (ed — €, €p— €4 — hwfc) “e)
(3.23)

Up to this point, we derived a general and exact expression for the phonon-assisted tunneling
process. As a next step we can insert the compound indices for electrons a/b = (), /b Kaps la /b),
where [ stands for the layer, and for the phonons ¢ = (K, ., a.) with a denoting the phonon
mode as introduced in Sec. 2.3. Then, we can apply the selection rules from the matrix
elements and use material specific approximations. For the tunneling we apply that the process
changes the layer index but band and momentum are conserved. For the phonon scattering the
layer and band index are conserved but the momentum changes. Then, we explicitly see that
the first line of Eq. (3.23) describes the process of tunneling followed by phonon scattering,
while the second line includes phonon scattering proceeded by tunneling. The processes are
sketched in Fig. 3.3(a). The energy window is opened by phonons. Executing the sum over
the layers, we can divide the Hamiltonian into one part involving WSeo phonons and a second
part with graphene phonons. Additionally, we evaluate the coefficients. For this purpose, we
fix the momenta in WSes to the vicinity of the K, point. Together with energy conserving
scattering processes, this fixes the energy and momentum range of the involved carriers. Since
we restrict the analysis to the K, point, we obtain QSEE;(W =1/eV and am;%g = m
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read out from DFT calculations [200]. For the other two coefficients Bé\ak x and vé\ak x> Which
involve the phonon energies of the materials, we find that the single-particle energy difference
is always extensively larger than the phonon energy. Consequently, we can neglect the phonon
energy and obtain the Hamiltonian

tG WgAK - KV Ggg?{ »
H:kKZ,\aL%;_KG(b b )+1G<W5KW(b +b- ) )‘k+K)‘ + H.c.
Z h%a/\HKAk (bE{V bTWa) + Z hGO‘)\HK}‘k (b%oa + bT_C;E’.‘) +He., (3.24)
kK )\« k, K\«

where we abbreviated in the second step the matrix elements as hl?. Assuming that the
electron-phonon matrix element changes only weakly with K close to the K point we can
approximate the functions hl¢ % as constants. A detailed derivation of the phonon-assisted
tunneling matrix element can be found in the appendix A.3.2. From the Hamiltonian we can
derive the relaxation rate of graphene carriers to WSes

1 1
Iy =2r Y |hlg |2<j;+n11%)5(6f—5kW+K$hwlfé‘)
+ K ,a,l 2 2

—ay = e o ( 5+ )1€g¥wasgv>0, (3.25)
Lo, +

where we approximated hlI% ~ h'* and hwlI% ~ hw'®. We recognize that the rate is constant for
graphene electrons with minimum conduction band energy plus phonon energy. This results
from the constant density of states in WSes. As the carriers can tunnel from graphene to
WSes, also the inverse process is possible. We obtain

11
Y o=o2r Y |ngP (2i2+nlfg) o(ef — ek F i) (3.26)
+,K,a,l
5k$hw
=4y HES (3E5+7°). (3.27)
l,a, £

For the tunneling, we take the ionization energy of WSe, as potential barrier and approximate
the tunneling element as t = xE7op, [199], with x being the wave function overlap and Ef,, the
ionization energy of the material. For the numerical evaluation, we include two optical phonon
modes for both materials. For graphene the phonon energy is 200 meV with a coupling strength
of g = 200 meV [203]. For WSes we use 30 meV and a coupling strength of 10 meV [105]. Figure
3.3(b) displays the electron scattering rates as function of wave function overlap. We find a
quadratic behavior. The difference between both scattering rates stems from the different
final density of states of the two materials.

Similar to the conduction electrons also the valence electrons can tunnel between the
materials. The phonon energies and coupling strength are similar but we have to take into
account the different dispersion of the valence band. Figure 3.3(c) displays the results for the
valence band electron tunneling, where we find a qualitative similar behavior and strength.
However, the tunneling of holes from WSes to graphene is more likely compared to the
electrons. The reason is the larger density of states of graphene for the involved final states.
This originates from the fact that the Fermi energy is closer to the conduction band minimum
compared to the valence band maximum of WSes.
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Figure 3.3: (a) Phonon-assisted electron tunneling. TMDC and graphene phonons open a
window for tunneling between the TMDC and graphene necessary because of the different
material dispersions. (b) Tunneling rate for WSes and graphene conduction band electrons
is increasing with wave function overlap. (c) Analogously, the tunneling rate for WSes and
graphene valence band electrons is increasing with wave function overlap. Figure is similarly
published in Ref. [200].

3.4 Meitner-Auger-like energy transfer

At last, we discuss a very interesting and unusual coupling mechanism, which we will refer to
as Meitner-Auger-like interlayer transfer. A schematic illustration is shown in Fig. 3.4(a): A
TMDC exciton recombines non-radiatively and excites graphene electrons deep in the valence
band to valence band states close to the Dirac point. From a Pauli-blocking argument, this
works only if the excited valence band states are vacant for example due to p-doping or during
laser excitation. We can therefore see this coupling mechanism as a conversion of optically
excited TMDC excitons into graphene plasmons.

Starting point for the investigation of this coupling mechanism is the Coulomb Hamiltonian

A
H = Z VkAZVq’)\k, )\,LVJI.V;/)\/ /. (328)
AN v
k.qk'.q

As for the description of the Férster and Dexter processes we use as convention (A(), k()) for
WSes quantum numbers and (1/(/), q(/)) for graphene band and wave vector to dispense a layer
index. The matrix element reads

vy, — /R i /R B ) (Y (), ()T (). (3.29)

To describe the sketched mechanism, we restrict the graphene bands to the valence band
v =V = v and the TMDC bands to an interband transition A # \. The integral can be
evaluated within a k - p expansion as shown in the appendix A.3.3. Transforming the TMDC
interband transition into the exciton picture we obtain

H= Y Wuq Pl ovj_ou, +He (3.30)
.k,Q
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Figure 3.4: (a) Meitner-Auger energy transfer couples a TMDC interband transition with a
graphene intraband transition. (b) Meitner-Auger energy transfer as function of center-of-mass
momentum for different transient chemical potentials. An increasing chemical potential leads
to an increased transfer rate but requires also higher center-of-mass momentum to ensure
momentum conservation. Figure is similarly published in Ref. [200].

with the coupling element
1 *
Wiq = EVQd . QQON(T =0). (3.31)

Since we assume a resonant exciton excitation the exciton number is restricted to the lowest
1s exciton and the corresponding index can be dropped. The matrix element is determined
by the excitonic dipole matrix element, the interlayer Coulomb potential, and scales directly
with the center-of-mass momentum. Therefore, this coupling mechanism corresponds to a
dipole-monopole type. At this point we can already state that coherent excitons, which
exhibit a zero center-of-mass momentum, do not contribute to this kind of energy transfer
mechanism. From Heisenbergs equation of motion we can derive the equations of motion for

TMDC exciton occupation Ng and graphene valence band electron occupation fi = <v};vk>:

d

e = 2% Y IWol? (fe(l = fri-q@) — No(fr-q@ — fx)) d(er — ex—q — Eq) (3.32)
k

& ge =T Wal (fiq(1 - fi) ~ Na(k ~ fea)) 8(ck o — <k ~ Fo)
Q

+2% Z |WQ|2 (NQ(fk—Q - fk) - fk(l - fk—Q)) 5(€k —€k-Q — EQ) . (3.33)
Q

In the Boltzmann equation Eq. (3.32) we find first an in-scattering rate, which is proportional
to the graphene electron occupation and checks, whether the state k — Q is empty. Secondly,
we can identify a decay rate of WSes excitons, which we express by

To=38mY (fiuq — fr)d(ek — ek—q@ — Eq) - (3.34)
k

The additional factor of 4 takes into account the valley and spin degree of freedom in graphene.
The linear graphene valence band is described by e, = —hvpk. Consequently, we can identify
the state at k as close lying to the Dirac point. Electrons with k — @ are located deep in
the valence band. We can exploit this observation by assuming that electrons close to the
Dirac point have much smaller momentum, i.e Q < k, than electrons deep in the valence
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Figure 3.5: (a) I' exciton occupation as function of kinetic energy for above exciton energy
pumping. Larger detuning leads to a smaller exciton injection. (b) Exciton occupations
normalized to one value. With larger detuning the excitons populate higher energy states. (c)
Also below resonance pumping leads to a smaller amount of excitons. (d) Also below resonance
pumping leads to a substantial hot exciton distribution. Figure is similarly published in
Ref. [200].

band, where k + Q =~ k should hold in that case. This greatly simplifies the expression of
the decay rate since we can evaluate the momentum sum with the Dirac function. We obtain
analytically for the exciton decay

Ig= !WQ\Qh;lF ( - g)i) <fQ - fQEQ> 0 ( - 5}(1??) : (3.35)

hvp

We see that the strength of the rate depends on the Meitner-Auger matrix element and the
density of states of graphene. The occupation difference in graphene between the involved
states describes Pauli blocking. The Heaviside function accounts for the fact that a certain
minimal momentum is necessary to fulfill the momentum and energy conservation of the
interlayer transfer. With an exciton energy of about 1.6 eV, this mechanisms leads to hot
hole distributions deep in the graphene valence band. In more detail, the simultaneous
photoexcitation of both materials leads to a resonant WSes exciton excitation and prepares
the required hole vacancies in graphene below the Dirac point. In order to allow this transition
a certain center-of-mass momentum is necessary, which stems from exciton-phonon interaction
leading to the formation of incoherent excitons Ng. Figure 3.4(b) displays the Meitner-Auger
interfacial energy transfer rate as function of center-of-mass momentum for different scenarios
of transient photoinduced chemical potential. We observe that the transfer time, inversely
determined by the decay rate, depends on the chemical potential and requires a momentum
of about 1.3nm~!. The obtained transfer rates lie in the range of 270fs (u = —0.3¢eV) to
175fs (u = —0.5€eV) and therefore could dominate over the previously discussed energy and
charge transfer mechanisms. However, a necessary center-of-mass momentum of ~ 1.3nm™!
corresponds to a kinetic energy of 100 meV, which is fairly large. Even the mean exciton
kinetic energy of 25.6 meV at room temperature is not enough to explain the required energy.
Therefore, we investigate the energy- and momentum resolved exciton occupation for detuned
excitation. To have an increased excess energy of the excitons, the pump photon energy is
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chosen above the excitonic transition energy. The equation of motion for the detuned excitonic
transition in the rotating frame reads

L d .

Hi%PO = (Fhs — €vis — 17) Py + ﬁQ(t) . (3.36)
The first term describes the detuning between the exciton energy and the light excitation
energy €yis. Lhe dephasing constant v includes radiative and non-radiative decay. The second
term describes the optical excitation. The incoherent exciton occupation follows

d orm in ou
—No =Tg"™ P>+ >_ TGk Nk = > _TgxNo (3.37)
K K

with a formation rate of incoherent excitons due to phonon-induced dephasing of coherent
excitons. The last two terms with in- and out-scattering rates I'g g describe the thermalization
of incoherent excitons. To investigate an analytical formula for a better understanding, we
solve the phonon-assisted transitions adiabatically, that we can write the formation coupling
element as

2 1 1 ~y
rorm _ = o2 <j:+no‘> ) 3.38
@ h ; 901" 3£ 5 + e (EqQ — vis F hQY)2 + 72 (3:38)

The phonon energy and occupation are described by hlg and ng), respectively. The =+
summation takes into account phonon emission and absorption processes.

Figure 3.5(a) displays the room temperature exciton occupation as function of kinetic
energy at the time of the pump pulse maximum for different excitation energies. Obviously,
the number of injected excitons decreases with increasingly non-resonant pumping but the
excitons occupy larger energies due to the pump excess energy paired with acoustic and optical
phonon scattering. A closer look at the occupations at larger detuning reveals two peaks. The
higher lying peak stems from exciton formation supported by acoustic phonons. The lower
maximum originates from the exciton formation with optical phonons and exciton relaxation
from the higher lying maximum via optical phonon emission [200]. This becomes even more
apparent, when investigating the normalized exciton occupation as shown in Fig. 3.5(b).

The second scenario, which we investigate is pumping below the exciton resonance. Again,
the number of injected exciton decreases with increased detuning, cf. Fig. 3.5(c). But
interestingly, the formed excitons broaden over the dispersion, that we find a substantial
amount of excitons at high kinetic energy. The reason is that the imaginary part of the exiton-
phonon self-energy, which enters the formation rate Eq. (3.38), broadens with increasing
detuning and therefore enables occupations of hot excitons at large kinetic energy [200].

In summary, near-resonant excitation leads to a hot exciton formation at large kinetic
energy, even above 100 meV. Therefore, under the right excitation conditions the interlayer
Meitner-Auger interfacial energy transfer can occur and majorly determine the transfer rate
in WSes-graphene stacks.

3.5 Tr-ARPES signatures in experiment

A tr-ARPES experiment, which investigated the interlayer energy and charge transfer processes
in a WSes-graphene stack was performed by Shuo Dong from the Fritz-Haber Institut of
the Max Planck society and published in Ref. [200]. Their experiment measured the four-
dimensional photoemission intensity I(F, ks, ky, 7) from the heterostructure. The in-plane
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Figure 3.6: (a) Experimental tr-ARPES signal at the K points of graphene and WSes under
photoexcitation of 1.2eV. Only the graphene component is excited and a subsequent interlayer
charge transfer (ICT) from the excited graphene electrons to the WSey layer is observed.
The EDC shows that the WSe; final state lies almost 0.7¢V above the Fermi level. (b)
Experimental tr-ARPES signal at the K points of graphene and WSeo under photoexcitation
of 1.55eV. Here, both materials are excited. The WSes signal lies about 100 meV below the
signal obtained from the ICT (see EDC) emphasizing the excitonic nature of the signal. (c)
Differential spectrum of (b) and a spectrum for negative pump-pulse delay. We find strong
signals at the WSey valence bands (ROIz), WSey exciton (ROI;), graphene excited electrons
(ROI3) and hot holes in graphene (ROI4). Figure is similarly published in Ref. [200].

wave vector components are k; and k,. The tr-ARPES experiment investigates two scenarios:
1) A pump excitation energy of 1.2eV corresponding to an excitation below the optical band
gap of WSey and 2) an excitation close to resonance of the exciton with 1.55€V.

For a 1.2eV pump solely the graphene component of the heterostructure at the K point
K¢ is excited. Time delayed to the hot carrier population in graphene a population of the
K and A valleys in WSey is observable, cf. Fig. 3.6(a), due to a charge transfer. As shown
previously, to ensure momentum and energy conservation the carrier tunneling is accompanied
by phonon scattering. The excited WSey electrons may scatter back to graphene and relax
towards the Fermi level. From the measured scattering rate of about 50fs (I' = h/50fs), we
can estimate the wave function overlap to lie around 4%, cf. Fig. 3.3(b).

The second excitation condition is in close resonance to the WSs exciton, which entails
a simultaneous excitation of both materials. First, the tr-ARPES measurement Fig. 3.6(b)
shows a signal at the WSey K point, which lies about 100 meV below the signal, which is
obtained exclusively from the charge transfer from graphene. This emphasize that the signal
corresponds to an excitonic signature. The differential spectrum, which is shown in Fig. 3.6(c)
is obtained by substracting the spectrum for negative pump-probe delay. At the WSes K
point the figure shows the TMDC valence band (region of interest ROI3) and the TMDC
exciton (ROIy). Additionally, it shows besides an electronic modification around the Fermi
level (ROI3), also a strong peak at -1.8eV (ROIy) in the graphene layer. The photoexcitation
and phonon-assisted tunneling can be ruled out as origin for the signature as the energetically
gap is to deep. However, the energy difference between the deep lying valence states at -1.8eV
and the states close to the Fermi level at -0.2 eV corresponds well to the exciton energy (1.6 V).
Consequently, this feature is explainable by the interlayer Meitner-Auger recombination, which
was previously introduced.
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3.6 Conclusion

In this chapter, we investigated different interfacial energy and charge transfer mechanisms in
a WSeq-graphene heterostructure. We started by investigating the Forster coupling, which is a
dipole-dipole coupling. We find that the Forster transfer rate follows first a Q* behavior before
decaying exponentially with Q. For coherent excitons with vanishing center-of-mass momentum
the Forster transfer does not occur. Additionally, the transfer rate decays exponentially with
the layer distance [198]. For a close stacked WSes-graphene heterostrocture on a silicon
carbide substrate we find a maximum transfer rate of 0.08 meV.

As second energy transfer process we studied Dexter coupling, which depends of the wave
function overlap of the different layers. Due to a small overlap, the process is extremely
unlikely in a WSes-graphene heterostructure.

Then we investigated phonon-assisted tunneling as possible charge transfer mechanism.
Due to the different dispersions of the materials phonons are necessary to enable energy and
momentum conservation. Both processes, tunneling and phonon scattering, were simultane-
ously included by a canonical transformation. We find transfer rates for electrons and holes in
the range of 20 meV. Therefore, phonon-assisted tunneling is a rather likely and fast process.

At last, we introduced interlayer Meitner-Auger energy transfer as new excitation transfer
mechanism. Here, an exciton decays non-radiatively and excites graphene intraband transitions.
The transfer rate lies around 3 meV. We conclude that tunneling and Meitner-Auger energy
transfer are two possible coupling mechanisms on comparable time scales. However, Meitner-
Auger energy transfer requires hot exciton distributions, for example achievable by non-resonant
exciton pumping. Second, Meinter-Auger energy transfer creates hot hole distributions deep
in the valence band, which are observable in tr-ARPES or optical pump-probe spectroscopy.
Consequently, Meitner-Auger energy transfer has a unique spectroscopic signature, which
allows to distinguish it from phonon-assisted tunneling.
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Chapter 4

THz spectroscopy of excitonic
phases in HIOS

Solid state materials are classified based on their band structure. Every text book distinguishes
between metal or semi-metal, semiconductor and insulator. Defined by the parameter of band
gap, metals have a negative band gap, meaning an overlap of valence and conduction band.
Consequently, an energy band in a metal is partially filled with electrons, which leads to a
high conductance. Metals are often described by the Drude model of a free electron gas [204].
For semi-metals the valence band is completely filled, however the band gap is zero that
valence and conduction band touche. Therefore, they are conductive but with slightly higher
resistance than metals. An archetype of semi-metals is graphene. Semiconductors have filled
valence and empty conduction bands, both separated by a band gap. The energetic width of
the band gap is of a magnitude that electrons can be lifted from valence to conduction band
by thermal or optical excitation. The optical response is given by a Lorentz response. The
insulator has a similar band structure as semiconductors but with larger band gap. Insulators
have therefore high resistances. The insulator family has many different members. Besides the
trivial band gap insulator, insulating states can also rise due to electron-electron interaction
or due to disorder coupled with quantum interference. For example in Anderson insulators the
electrons are localized by quantum interference [205]. P. W. Anderson suggested that strong
electron localization is possible if the degree of disorder in a lattice exceeds a certain limit,
which leads to a suppression of diffusion. As a result of Anderson localization one talks also of
a metal-to-insulator transition. In contrast, the Mott localization describes a transition from
metallic to insulating behavior due to strong mutual Coulomb repulsion of electrons [206].
Another example for an unconventional insulator are topological insulators. These materials
are insulators in the bulk but have metallic states at their surface, due to the topological
order [207].

In the 1960s, an exotic state was predicted named excitonic insulator (EI). The El is a charge
neutral and strongly interacting phase that arises from spontaneous formation of excitons.
For semiconductors in thermodynamic equilibrium it is expected to appear when the exciton
binding energy naively exceeds the band gap. Among others, this concept was launched by R. S.
Knox, who expected this phase in indirect semi-metals [37]. Therefore, the excitonic insulator
separates the semi-metal from the semiconducting phase. A few years later L. V. Keldysh and
W. Kohn discussed the formation of an EI from a semiconductor [208,209]. This new phase
exhibits a correlated ground state of excitons, which shows formal analogy to the BCS ground
state of superconductivity. Since this new phase is expected to host many novel properties
such as superfluidity [210,211] or high-temperature excitonic superconductivity [212,213]
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F6-TCNNQ

Figure 4.1: (a) Molecule structure of FETCNNQ. The molecule is a naphtoquinon derivative
with two dicyano compounds (nitrogen atoms in blue) and six fluorine (green) components.
(b) Freestanding HIOS constituting of a monolayer of WSy and a thin film of periodically
arranged F6TCNNQ molecules. (c) HIOS dispersion close to the K point with direct band
gap. The excitonic ground state is built from interlayer excitons with hole in WS4 and electron
in the molecules. Figure appears similarly in Ref. [230].

this new class of insulators has attracted great attention over the last decades. However, as
the EI itself also its exotic properties are still under debate. Concerning the experimental
realization, although spectroscopic signatures of Els have been reported, conclusive evidence is
still missing. There are a few materials, which are suspected to have excitonic insulator ground
states in a solid state, namely 1T-TiSeq, TagNiSe; or TmSeq 45Teg 55 [214-221]. However, in
a solid state context it has been difficult to determine if the excitonic ground state has been
realized [222-225]. At the beginning, a lot of attention has focused on the realization of the EI
from the original idea of an indirect semi-metal, such as 1T-TiSes. However, because of the
finite momentum transfer, the formation of a momentum-indirect exciton is accompanied by
charge density waves [224]. This makes it difficult to distinguish between excitonic insulator
phase transition or Peierls phase transition. Unfortunately, for direct materials, the competing
effect of band gap renormalization and exciton binding energy is present. A decreasing band
gap entails also a decreasing exciton binding energy. Therefore, simply diminishing the band
gap of a direct semiconductor is not doing the trick either.

In this chapter, we discuss the possibility of realizing the excitonic insulator in hybrids of
two-dimensional semiconductors and organic molecules exploiting spatial-indirect interlayer
excitons. The study of hybrid inorganic/organic systems (HIOS) is a growing field with
gaining technological importance since it combines the best of two worlds: Strong light-matter
interaction and easy tunability of the electronic orbitals of organic molecules with high carrier
mobility of inorganic semiconductors [226-228]. In the case of excitonic insulators, the low
dielectric constant of organic molecules [229] and the strong localization of their electrons
are ideal conditions for a large interlayer exciton binding energy. The plethora of organic
molecules allows to choose material combinations with appropriate level alignments and band
gap. The easy tunability of the molecular orbitals enables a comparably easy change between
the excitonic phases in contrast to TMDC heterostructures. With a direct heterostructure
dispersion we circumvent the problematic of possible rising Peierls charge density waves.
Moreover, the spatial separation of electrons and holes yields an exciton condensation that
may produce a dipolar superfluid [41].
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4.1 Hamiltonian

The expected heterostructure, which exhibits an excitonic ground state is a self-assemble layer
of F6TCNNQ molecules placed on top of a WSs monolayer. The 1,3,4,5,7,8-hexafluoro-tetra-
cyano-naphthoquinodimethane (F6TCNNQ) molecule is a powerful electron acceptor [231],
which is known for strong interaction with various materials [91, 232, 233]. Experiments
observe mostly charge transfer from the host material to the acceptor molecules [234]. A large
number of F6TCNNQ molecules form a flat, quasi two-dimensional, film, which is weakly,
non-covalently, bound to the WSy layer. Figure 4.1(a) and (b) display the molecule and
the investigated heterostructure. Figure 4.1(b) shows a free-standing heterostructure. In
order to built the EI and tune the excitonic phases we imagine a structure of the following
form: F6TCNNQ-WS, stack encapsulated by hBN to separate the heterostructure from
the two outside situated graphene layers acting as electrodes. We use a TMDC-molecule
distance of 0.5 nm. Monolayer TMDCs exhibit a strong exciton binding energy due to their
two-dimensionality leading to a low dielectric environment screening. We combine the TMDC
monolayer with a F6TCNNQ film, which exihibts a low dielectric constant of € = 3 [235].
Further, density functional theory (DFT) calculations reveal that the electronic dispersion of
a F6TCNNQ lattice corresponds to flat bands. Both properties favor large exciton binding
energies. Figure 4.1(c) displays the heterostructure dispersion at the K, point. The valence
and conduction band of WSq are described by parabolic dispersions. In contrast, the molecular
layer exhibits flat bands for highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO). Later, we will see that the naively calculated interlayer exciton
binding energy exceeds the heterostructure band gap. Therefore, the WS, valence band
and the molecular LUMO will form the region of interest. First, we need to formulate the
underlying Hamiltonian, which reads

H=3exMh+ 2V M N A + 2 cvnal

Ak AzA,’kzk:/»q vn
m T T T o1 \
+ Z Vna:nbyyuyl’b A ,va U v, Yy, v, Yng va + Z an)\,l«k )‘kan,uaﬁ,uAk' (4'1)
Na;MbsVa Ve n,v,k

The first two terms describe the single-particle energies and intraband Coulomb interaction
of TMDC electrons already defined in Sec. 2.3. The third term describes the single-particle
energies ¢, of the electrons in the molecule bands. The index n = {H, L} denotes the
HOMO (H) and LUMO (L) of the v-th molecule. In the second line we find the intermolecular
Coulomb coupling between molecule v, with electronic state n, € {H, L} and molecule v,
in state ny € {H, L}. The last term denotes interlayer Coulomb coupling V,, .. between
molecule v and the TMDC.

The presented Hamiltonian treats the TMDC electrons in a lattice-periodic Bloch basis. In
contrast, the basis of the molecule electrons is localized and non-periodic. Since the molecules
form a periodic lattice it is possible to express both layers in a consistent description. The
TMDC unit cells are assumed to match the molecular unit cell, that the molecular lattice
vectors are integer multiples of the TMDC lattice vectors [236]. DFT calculation suggest
that the structure relaxes in the way that one molecule matches 16 WSs unit cells. The
interlayer band gap between WSs valence band and LUMO corresponds to Eg = 0.12¢V.
The Kohn-Sham energy levels of FETCNNQ and WS, are obtained with the range-separated
HSE06 hybrid functional [237], as implemented in the FHI-aims program [238-240] and using
standard ,intermediate® settings [241,242]. Perturbative spin-orbit interaction is considered.
The DFT calculations were performed by Mariana Rossi from the Max Planck Institute for
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the structure and dynamics of matter. Within a Bloch basis the electronic operators are
expanded that

1 Nln

—7 . 1 3 -
aV?n — W Ek:e ik Ruan,k7 and a?’L,k = \/T: Z elk RVQVJ’L (42)

m v=1

with two-dimensional wave vector k and the number of molecular unit cells Ny,. The
normalization condition is chosen such that the fermionic commutation relation of the molecular
creation and annihilation operators are conserved. The introduced transformation corresponds
to the case of a tight-binding approach for the molecular field operators. The Hamiltonian in
Bloch basis reads

H =3 exiMAe T 2 enktlpue + O Ve Mg Mo

Ak n,k MM kK g
m 1 T T T B
+ Z Va Oy ot q O Jo—q s g O e + Z Vg )\k+qan’k,7qaﬁ’k,)\k . (4.3)
n7n/7k7k/7q n7A’k7k/7q

Since the molecules form a periodic crystal with possible momentum transformation the
discrete molecular energy levels form bands. From this point on, we refer to HOMO and
LUMO as valence and conduction band. Generally, the wave vectors of TMDC and molecular
crystal life in different spaces. Because of the large extent of the molecules compared to the
TMDC unit cells, the molecular Brillouin zone is much smaller than the TMDC’s Brillouin
zone. However, the Brillouin zones overlap at the K, points, where the wave vector in both
materials per definition coincide. Moving away from the K point, for example by including
also the A valleys, Umklapp processes need to be considered, to map the TMDC wave vector
back into the shared Brillouin zone. However, since we focus at the K, point the wave
vector is well-defined and exchangeable. The Hamiltonian considers Coulomb interaction
with valence and conduction band electrons within the individual layers but also interlayer
Coulomb interaction. The Coulomb potentials VqW, V", and Vg are the intralayer potentials
of the TMDC, molecular crystal and the interlayer potential, respectively.

The heterostructure exhibits four different excitonic configurations: WSy intralayer ex-
citons, F6TCNNQ intralayer excitons, and interlayer excitons. The latter can have either
an electron in WSy and a hole in F6-TCNNQ), or a hole in WSy and an electron in the
molecules. When naively solving the Wannier equation with full valence bands as ground
states we find that the interlayer excitons with electron in the TMDC and hole in F6-TCNNQ
lie energetically far away from all other states. In contrast, the binding energy of the exciton
with hole in WSy and electron in the molecule exceeds the heterostructure band gap. This
suggests that this specific interlayer exciton forms a new ground state.

4.2 Excitonic ground state

Since the excitonic ground state is formed by an interlayer exciton we concentrate on the
region of interest highlighted in Fig. 4.1(c) by the dashed box. This means that the valence
band index v simultaneously refers to the TMDC layer and the conduction band index ¢
indicates concurrently the molecule layer. Since we focus on interlayer processes we neglected
in foresight Meitner-Auger or Dexter-like exchange processes in the Hamiltonian Eq. (4.3).
The reason is that their matrix elements require a wave function overlap, which is, due to the
spatial separation of electrons and holes, negligible small.
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4.2. Excitonic ground state

To derive the new ground state, we start from the spatially homogeneous mean-field
Hamiltonian obtained from Eq. (4.3)

H= Z ETA,k)\L)\k — Z Ak (U;;Ck + c};vk)
Ak k

t+ie > E() - (VMDA + 7Y Q(t) (vhey + choy) (4.4)
W 3 k

which reproduces the semiconductor Bloch equations in Hartree-Fock limit. The single-particle
energies ) are renormalized by electron-electron, hole-hole, and electron-hole Coulomb
interaction and read

Eok =k T D Vo forw + > Vofer =D Veryfor — O Viw forr (4.5)
k' k' k' k'

Eck =Eck t+ Z Vo' fer + Z Vofor — Z Vieew ferr — Z Vi—i' fo i - (4.6)
K’ X K’ K/

They carry the valence and conduction band electron occupations fy p = <)\L)\k> in TMDC and
molecular layer. The quantity Ag = >4 Vi_p/pp takes into account the binding of excitons.
Additionally, we include light-matter interaction consisting of interband transitions described
by the Rabi-frequency Q = di - E(t)/h and intraband transitions. The former includes
interband transitions between the layers, which are therefore negligible small [243,244]. For the
latter the gradient acts onto the creation operator. Since the EI forms without any external
excitation, in the following only the field-independent part of the Hamiltonian Eq. (4.4) is
considered. It can be convenient to express the Hamiltonian in Nambu-Gor’kov basis [245,246].
It yields

g —-A
H=S"wl [ %k —2F )y, 4.7
where we cast the creation and annihilation operators into the Nambu-Gor’kov spinors
c
\IJ,TC = (c;rc, U,:), and W = ( U’Z ) . (4.8)

So far, the Hamiltonian is non-diagonal, which means that the fundamental excitations of
the system are not just electrons or holes. The goal is to find a proper basis, which makes
the Hamiltonian diagonal. Finding a proper basis transformation corresponds to finding a
suitable combination of electrons and holes, which is a fundamental excitation of the system.
A hermitian matrix can be diagonalized by a unitary matrix, i.e. a matrix U such that
UUT = 1 = U'U. We insert the unitary operator as

ek  —Ag
H=Y vu,u] ( "R e ) U U, . (4.9)
k I

Every 2 x 2 hermitian matrices can be parametrized by two complex parameters u and w
with the condition |u?| 4 |w?| = 1. The Hamiltonian Eq. (4.9) can be diagonalized in terms
of new Bogoliubov fields. We choose a representation of the unitary matrix such that the new
quasi-particle operators are defined as

e775 _ 77t _ —WE Uk Ck
(o) -upme= (2 o) () "
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Figure 4.2: (a) Coherence factors in the EI phase. We find a mixing of electron and hole

pair states. (b) Coherence factors in the semiconducting limit recovering the anticipated step
function.

Since the coefficients fulfill |ug|? +|wg|? = 1 the commutation relation is conserved and the new
operators satisfy the standard fermionic commutation relation. The complex parameters can
be taken as real without the loss of generality. A possible explanation yield the semiconductor
Bloch equations for microscopic transition pi and occupation f) ;. Since we are interested
in the systems ground state, their dynamics vanishes. From the stationary limit we see
immediately that pg, and therefore also Ay, is real. We find for the Hamiltonian

_ t oty [ B Ck g
Hf;(ak, Bi) ( Co T ) ( 5 ) (4.11)

with the coeflicients

Ry = év7k|uk|2 + §C7k’wk’2 + 2Apupwy, (4.12)
Ty = év,k\wk|2 + Ec’k|ukl2 — 2Aupwy (4.13)
Ck = Ak(\wk\Q - \uk]2) — (gc,k — évyk)ukwk . (4.14)

We can diagonalize the Hamiltonian by forcing the coefficients of the off-diagonal entries a};ﬁk

and B,Tcak to be zero. The Hamiltonian enters its diagonal form
H =Y Eapafay+ Y EsrBL6, (4.15)
k k

with the eigenenergies

1 _
Euopr = 5(&;,1{ +Eck)TF m : (4.16)

We see that the energies of the new quasi-particles are not only determined by the single-particle

energies €./, ) but also by the quantities ¥ and Ag. The term + Zi =+ Ai corresponds to
the energy to add or remove a particle-hole pair from the condensate with a vanishing total
momentum. The gap dispersion ¥ reads

sz =E&ck — Euk + Zvlrcn—k’ (ui/fﬂ,k/ + wz/f()[’k/) — ZV,ZK,C/ (ui/fohkl + w,%/fﬁ,k/) ) (417)
K K
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4.2. Excitonic ground state

where we define V, ., = Vg — V] _,, = Vo + Vi_p, | € {m, W} with molecular and TMDC
intralayer Coulomb potentials V;;* and VkW, respectively [199]. The occurring difference of the
Coulomb potentials from the distinct materials shows the dipolar nature of the EI [41,247,248].
The difference of the single-particle energies in Eq. (4.17) is renormalized not only by intra-
and interlayer Coulomb potentials but also by the occupations of the hybridized pair states
Ik = <)\L)\k> with A € {«, 5}. Since the quasi-particles are fermions and the Hamiltonian
is in diagonal form the occupations follow Fermi functions with dispersion E, g . Another
quantity entering the new energies Eq. (4.16) is the ordering parameter Ag. In Bogoliubov
basis the parameter Ay is determined by the transcendental gap equation

Ay

ka " m(fa,k/—fﬁ,k/),

which is obtained by inserting the Bogoliubov transformation into the definition of Ag. In
the following, we will see that this quantity is of special interest and why referred to as
ordering parameter. The gap equation is determined by three quantities. The first is the
interlayer Coulomb potential. The second quantity are the occupations f, /5, which include a

(4.18)

temperature dependence to the gap equation. And finally, the denominator Ej = 1/2% + A2
which we call Bogoliubov dispersion. The Bogoliubov dispersion describes the excitation
spectrum of the new pair states. Since the occupations f, /g = exp(—(Eq 3% — 1)/ kBT)
depend on the energies E, /g, both equations for the ordering parameter Ay and the gap
dispersion X are coupled and we need to solve Eq. (4.17) and Eq. (4.18) simultaneously,
which greatly increases the complexity of the system. This coupling stems from the fact that
we include all possible Coulomb renormalizations. The chemical potential p is adjusted such
that the system is charge neutral.

Similar to Ay we can specify the quantities p, = <v};ck) and fi, = <U;;Uk> - (c};ck> by
inserting the Bogoliubov transformation. We find in equilibrium

o _1 Ak _

P’ =3 SE] (fok = fa.k) (4.19)

fko) Jok = fer = Xk (fae — fok) - (4.20)
Si+A7

Interestingly, for Ay # 0 we observe that the interband transition is non-vanishing what is
unexpected for an unexcited semiconductor. Also the inversion differs from one, which we
would not anticipate for a Hartree-Fock ground state. In case of A = 0 the microscopic
polarization vanishes. Such an on-off switching of an intrinsic microscopic polarization suggests
that Ag may serve as an ordering parameter. In case of a vanishing Ay also the inversion
recovers to f,go) = for — fep = 1 because f,r and fgp have as limit f, x and f.x for Ay = 0.
Since for an excitonic ground state the microscopic polarization has a finite value and the
inversion differs from unity, we mark them as ground state distributions by the supscript (0).
From the diagonalization we obtained also the coefficients

1 by 1 by
ul* = 5 {1+ —== s

The coherence factors |wy|? and |ug|? describe that the pair states are occupied or unoccupied,
respectively. Figure 4.2(a) displays the coherence factors for an excitonic insulating phase.

and  |wg|? = (4.21)
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Chapter 4. THz spectroscopy of excitonic phases in HIOS

Figure 4.2(b) shows their limit by increasing the band gap and forcing therefore the ordering
parameter to zero. Here, the coherence factors correspond to step functions as expected for
a conventional semiconductor. The step lies at the Fermi vector kg. In contrast, in the EI
phase the coherence factors are smeared out, which is required for the pairing interaction. In
formal analogy to the BCS superconductivity theory [249] we can construct the EI ground
state wave function as [209]

(@) =TT (we — wechvy) [Wo) Hak|0 (4.22)

k

with [¥o) =1 UL|0> as the conventional semiconducting ground state constructed from the
vacuum state |0). These new Bogoliubov quasi-particle operators create (or annihilate) an
electron in a linear combination of valence and conduction band. Finally, we discuss the
Hamiltonian and ground state wave function together. The mean-field Hamiltonian Eq. (4.4)

(t)

is U(1) gauge symmetric. This can be seen when applying the transformation A’ — e<t)i¢’“,
which corresponds to a U(1) group operation being analogue to a rotational symmetry. For
the Hamiltonian any phase is allowed and leaves Eq. (4.4) invariant. However, the new ground
state is not invariant under rotation:

|Tg) = Hak]O — H( Z(z”“ukv — e Rl ) |Wo) = 1_‘[6_"‘15’c (ukv;rc - wkc};) |To) # [Po) .
k
(4.23)

The Hamiltonian and its ground state are not sharing the same symmetry anymore and the
system undergoes a spontaneous symmetry breaking. This emphasizes the language of phase
transition and ordering parameter. To obtain some more analytical insights into the ordering

parameter, we can define the quantity ¢ = Ag/4/ Ei + Ai and substitute in the gap equation

Eq. (4.18), which yields [209]
VE2 + Ay, = Z Vie k' C1 (4.24)

for the temperature limit of 0 K. When comparing to the Wannier equation

(Ex — EB)yr = Z Vie—1' Pr’ (4.25)
k/

we can deduce that the gap equation is related to the Wannier equation. Consequently, the
ordering parameter is related to the exciton binding energy. When we neglect the Hartree-Fock
renormalizations in the gap dispersion and approximate Ag ~ Ag, we can write for small Ay

h2k? 2A2
<2m + Eg + ) Z Vi—r er (4.26)

with the reduced mass m. If we assume that the gap energy is of the same order of magnitude
as the exciton binding energy, we can identify |Ep| ~ Eg + 2A2/Eg by comparing Eq. (4.26)
with the Wannier equation Eq. (4.25). Resolving for the order parameter yields

1 E
Ao = |Esl\/5 (1 - |E§> . (4.27)
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Figure 4.3: (a) Numerical solutions for Ay, Xk, and Ej at 300 K. Ay peaks at the origin
and decreases with the wave number. The Bogoliubov dispersion has a sombrero shape and
Yk is negative close to the origin due to Hartree-Fock renormalizations. (b) Ground state
distributions at 300 K showing a present microscopic polarization and intrinsic inversion. For
k — oo, the ground state distributions go to the semiconducting limit because Ay = 0. The
ground state distributions peak in the pockets of the Bogoliubov dispersion. Figure appears
similarly in Ref. [230].

We see that the ordering parameter is a continuous function of the band gap. For a binding
energy smaller than the band gap holds Ag = 0 (semiconductor limit) and increases continu-
ously with diminishing band gap compared to the binding energy. This result suggests, that
the EI phase transition is of second order.

Figure 4.3(a) displays the numerical results for the ordering parameter Ay, gap ¥j and
Bogoliubov Ej, dispersion at room temperature. First of all, the ordering parameter is
non-vanishing and peaks at k = 0. A finite value accounts for a finite probability to create
electron-hole pairs, which designates the excitonic instability. The ordering parameter is
monotonously decreasing with the wave number. This behavior is in formal analogy to the
ordering parameter from s-wave superconductors [249-251]. The Bogoliubov dispersion Ej,
has a sombrero shape, which peaks at k = 0 and exhibits two pockets close to k = +2nm™".
The strength of the peak at the origin is related to the exciton binding energy and can be
understood as gap opening. The gap dispersion ¥ has mainly a parabolic shape. Interestingly,
we see that around k = 0 the gap dispersion turns negative. If we artificially turn off the
Hartree-Fock Coulomb corrections, the gap dispersion corresponds to the band gap at the
origin. Then the gap dispersion is positive. For a positive gap dispersion we see from Eq.
(4.20) that for the inversion holds f,go) > 0. In contrast, with a negative gap dispersion follows

f,go) < 0. Therefore, by including all Hartree-Fock renormalizations, we find that the suggested
EI structure exhibits an intrinsic inversion close to the band extremum. Figure 4.3(b) plots
the ground state distributions. The ground state polarization and occupations peak in the
Bogoliubov pocket, which we can identify with a Fermi wave number kr. Away from the band
extremum the inversion goes to one and the polarization vanishes.

Two relevant parameters, which influence the ordering parameter are temperature and
band gap. The latter is tunable by an applied voltage. Depending on the choice of these
parameters we can expect three different excitonic phases: excitonic insulator, semiconductor,
and semi-metal. The excitonic insulator is determined by a finite value of Ag, while the other
two phases exhibit a vanishing Ay. However, they can be distinguished via the inversion
f,go). For a semiconductor the inversion is one in the Hartree-Fock ground state, but the
value is smaller for a semi-metal reflecting the presence of a free electron gas. Figure 4.4
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Figure 4.4: (a) Phase diagram of a WSy-F6TCNNQ on hBN and air surrounding. The
excitonic insulating phase separates the semiconducting and semi-metal phases. The numbers
show where the absorption spectrum is calculated at a later stage. Number 3 corresponds to
zero applied electric field. (b) Phase diagram for changing dielectric constant of the supstrate
up to hBN encapsulation. A low mean dielectric constant is necessary to keep the EI stable
at heigher temperatures. Figure appears similarly in Ref. [230].

shows the phase diagram of the WSo-F6TCNNQ heterostructure. For a guidance of the eye
we included the coexistence lines between the different phases. We see that the excitonic
insulator is stable up to a temperature of 350 K underlining the possibility of the system to
built a high-temperature excitonic insulator. Concerning the band gap, the EI appears in the
range of 0.04-0.38 eV. By increasing the band gap the system enters its semiconducting phase.
In contrast, by decreasing the band gap we approach the semi-metal case. Interestingly, there
is no coexistence of EI and semi-metal, but the heterostructure traverses the semiconducting
phase. This results from a fast decrease of the ordering parameter with decreasing band gap
and its vanishing prior to a negative band gap. The microscopic origin is the competing effect
between the band gap renormalization, which is included in Y, and the strength of the exciton
binding energy. The separating area can be understood as excited semiconductor. The reason
for this interpretation is that Ay = 0 and Xy = &, — &, x > 0 as in the semiconducting phase
but with f.x # 0. To convert the band gap change into a value for applied voltage we use a
simple model by approximating the exciton as dipole in a plate capacitor. We use the materials
WSs and F6TCNNQ directly as electrodes and apply the voltage between them. For the band
shift due to the Stark effect we assume a simple linear dependence: Ae = ER [244]. The band
shift Ae is determined by the electric field strength E and the layer separation R. For a plate
capacitor the electric field is related to the applied voltage by U = ER. To tune the band
gap over the full range shown in Fig. 4.4(a) a voltage of 0.5V needs to be applied. Finally,
we recognize a sublimation line — a direct transition of semiconductor to semi-metal without
traversing the EI by just high enough temperature. Figure 4.4(b) displays the excitonic phases
as function of the two device relevant parameters temperature and dielectric environment
at the original band gap Fg = 0.12eV. The heterostructure is placed on an hBN substrate
and the dielectric constant of a supstrate is changed continuously. We see that a low mean
dielectric constant is necessary to keep the EI phase stable at high operating temperatures.
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4.3 Optical response

With the correct many-body ground state, we can now calculate the optical response of
the heterostructure. The frequency-dependent and self-consistent absorption coefficient
corresponds to Eq. (2.63) derived in Sec. 2.6.2. The linear absorption is determined by the
susceptibility. We know that the susceptibility is related to the macroscopic polarization,
which itself is determined by the microscopic polarization. However, we do not know exactly
how the macroscopic polarization looks for an excitonic insulator. Therefore, we derived the
equations of motion before defining the actual observable.

The equation of motion for the optical excitation derived from the Hamiltonian Eq. (4.4)
reads

. d .

ih— Pk = 25k + ieE(t) - Vi) pr — Dk fro + hQ%(t) [, (4.28)
d

iﬁ£fk = 2iQm (Agpg) + eE(t) - Vi fi (4.29)

with 2 = &, — &, k- The terms carrying the product of electric field and momentum
gradient correspond to optical intraband transitions and terms with Ay account for attractive
electron-hole Coulomb coupling. Optically induced interband transitions are described by the
Rabi-frequency Q(t). We expand the polarization and inversion into orders of the exciting
electric field [252,253]

pr=p) + ) +0(2) (4.30)
=10+ 10+ 0, (4.31)

where we restrict ourself to the first order. The initial conditions arise from the ground state

(Qz)g])7 f,go)). The dynamical correction to first order in the electric field is denoted by pg) and

f,gl). The HIOS Bloch equations in first order of the electric field read
d
z‘h@pg) = 22;60)13;61) — Ag)f,io) I 2221)19560) _ A560) ’gl) I hﬂk(t)f,io) +icE()- Vkpéo) (4.32)
d
iﬁ@f;il) = 2iSm (AP + AP ) +ieB(t) - Vi s\ (4.33)

Since pgco) and f,go) describe the ground state their dynamics vanish and we are left with the
first order. The first two terms of Eq. (4.32) correspond to the homogeneous semiconductor
Bloch equation producing the Wannier equation. The third and fourth term do not exist
in the conventional semiconductor Bloch equations and therefore generalize them to the
excitonic insulator. They describe a coupling of the polarization to occupations via the
ground state polarization. The last two terms correspond to the optical excitation due to
inter- and intraband transitions [254]. Analogous, in Eq. (4.33) the first term describes the
semiconductor Bloch equation limit, while the second term is specific to the EI. It corresponds
to a ground state polarization-assisted source [254]. The last term stems from optically-induced
intraband transitions. The static ground state distributions induce a coupling between the
linearized equations of the optical polarization p,(cl) and inversion f,il)
decoupled by the transformation [253]

. Both equations can be

p) _ Ey + E,(co)pu) B — E,(co)p*u) B A;QO) (1) (4.34)
(0) (0)
W _ Ak () )Y L Dk (1)
B = (p + ) + L (4.35)
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We obtain
i B0~ 2, P -SSP WO B ) Va4
Sdoay
ihF) = ieB(t) - Vif” (4.37)

where we can identify the linear Bogoliubov-Wannier equation

2Erpuk — Z Vi Cur’ = Epepk - (4.38)
kl

We can now treat the linearized equations of motion for the optical excitation of an EI
with the conventional exciton formalism, which we introduced in Sec. 2.6.1. We transform
to relative and center-of-mass momentum and project the interband transition onto the
Bogoliubov-Wannier wave functions, which yields the excitonic EI equations

d

ih dtP‘SO +Z £ 1 h(1) + ieE(t) Z(p“ Wil (4.39)
d 1 .

hdt F,/ =ieE(t) - kak . (4.40)

Besides the Bogoliubov-Wannier energy the equation of motion exhibit an interband source
scaled by the ground state inversion and an intraband source determined by the momentum
gradient of the ground state polarization. By knowing the equations of motion we can make
an educated guess for an excitonic light-matter Hamiltonian, which yields Eq. (4.39) and Eq.
(4.40). We choose a light-matter Hamiltonian of the form

Hiy = Z (dk : E(t)f,f,o)wz p TieE(l Z ©y, kapé )> w0 +Hee

w.k
+ieB(t) Y (ViALA (4.41)
Ak

)

From the definition of the macroscopic polarization, being the functional derivative of the
light-matter Hamiltonian with respect to the electric field P(t) = —dHiy /0 E(t) we find for
the macroscopic polarization

P(t)=->" (dwu,kf,io) +iey <pu,kap§f)> Puo+ied (VAN - (4.42)
.k .k Ak

From the macroscopic polarization we can also calculate the optical current, which is defined
as time derivative of the macroscopic polarization

. d ) d
i) = 2P ==Y (depuafy” +iepuaViry) 7 Puolt) + ez v F()  (4.43)
w.k
jlw) =— Z (dkgoujkf,go) + iegomkvkpg))) iwP,o(w) +e Z kaélk (w), (4.44)

.k

where we solved the time derivative by Fourier transformation. We defined the particle
velocity vy = hk/m,, which is obtained by shuffling the gradient from the operator to the
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corresponding eigenenergy. As consequence only the TMDC valence band occupation szllz
contribute to the optical response since the molecule electrons have infinite mass. Additionalfy,
we used that fr = ,go) + F ,gl), whereby > . k- ,(CO) = 0 because f,go) is even since it depends
only on the absolute value of the the wave vector and k being uneven. The first part of Eq.
(4.44) can be treated by inserting the Fourier transform of Eq. (4.39).

Some more work requires the second contribution to the optical current. Inserting the
Fourier transform of Eq. (4.40) yields for the intraband current

. icE(t) - Vi) ie? v ® Vi)
g(w)_—e;vkw— —fzk:m - E(t). (4.45)

We added a phenomenological dephasing to the optically excited occupation. The expression
in front of the electric field can be identified as the conductivity tensor of a plasma. Equation
(4.45) can be seen as Ohm'’s law, connecting the current and the electric field. With integration
by parts, we can move the gradient that instead of acting on the occupation it acts on the
particle velocity. The current is now in the form

2

jlw) =i=—"d

e P (4.46)

with electron number ng = > flgolz. Comparing with the definition of the current j(w) =
—iwegx(w)E(w), we can identify the susceptibility. Together with the interband contribution
of Eq. (4.44), we can identify the general susceptibility tensor

(w)__lzdlt®d“+jﬂ®jﬂ e vk®ka1§,O,3
X e B, +iy | ewh4 Wt ik

(4.47)

where we added also a phenomenological dephasing ~ to the excited microscopic polarization.
While the first term corresponds to a Lorentz response the last term corresponds to the
conductivity tensor of a free electron plasma and can be brought to the well-known Drude model
for a current density xprude = — 123l /(w? + iyw) with plasma frequency wgl =e23 féo,z /€0y

by using Eq. (4.46). The matrix elements are defined as d, = d ) f,go)cp;k with electronic

dipole moment d and j, = ie} @H,kvkpéo). In the following, we assume a perpendicular

excitation and project the optical matrix elements on the polarization vector e. We can now
discuss the optical selection rules included in the susceptibility. For an excitonic insulator
with s symmetric ground state the first excited state is of p symmetry. Therefore, excitonic
insulators exhibit intraexcitonic s to p transitions [156,255,256]. But due to the uneven parity
of p states, the interband source d,, vanishes. In contrast, the intraband source j, is finite.
The matrix element can be investigated in more detail. From the gap equation Eq. (4.18) we
see that it corresponds to the Bogoliubov-Wannier equation with vanishing exciton binding
energy. This suggests that also the ground state polarization could be projected onto the wave
function acting as solution for E,, = 0: pg)) =2, E,=0 gomkpf,“o). Then the momentum-gradient
in the intraband matrix element acts onto the wave function. For a s-type ground state the
angular derivative vanishes. Together with an analytical treatment of the angle-sum we obtain
for the intraband source

. " 1
Ju=eme- > @ L Okpuk ( 4 ) 7 (4.48)

v,k
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Figure 4.5: Absorption spectrum of the WSo-F6TCNNQ stack in the far-infrared to terahertz
regime. (1) Semi-metal phase characterized by a Drude response. (2) First Lorentzian
signature due to rising intraexcitonic transitions. (3) EI phase exhibits a Drude response,
which is modulated by a p excitonic Rydberg series. (4) EI phase with wider gap showing a
blue shift of the resonances and a decreasing oscillator strength. (5) Semiconducting phase
shows no optical response due to vanishing small oscillator strength of the interlayer transition
and absent free electron gas. Figure appears similarly in Ref. [230].

where the sign stands for y = p4 and p = p_ final states. These two final states exhibit a
circular dichroismic selection rule, comparable to KK and KK _ excitons in monolayer TMDCs.

When entering the semiconducting phase, the Bogoliubov-Wannier equation turns into
the conventional Wannier equation, which yields the 1s exciton as first excited state. Then
the intraband source is zero and the interband source finite. However, since we investigate
interlayer transitions, the optical interband transition is expected to be small [257]. For a
negative band gap neither of the first two terms contribute. The response is solely given by
the last term, which corresponds to the plasma response in a Drude model for a free electron
gas. It stems from intraband transitions of the microscopic occupations with plasma frequency
Wp-

Figure 4.5 shows the calculated absorption along the billiard line in Fig. 4.4(a). In the
semi-metal phase (1) we observe the well-known Drude response for the free electron gas.
Opening the gap (2), we see that an additional feature rises, which stems from the first
two sources. The slowly rising microscopic polarization is convoluted with the excitonic
wave function, which interpolates at this point between s and p state. Therefore, also the
interband source contributes in principle. However, the oscillator strength of the interlayer
exciton is weak and the contribution of the interband source is negligible. When entering the
excitonic insulating phase (3), we observe that the Drude response, which is still present due

to a finite f,go), is modulated by a p excitonic Rydberg series in the far-infrared to terahertz
regime. The resonances correspond to transitions from a 1s ground state to excited p states.
Since the transition is of intraband nature, it possesses sufficient oscillator strength to be
observed in optical experiments. For a further gap opening (4) we observe a blue shift of the
resonances accompanied by a decreasing oscillator strength since the ordering parameter and
the connected ground state distributions pg)) and féo) decrease. For a band gap of 0.4eV the
wave function of the lowest excited state changes to s symmetry. As consequence the intraband
source vanish and the heterostructure is in its semiconducting phase (5). However, due to

the weak hybridization of intra and interlayer exciton, the interlayer exciton has negligible
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oscillator strength. Since for the semiconductor also the inversion corresponds to unity, the
Drude response vanishes as well and no response at all is observed. The material becomes
transparent for large wavelengths. For higher temperatures a similar picture emerges but
characterized by generally weaker oscillator strength due to smaller ground state populations
and a faster change between the phases with band gap altering.

4.4 Conclusion

In this chapter, we introduced the functionalization of two-dimensional inorganic TMDC
semiconductors by organic molecules. The molecules form a flat periodic lattice. This enables
a transformation for the molecule electrons into a momentum Bloch basis. We suggest such
hybrids to be the ideal candidate to form excitonic insulators. The reasons are the large
amount of organic molecules with low dielectric constant from which a HIOS could be built.
Additionally, the flat bands of the organic layers are favorable for a large interlayer exciton
binding energy. Finally, the easy tunability of the molecular energy levels, compared to the
bands of inorganic semiconductors, by an applied electric field enables fine tuning of the
excitonic phases.

We developed a Bogoliubov description to properly describe the new many-body ground
state. We find that excitonic insulators exhibit an intrinsic non-vanishing polarization due to
a correlated 1s exciton ground state. Additionally, they exhibit a spontaneous formation of
inversion. We calculated the excitonic phase diagram as function of temperature and band
gap. The latter is tunable via the static Stark shift induced by an applied voltage. We see
that the excitonic insulating phase in WSo-F6TCNNQ is stable up to room temperature.
Since the ordering parameter is connected to the exciton binding energy its stability strongly
depends on the dielectric environment.

Due to the applied voltage we can choose between three different phases: semi-metal,
semiconductor and excitonic insulator. All show different optical signatures in the far-infrared
to terahertz regime measurable by linear absorption. The semi-metal is described by a Drude
model. The semiconducting phase shows no optical response due to a negligible small oscillator
strength of the interlayer exciton. Finally, for the excitonic insulator we find a Drude response
modulated by a p exciton Rydberg series, which is observable in linear absorption due to
optical intraband transitions.
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Chapter 5

X-ray absorption spectroscopy

X-ray experiments, such as X-ray absorption spectroscopy (XAS), have played a tremendous
role in the early times of atomic physics for the characterization of the electronic structure of
atoms and the search for new elements [43,44,258-260]. XAS is a local probe of the electronic
and geometrical structure of materials, which can likewise be applied to gases, liquids,
solids, and almost all kind of materials like catalysts, minerals or biological tissues [261-266].
This results in a wide application range of XAS in physics, chemistry, biology, or material
science [267,268]. Today, synchrotron is used as source for the necessary intense tunable
X-rays. Prior, the continuous spectra of X-ray tubes had to be used and monochromatized,
which made measurements time consuming and difficult compared to related techniques as
X-ray photoemission spectroscopy or Auger electron spectroscopy [269]. XAS is a general
term including both X-ray absorption near edge structure (XANES) and extended X-ray
absorption fine structure (EXAFS). Figure 5.1(a) shows a schematic of the lattice periodic
potential in a solid state. Energetically, the solid possesses occupied core and valence bands,
unoccupied conduction bands, and the ionization continuum above the ionization threshold of
the material.

XANES, or alternatively near-edge X-ray absorption fine structure (NEXAFS), is consti-
tuted by transitions of inner-core shell electrons into unoccupied states below the ionization
level of the materials, cf. Fig. 5.1(a). Such X-ray induced transitions lead to sharp resonance
lines in the absorption spectrum, which are called absorption edges as sketched in Fig. 5.1(b).
In the existing literature [270-272], XANES is typically described by Fermi’s golden rule for
the transition probability from core electrons with wave vector k to unoccupied conduction
band states with wave vector k’ under illumination with a X-ray frequency w:

P(w) x //dkdk’ e dyp|°0 (B — Ep — hw) . (5.1)

The transition probability P(w) is determined by the product of the dipole matrix element
dy, i’ projected on the polarization vector e and an energy conserving delta function.

When the absorption spectrum is measured over a large range of photon energy, after the
XANES part, starting from the ionization threshold, an oscillatory behavior of the absorption
coefficient is observed, cf. Fig. 5.1(b). This part of the spectrum is called EXAFS and
stems from transitions of core electrons into the ionization continuum above the ionization
threshold of the material, cf. Fig. 5.1(a). The characteristic oscillation were first observed in
the 1930’s and appears only for molecules and solids but not for single atoms. A quantitative
description of the oscillation was only given in 1970 by D. E. Sayers and coworkers [52,53].
The explanation of the oscillation is based on the theory introduced by R. de L. Kronig for
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Figure 5.1: (a) Sketch of a lattice periodic potential of a solid state with core, valence (VB),
conduction (CB) bands and the ionization continuum (IC). We additionally draw exemplary
XANES and EXAFS transitions. (b) Sketch of a typical X-ray absorption spectrum with
XANES part (green) exhibiting absorption edges and the EXAFS part (violet) showing the
oscillatory behavior. Figure appears similarly in Ref. [274].

small molecular gases [50,51]. The description interprets the oscillations in the spectrum as
interference effects emerging from secondary waves emitted by an X-ray absorbing atom and
waves back scattered by neighbored atoms [273]. The corresponding parametrization of the
absorption by D. E. Sayers et. al

|fi(k)]
kR2

. — 5(2] Z Nz' sin (2]€Ri + ¢Z) 6_2Ri/)‘k6_20i2k2 (5.2)

has become standard in describing EXAFS. The formula gives the absorption cross section as
function of the wave number of the photoelectron. For EXAFS the X-ray energy is higher than
the ionization energy Fr,, of the material and the excess energy is transferred to the excited
photoelectron in form of kinetic energy. Consequently, the X-ray excitation frequency w, can
be related to the photoelectron wave number by k? = 2mo(hw — Eron)/ K2 with the free electron
mass mg. The structural parameters are the number of equivalent scatterers IN; of type ¢,
the interatomic distances R;, and the bond length ¢;. The discovery of the relation between
the oscillation and the interatomic bond length promoted XAS to a structural method. The
exponential factor exp(—2R;/\i) accounts for the finite lifetime of the photoelectron, which
is only scattered elastically over a short distance. Here, A; stands for the X-ray wavelength.
The Debye-Waller factor accounts for thermally or disorder induced changes in the bond
length. The quantity |f;(k)| describes the back scattering amplitude, resulting from back
scattering of neighboring atoms, and Sy describes the reduction factor due to multielectron
processes. Finally, ¢; stand for phase shifts due to the initially excited and the back scattering
atom [53,273]. Although, the development of the Sayers formula is of paramount importance
and under extensive use for the analysis of all kind of EXAFS measurement it has one problem:
The utilized wave functions for the derivation of Eq. (5.2) do not fulfill the Bloch theorem and
are therefore no proper basis functions for solid states. Therefore, in this chapter we derive a
Bloch theory for X-ray absorption spectroscopy for atomically-thin materials. Moreover, we
aim for a combination of the Bloch formalism with the solution of the Maxwell equations to
construct a self-consistent spatio-temporal resolved XAS theory, which describes XANES and
EXAFS in one consistent description. The spatial resolution allows for local excitations of the
solid with high-energy X-ray light and the temporal resolution accounts for the description of
ultrafast phenomena accessible in time-resolved X-ray spectroscopy.
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The presented results and parts of the formulation were submitted for publication at
Physical Review Research.

5.1 Core electrons

Typically, electrons are separated into two categories: core and valence electrons. Core
electrons are strongly bound and often even added to the nucleus. The reason is that core or
inner-shell electrons remain largely unaltered when an atom is present in a molecule or crystal
whereas valence electrons rearrange and contribute to the bonding properties. An electronic
ground state of a solid state crystal is naturally described by Bloch waves — simultaneous
eigenstates of the periodic Hamiltonian and of the direct lattice translations and extensively
discussed in Sec. 2.2. Here, the electronic wave function is a product of a plane wave
and a lattice periodic function labelled by band index A and wave vector k. Because of
their plane wave character Bloch waves are rather delocalized over the crystal, which makes
their description difficult for core electrons. However, since Bloch functions have different
envelope functions at different wave vectors, we can expect to build a localized wave packet by
superposing Bloch functions of different wave vectors [275]. A strongly localized wave packet
in real space is achieved from a broad k-space superposition

1 2
w>\70(r) = \/N UCd k \I/)\7k(’l“), (53)
where the integral is carried over the 1st Brillouin zone with normalization constant N
corresponding to the number of unit cells. The function wy o(r) denotes a Wannier function
located at the center atom of the crystal. We can insert into the integral a phase factor
exp(ik - R) with the real space lattice vector. This has the effect of translating the real-space
Wannier function by R and generates additional Wannier functions at different atom positions

1 2, —ikR
w,\r—R = —F d“k e ‘11)\’]‘,7‘. 5.4
r-R)= [ (7) (5.4
Here, the Wannier function has the form of a Fourier transform. From inverse Fourier
transformation and transformation to a discrete grid we can construct the electronic wave
functions

Uy (r \ﬁZeZkR -R), (5.5)

which form a complete orthonormal set. The Wannier representation is essentially a real-space
picture of localized orbitals and assigns as quantum number the lattice vector R of the cell,
where the orbital is localized, together with the band index A. The transition from Eq. (5.4)
to Eq. (5.5) constitute a unitary transformation between Bloch and Wannier states. Therefore,
both states are an equally valid description of the band subspace. We conclude that Wannier
functions provide an attractive option for representing the space spanned by a Bloch band in
a crystal, but being localized and still carrying the same information contained in the Bloch
functions. Similar to the Bloch functions wy g (), Wannier functions require computationally
expensive methods. A practical solution is to expand the Wannier functions after atomic
orbitals, which yields the tight binding wave function approach [276,277]. We can write for
an electronic wave function of band A

U k(r Z Chine™ ™93 ;(r — Ryg). (5.6)
67] Rﬁ
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The band at sublattice § consists of atomic orbitals ¢Z\3,j of type j. The atomic orbitals decay
spatially with an effective inverse length ( = Z/ap simulating the screening of a many-electron
system. ap corresponds to the hydrogen Bohr radius and Z denotes the nuclear charge. The
phase factor ensures the lattice translation symmetry. The tight binding coefficient C[;\j,k
describes the weight of each orbital to the band. In the following, we will derive the matrix
elements formally with Bloch waves and afterwards within a tight-binding approximation.
However, a Wannier representation is achievable is desired by expressing the Bloch functions
in terms of Wannier functions. After having discussed the wave function, we quickly examine
the core dispersion. Because of the strong localization of the core states we can expect a
small orbital overlap of neighbored lattice sites. Consequently, the core bands can in good
approximation be described by flat bands.

5.2 XANES

As introduced at the beginning of this chapter, XANES consists of transitions of core electrons
into unoccupied bands below the ionization threshold of the material. We start with the
many-body Hamiltonian in second quantization, which reads

_ AT AN T/ V7PN Iy
H=Y M\ — Y, (@) Eqlzo, ONA, + D Vi MoNwviva Xy . (5.7)
Ak AN kELQ AN Y
k.q.k'.q'

The first term describes the single-particle energy of the electrons in band A\ with in-plane
wave vector k. Here, A summarizes all bands within the material including core states.
The second contribution to the Hamiltonian describes the X-ray-matter interaction with
dipole matrix element dgj\,;/(Q). In contrast to the definition in the second chapter we
explicitly include the spatial in-plane extension of the electric field via the Fourier transform
E(r,t) = > Eq(20,t) exp(iQ - ) with the X-ray wave vector Q. The dipole matrix element
reads then

A (Q) = e(Uny [ 7 QT [y, ) . (5.8)

So far, for visible and extreme ultraviolet light up to 20eV the spatial variation of the electric
field compared to the 1st Brillouin zone could have been seen as constant. As consequence the
spatial phase factor was approximated within a Taylor expansion to one. Here, we consider
X-ray energies up to 500€V. This corresponds to a X-ray wave vector of about 10% of the 1st
Brillouin zone and might not be negligible anymore. Additionally, this formal definition makes
the theory scalable even up to the hard X-ray regime. Since we consider the interaction of
X-rays with atomically-thin materials, the dipole approximation can be made in the direction
perpendicular to the material. Therefore, the electric field is considered only at the position
zp of the material.

The definition of the Coulomb matrix element is unaltered compared to the previous
chapters and includes all possible interaction pathways.

So far, the dipole matrix elements describes XANES and EXAFS. We start first by deriving
an expression for the XANES dipole matrix element.

5.2.1 Plane Bloch waves

XANES is characterized by transitions of core electrons into unoccupied conduction band
states below the ionization threshold of the material. Such transitions give rise to sudden
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5.2. XANES

absorption edges in the XAS spectrum. Apart from sufficient excitation energy the transition
requires a finite dipole matrix element. We restrict the final state band index to bands lying
below the ionization threshold and insert Bloch waves into the formal definition of the dipole
element. We obtain an expression for the dipole operator acting partly as a derivative on

ai\’ka)\,’k, of the form

W ie ( (Vk+Q—G

iG- .
k+Q-Gk = Voo iz ) urk+Q-g | €7 U)J,k)(s/\/’;\ —iedy v Viro-c- (5.9)

An elaboration of the performed manipulations can be found in the appendix A.2. To
highlight that the dipole operator describes solely X-ray induced transitions from core bands
into final electronic states within the material (X ANES) we introduce the labeling dzkkl,(Q) —

X zﬁQ—G,k- We see that the X-ray transition fulfills the momentum selection rule of k' =
k — Q + G for the optical transition. The relaxed momentum conservation accounts for
a transfer of the in-plane field momentum to the optically excited electron. However, the
momentum is conserved up to a reciprocal lattice vector G. In case that the sum of k and Q
lies outside of the 1st Brillouin zone the reciprocal lattice vector G # 0 accounts for Umklapp
processes [278].

In Eq. (5.9), the first term describes interband transitions between core and unoccupied
conduction band states. According to the Siegbahn notation, the absorption edges are
named after the main quantum number of the initially excited core electron. For example
K transitions involve 1s electrons, while excitation of 2s and 2p electrons occur at the L
edges. The enumeration continues similar to the atomic shell model. In case that the angular
quantum number is non zero the edges are indexed with consecutive numbers with increasing
total angular momentum. For example the L edge consists of the Ly (2s electrons), Ly, and
L3 transition. The two latter involve the 2p electrons with total angular momentum J = 1/2
and J = 3/2, respectively.

As already discussed in the second chapter, the second term leads to a wave vector
gradient, which changes according to the acceleration theorem with a rate proportional to
the X-ray field [279] and describes the coupling strength of X-ray excitation to intraband
transitions [86,280]. The X-ray radiation has excitation energies from a hundred of eV up to
tens of keV. Consequently, the intraband dynamics do not significantly change the optical
response and the intraband effect can be neglected regarding X-ray radiation.

5.2.2 Tight binding description

For Bloch waves the orbital band composition, the character of the dipole transition, and
the lattice geometry are encoded in the lattice periodic function uy (7). Their calculation
requires usually computational expensive methods. To bridge this gap we evaluate the matrix
element by using tight binding wave functions. This will give us also some analytical insights
into X-ray induced core transitions.

By inserting the tight binding wave function Eq. (5.6) for initial and final state into the
formal definition Eq. (5.8) and expanding the integral into a sum over unit cells at the lattice
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vector Rg yields

AN * N ik-dga . iQ- .
Xk-&-Q—GJC =€ Z Zcﬁj,k-&-Q—GCai,kel (N, B, 3,0 | r ' ‘ /\/7047@7550»
O‘vﬁaivj 6ﬁoz
—ie Y ZCE?,k+Q—GC£¢\;,keikA56a<)‘vijvO | QT N, i, 880) Virg-G
O{,B,i,j 6[‘304
(5.10)

providing the same momentum selection rule as previously, Eq. (5.9). A projection onto
atomic orbital basis yields (r|\, 3, j,0g4) = qbgj (r —d34), where 63, = Rg — R, stands for
the next-neighbor vectors connecting the atoms. The sum over the sublattices «, § includes
neighboring atoms of arbitrary order. The matrix element is determined by the tight binding
coefficients and the phase factor exp(ik - d3,). The core orbitals are strongly localized and
their spatial extent decays quickly even compared to the X-ray wavelength of soft and medium
X-rays. Therefore, it reasonable to treat the transition integral in dipole approximation. In
the appendix A.5.3 we calculate the onsite transition integral, which forms the dominate
contribution, beyond the dipole approximation by including the full spatial phase of the
electric field. We find that the dipole approximation for the transition integral holds up to
X-ray energies of ~ 4-5keV. Since the spatial decay of atomic orbitals directly depends on
the atomic number Z the approximation becomes better the heavier the constituting atoms
are. Additionally, the dipole integral recovers the optical selection rules known from atomic
spectroscopy. However, thanks to the tight binding wave function we include solid state
properties, in particular the lattice periodicity. A second consequence of the smaller spatial
extent of core orbitals compared to valence orbitals is that the optical transitions are generally
weaker compared to optical transitions lying in the visible range of the electromagnetic
spectrum. Within a dipole approximation the integral in the second line turns into an overlap
integral. The overlap is generally small and we may assume that the chosen orbitals are
orthogonal to each other. Then the second line describes intraband transitions similar to Eq.
(5.9).

5.3 EXAFS

5.3.1 Plane Bloch waves

Up to now, we have described all transitions from core states into the conduction bands. Now,
we extend the model and include the ionization continuum (IC) starting at the ionization
energy of the material. Inserting the orthogonalized plane waves Eq. (2.10) and the Bloch
band states Eq. (2.7) into the definition of the dipole matrix element Eq. (5.8) yields

YI4(Q) = (W | 7 TV K) + e my s, (k| 7 @71 [Ty ) (511
I

with the notation (r|k) = exp(i(k - r| + k12))/v/V resulting from the unorthogonalized plane
wave character of the final state. The second term stems from the orthogonalization due to
the Gram-Schmidt procedure. To distinguish from the XANES matrix element we denote
the EXAFS dipole matrix element as d”zkk% Q) — Y;‘ckk% (Q). The matrix element can be
calculated analogously to the XANES case with the difference that the wave vector of the
ionization continuum is three-dimensional. We obtain

Ak ie Vit+q-a iGory ik AN (int
Y iocr=" Voo << i? > upk+Q—c | €T 4 an,k,kLXHSgg’)k- (5.12)
)\/
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As for the XANES dipole element, we find an interband term describing the optical transition
between a Bloch and a plane wave state. But in contrast to XANES no intraband interaction
is available because of the forced orthogonality of the ionization continuum to all band
states. Therefore, the appearing XANES matrix element in Eq. (5.12), stemming from the
orthogonalization, is restricted to its interband part.

5.3.2 Tight binding description

As for the XANES transitions, we evaluate the EXAFS matrix element for tight binding
wave functions. The starting point is the EXAFS dipole matrix element Eq. (5.11), now
with the initial state electronic wave function Wy i (r) in the tight binding approach. First
we investigate the orthogonalization coefficients, which appear under a sum of all involved
bands. The electronic bands are constituted from atomic orbitals. Each atomic orbital is
determined by the main n, angular [ and magnetic m quantum number and can be written
as product of radial function and spherical harmonics. We can then explicitly calculate the
orthogonalization coefficients, which read

Mk, = 11/ (20)271/ (20) Tt () Yign (O, pk) /27 (5.13)

with the Spherical harmonics Y}, and the radial function J,;(k) = /7 /2k(¢?4k?)~(+D/2D (n—
1+ 1) P Y¢(¢% +12)71/?] with the associated Legendre polynomials P.(z). Generally, because
the 1s orbltal has the smallest extent in real space, it determines the strength of the orthogo-
nalization contribution to the EXAFS dipole matrix element. The orthogonalization coefficient
to the 1s state is proportional to 1k, o< (¢ + k%)~2. Here, Miskk, decreases to 10% at
approximately k = v/2¢. We see that the orthogonalization coefficient depends on the atomic
number and gains importance with increasing atomic weight. With an exemplary effective
atomic number of Z = 5.7, stemming from the Slater rule for carbon [281], we obtain a wave
number of 140 nm ™! corresponding to an energy of 5eV. Starting at the ionization threshold
we see that the coefficients decrease rapidly with increasing energy. The reason is that the
orthogonalization contributes only close to the surface. Since the coefficients 7y ., decrease
rapidly to zero with increasing energy, we use in the following free electronic continuum states
for simplicity. The EXAFS matrix element constitutes now only of the first term of Eq. (5.11)
and reads

e % .
szkﬁc BV Z Cite(N B30 7 | k+G). (5.14)

However, the plane wave approximation has to be investigated carefully for each material
independently.

In the case of graphene the core bands constitute just of 1s electrons. Consequently, only
K-shell transitions are present. The calculation of the transition integral from a A = 1s core
electron to the plane wave state is detailed in the appendix A.5.2. We obtain

viskr Z Ol 32fz§5/2(k:+G)né
k.k+G — Bls,k (k+G) ) n

(5.15)

with the unit vector &, in Cartesian coordinates. Equation (5.15) consists of the tight binding
coefficients, which carry the lattice periodicity, and the transition integral, which carries the
unit cell informations. The latter resembles a Laue condition for X-ray diffraction and peaks
at k = G. The magnitude and width of the form factor peaks are determined by the spatial
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electron distribution. Therefore, the form factor is weakened by the effective inverse Bohr
radius ( = Z/ap, cf. Eq. (5.15) denominator. Further, we see that the optical transition
into the ionization continuum is unpolarized in contrast to transitions within the material.
Therefore, the optical transition into the vacuum are independent of the incident angle of the
light.

It is interesting to compare EXAFS to the two complementary techniques X-ray diffraction
and electron diffraction used to measure the structure of crystals. The difference between
EXAFS and X-ray diffraction lies in the choice of the observable. While for the EXAFS a
transmission or reflection setup is used, for X-ray diffraction also the spatially resolved signal
is collected. The latter is described by the unit cell contribution to Eq. (5.15), determined
by the Fourier transform of the electron distribution, which is often called form factor. As
consequence the X-rays are not very sensitive to light atoms with stronger localized and only
weakly screened inner shell electrons [282]. For electron diffraction the form factor can be
calculated from the X-ray form factor by the Mott-Bethe equation [283,284], which takes
additionally to the elastic scattering at the electron clouds also nucleus scattering into account.
Then also crystals of lighter elements can be resolved and measured.

5.4 X-ray Bloch equations and Meitner-Auger recombination

The observable describing the X-ray response of the material is the detected X-ray field,
which is given as the incident light field interfering with the excited dipole density in the
sample in reflection or transmission geometry. As already discussed in the previous chapters,
the dipole density P(r,t) as a function of the electric field E(r,t) can be derived from
the light-matter interaction Hamiltonian. We can identify the two-dimensional macroscopic
polarization density

1 AL AL do
PY(t) = 1 Yo VB el S -cr) (5.16)
PSR 2VREN T

which determines the X-ray response. Here, we explicitly exclude the intraband contribution
since it is not altering the X-ray response. As expected, the two-dimensional macroscopic
polarization is determined by the microscopic transition pﬁfé_ak (t) = <a;17k Q-G 1) (1),
which includes now all available bands of the solid, and can be excited if the corresponding
dipole matrix element difé_a,k does not vanish. Due to the spatial resolution of the X-ray
light the non-diagonal character of the microscopic transition and densities in momentum
space is included. For a better readability, we introduce the abbreviations k1 = k+ Q — G
and ko = k and derive the equation of motion for the microscopic polarization from the

Heisenberg’s equation of motion:
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The first term incorporates the free oscillation of the transition amplitude with the single-
particle energies of initial and final state. The second line of Eq. (5.17) describes the coupling

to the X-ray field. Here, a,)c‘x, = <af\ k@ ) describes a general transition amplitude. This
expectation value turns into an interband transition pz);é, for A # X and into a non-local
occupation fé\ e for A = A. The third and fourth line describe the Coulomb contribution.

The Coulomb interaction is divided in Hartree-Fock and collision pzi\é—G,k’cou contributions
including many-body interaction and scattering-induced dephasing beyond the Hartree-Fock
level. Depending on the band index combination of the Coulomb matrix element, the third
and fourth line implicitly includes band and field renormalization. The renormalizations lead
to a shift of the absorption peak. Restricting the equation of motion to the linear optics
limit sources of the microscopic transition being quadratic in the occupation can be neglected.
Generally, depending on the excitation conditions and band structure, one has to carefully
investigate, which terms contribute to the dynamics of the X-ray induced transition.

Investigating the transition between the bands A1 and Ag, for example due to a spectral
sharp X-ray pulse, the band sums in Eq. (5.17) can be restricted exclusively to these bands.
Neglecting sources, which rotate with twice of the transition frequency the X-ray Bloch
equation reads

d A1 A A A A1 A1 A
; 12 _ 2 1 1A2 ; 1A2
Zhﬁpklka - (gkz o 5k1> Pl ko + Zhatpkl,kzlcoll

o . /\2 /\1 )\1 _ >\2)\1 )\2
Z EQI (t) (dkg,k2+QI+G, fkl,kQ—Q/—‘rGl dk1+Q/—G/,k1fk1+Ql—G,,k2>
Q.G

A1A1ALAL A1 A1A2 Y7 A222222 A2 A1A2
" Z (Vk1+q,k’,k'+q,k1f krtra ki +aPk kata ~ Viok —q k' —qks) ’+q,k2+qpk1,k’)
K'.q
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+2. (Vk1+q,k’,k’+q,k1f " kPl +q K +q Vk’+q,k2,k2+q,k'fkl,k'pk’+q,kz+q) - (5.18)
K .q

From the second line we see that the X-ray transition is initiated by the core occupation
fli‘ll’kz_q, ¢ and blocked by the final band occupation fli‘f A Gk The two different indices
indicate the existence of spatial correlations in a spatially inhomogeneous system. The third
line describes an energy renormalization, due to intraband Coulomb interaction, which includes
the effect of core-holes [285]. The fourth line corresponds to the excitonic contribution as in
Eq. (2.49) but for an inhomogeneous system. Such core-hole excitons can play a considerable
role in the interpretation of X-ray spectroscopy [286-289]. For local excitations it can be
advantageous to transform into real space by exploiting the Wigner representation [290]. The
densities and polarization can be Fourier transformed with respect to their relative momentum.
Performing a gradient expansion of the Fourier phase factor and going beyond the zeroth
order yields spatially resolved Bloch equations for occupation and polarization [290]. Higher-
order contributions to the Coulomb interaction, which are included in the collision term,
need to be treated on the same level. It describes dephasing of polarization and relaxation
of carrier distribution to a local quasi-equilibrium [291]. In the following we present in a
first approximation the electron scattering contribution in a homogeneous system, where
f,i‘h,€2 — Oky ks f,g\l(R) and f,i‘1 depends only parametrically on R.

122

The contribution 8tp21 Ty |C011

describes the many-particle scattering beyond the Hartree-

Fock interaction. The collision term contributes to diagonal 7, x, and off-diagonal Z/{,i‘ll),‘é
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(a) Impact ionization I (b) Impact ionization 1T (c) Meitner-Auger I (d) Meitner-Auger II
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Figure 5.2: (a) and (b) Sketch of possible impact ionization transitions involving the core
bands. (c) and (d) are drawing possible Meitner-Auger recombinations involving core states.
The dashed lines draw alternative transitions to the solid line. Figure appears similarly in
Ref. [274].

dephasing [292] of the microscopic polarization and acts as a first estimation for the dephasing:

d ATA ATA
2 Phrges ol = = Vhy ko (PR 1, + U ey (8) - (5.19)

The diagonal part is determined by the time- and momentum-dependent Coulomb scattering
rates

1 )
_ ut in out
P)/kl,ki2 - 2 ( A1,k + F)q k:l A2,ko + F)\Q,kz) N (520)
The in and out scattering rates read
: 2w M A AbAcAa A
mn _ aNcA\b b )\a)\b)\c )\b Ac
R0 = 5 D Vi kg ke ke a ki Bt (60 — et g — 222
)\aa>\b7>\c
kc.q
(5.21)
27 Ao AcAa A adpA
out _an AaAcAp bAcAa bAc N .
Ik () = — Y Vi e keks—qV ks q,kc,kc—q,kakb kna® (€ ( + g~ g~ Ehe
)‘avAlnAC
kc.q
(5.22)

. aAbAc . . .
with R,:\:Zj‘cb;\’; =(1 fkc q)ka ok and Rkb kna fkc (1 —ka o) (1= f¢), which explicitly

include Pauli-blocking terms [293]. In the scattering rates, we used the abbreviation V abed =
Viabed — Voacd- The off-diagonal contribution couples to all coherences in the Brillouin zone
and reads
)\1)\2 _ Al)\Q )\1)\2
Uply = D (Vkl,kz,ka,kb Phaky, T € C) : (5.23)
ka7kb
For the carrier relaxation processes the Coulomb interaction is treated up to second order
Born-Markov approximation and
Ao A AcAB A2 AMABACAL AABAC =+
Viey koo ka Joy, = Z > [VkQ,kc,kB,kaka,kB,kc b Doy ek
)\B7>\C>\ {A, 22}
B;kC

A2 A1 AcAB ABAC AL A2 ABAC _
" Vka,ka ke kB Vk:B»kCakb,kl Tk,\JCBkCCS (5.24)
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5.5. Nonlocal absorption

with TR = it (L= RS+ (= )= ROARE and T e = (1= B8 S +
f,g‘k(l — f,i‘g)(l — f,;\g) The delta functions read 6+ = § (52A + aila,)c‘A — 522 + 522), where
ai‘l = 11if A = A1, otherwise ai‘l = —1. The efficiency of the scattering channels is determined
by the Coulomb matrix element and the occupation probabilities f,;\ of the involved states.
The scattering rates feature a sum over different band indices, which include all possible
Meitner-Auger relaxation channels, which fulfill momentum and energy conservation at the
same time [293,294]. The Meitner-Auger effect [54,295-297] as relaxation mechanism of the
core-hole is characterized by the filling of the inner-shell vacancy accompanied by the emission
of an electron into the unoccupied conduction band states and possibly even out of the sample
into the ionization continuum. Figure 5.2 visualize the possible Meitner-Auger processes
appearing in Eq. (5.20) and Eq. (5.23) as well as the inverse impact ionization processes.
Finally, we present the dynamics of the homogeneous occupations:

d/\ A1A2 A1 2 A1A2A2A A1A2A1A A2A1 A1
1 _ o 1A2 A1z o 1222221 1A2A1 A2 2A1 12
% ki —23m (le,k2pk17k2) o ﬁdm ({Vkl,kz,kz,kl o k17k27k1,k2} pk2,k1pk17k2)
in A1 out A1
+ I_‘>\17k:1 (1 - szl) - F)\l,klfkl . (525)

The first term describes the excitation of a non-equilibrium electron distribution in the band
A1. The second term describes the nonlinear Coulomb sources of the carrier population.
The last line expresses the Coulomb interaction described by a microscopic Boltzmann-like
scattering equation.

The last missing ingredient to calculate the X-ray absorption is the electric field. In the
following section we solve the wave equation to determine the electric field as self-consistent
observable.

5.5 Nonlocal absorption

5.5.1 Wave equation

The optical property, which is usually available directly from the experiment is the frequency-
dependent reflectance or transmittance. To relate to the experimental observable it is necessary
to investigate the wave equation for the optical exciting field. The fundamental equations
of electromagnetism are Maxwell’s equations [298-300]. In the presence of dielectric and
non-magnetic matter they read

V.D(rt) =0, (5.26)
V-B(r,t) =0, (5.27)
V x E(r,t) = —gtB(r,t), (5.28)
V x H(r,t) = ;D(r,t). (5.29)

The electric displacement is defined as D(r,t) = epe(r)E(r,t) + P(r,t) with electric field
E(r,t), the polarization of the material P(r,t), and the dielectric function €(r) of a spatially
inhomogeneous medium [301]. The first partial differential equation is identical to Gaussian
law but written in a form that makes explicit the fact that the medium responds to the electric
field by becoming polarized. All charges that arises due to polarization are included to the
displacement field. With the assumption of no free charges the displacement has no sources, cf.
Eq. (5.26). Equation (5.29) corresponds to Ampere’s law. If an electric flux density changes in
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time it gives rise to a magnetic field that whirl around the displacement field. In non-magnetic
media the magnetization field is related to the magnetic field by B(r,t) = H(r,t)/uo with
the magnetic vacuum permittivity pg. Equation (5.28) corresponds to Faraday’s law, which
states that changing a magnetic field in time induces an electric field circulating around it. If
we take the curl of Faraday’s law, insert the definition for the magnetization field and exploit
Ampere’s law we obtain

2

VXV x E(r,t)= D(r,t). (5.30)

—NO@

By inserting the definition of the displacement field we obtain the general wave equation
[302-304]

e(r) 02 B 02
2 @E(r,t) = —ugﬁP(r,t) (5.31)

V xV x E(r,t)+

with the speed of light in vacuum c. Under the assumption of an uniform background we
can take €(r) = € as constant. Subsequently, we can use Eq. (5.26) to obtain a relation
for the divergence of the electric field of the form V - E(r,t) = =V - P(r,t)/eoe. Rewriting
VxV xE=V(V-E)— AFE and inserting the expression for the divergence of the electric
field yields

_e? >

9 B(r,1) P(rt)— -V (V- P(rt)) . (5.32)

- MO@ €0€

In comparison to Sec. 2.6.2 the wave equation displays as an additional source the divergence
of the polarization of the material. Since we are interested in non-local phenomena and a
non-perpendicular excitation geometry this term does not vanish. The wave equation can be
solved with help of Green’s theorem [305,306] through

E(r,t) = / & / dt' G(r — 't — T+, ) (5.33)

with the inhomogeneity II(7,t) corresponding to the right hand side of Eq. (5.32). The
equation gives the solution in real and time space and is determined by a convolution of
the inhomogeneity and the Greens function tensor G(r,7’,t — t'). From the convolution
theorem we can expect a simple form in momentum and frequency space. Performing a
Fourier transformation yields

EQ(Q27 w) = gQ(QZv W)HQ(QZa w). (5.34)

By Fourier transforming the wave equation Eq. (5.32) in space and time allows us to identify
the scalar Green’s function

er 2 2
1

BelQaw) = gr =2

HQ(Q27W) = gQ(Qz:‘«U)HQ(QZ,w) .
(5.36)
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5.5. Nonlocal absorption

Finally, we apply an inverse Fourier transform to the electric field with respect to @), to obtain
a field propagating in z-direction [307,308], yielding

Eg(z,w) = /dz’ Go(z — 2, w)g (2, w) (5.37)
g (Z — z/ w) = l/dQ e_in(Z_Z,) ﬁ _ Q2 _ Q2 B
Q ’ o i c? #

1 . / -1

— —iQ:(2—2") (.2 _ N2

== / Q. ¢ (s - @?) (5.38)

_ i —ik|z—2'|
e (5.39)

as final expression for the Green’s function and where x? = ew?/c? — Q*. The integral was

solved with help of the residue theorem. The last missing piece to fully determine the electric
field is the inhomogeneity Ilg(z,w). Performing a two-dimensional Fourier transformation in
space and a Fourier transformation in time yields from the right-hand side of Eq. (5.32)

iQ

g(z,w) = —pow?Pg(z,w) — eie <8z> [z’Q “Po(z,w) + %PJ_Q(Z,W) , (5.40)

where P|g(2,w) and P|q(z,w) are the in- and out-of-plane component of the macroscopic
polarization. With this, the electric field Eq. (5.37) is known:

Z:L"Ow —ik|z—z
E|q(z,w) = /dz e~ ‘P”Q(z w)

—iKk|z—2z a
+ 21‘%06/dz e~ iRlz=7| (ZQ PHQ(Z w) + 5 ,PJ_Q(Z w)) (5.41)
ELQ(Z,OJ) _ ZMOW /dZ e —ik|z—z ‘PLQ(Z CU)
—ik|z—2| 0? ,
21%06/(12 e 1Q - P||Q(z w) + @Plg(z,w) . (5.42)

To further evaluate the electric field, we assume an infinitely thin layer located at z = z5. The
material response is then described by the two-dimensional polarization P(r) = P?P (r)6(z—
20). Inserting this into Eq. (5.41) and Eq. (5.42) and solving the z-integrals yields

QeQ ikl
Ejqlzw) = 2%( €0€ — o PIlQ( w)e kol

- ﬂsgn(z — zp)e =2l p2D () (5.43)
2€0€ 2Q
- 2

bt~ g (2 - 152)
i _ —ik|z—20]
- 26065gn(z 2p)e Q- PHQ( w) (5.44)

with the sign function, which is equal to +1 for z > zp and —1 if z < zg. In the limit of a
vanishing wave vector Q we retrieve the result of a perpendicular incidence of the electric
field on a material, where the wave travels as a plane wave varying in propagation direction.
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Chapter 5. X-ray absorption spectroscopy

5.5.2 Self-consistent Maxwell-X-ray Bloch formalism

As in Sec. 2.6.2, our goal is to obtain an absorption coefficient from a self-consistent coupling
of electric field and material equation, now extended by a spatial resolution. We start by
separating the equations Eq. (5.43) and (5.44) into their Cartesian coordinates and formulating
them in matrix form:

e~ iklz—20] “OTMQ B e%f _% , %@sgn(z - 20) Pf%(éd)
Falew) == - e ok (= 2) Pyz (w)
Qegon(z —z0) Zsgn(z—z) w2 x| \PigWw)

+EQ(z,w) (5.45)

with the homogeneous solution EOQ(Z, w) = Egexp(—ikz) + rexp(ikz) and for a free standing
layedr E%(z, w) = Egexp(—ikz). If we name the appearing matrix as Kq(z,w) then Eq. (5.45)
reads

Eg(z,w) = KQ(z,w)PéD(w) + E%(z,w) = Kq(z,w) (eoxq(w)Eqg(z0,w)) + EOQ(z,w) ,
(5.46)

where we inserted the definition of the linear macroscopic polarization Pz?D (w) = eoxQ(w)Eq(20,w)
at the position of the material in the second step. In the above equation, the incident electric
field E%(z, w) from the homogeneous solution of the wave equation, the linear susceptibility
X@(w) via the microscopic X-ray Bloch equations as well as the matrix K¢g(z,w) are known.
Missing is an expression for the electric field at position zg of the material layer. Therefore,

we evaluate Eq. (5.46) at position zp:

Eq(20,w) = Kq(20,w) (coxq@(w)Eq(20,w)) + E(20,w) (5.47)
Eq(z0,w) = (1 — e0Kq(20,w)Xq(w)) ™" EY(20,w) (5.48)

and insert it back into Eq. (5.46) to obtain a self-consistent expression for the electric field of
the form

Eg(z,w) = egKg(2z,w)xq(w) (I — egKg(20,w)xq(w)) ™" EOQ(Z(), w) + EOQ(z,w) . (5.49)

Important to note is that the susceptibility is no scalar function anymore, but a second rank
tensor. The reason is that the polarization depends on the light wave vector. Therefore, it is
not independent of the orientation of the electric field. The dielectric is said to be anisotropic
and the polarization and electric field are not necessarily collinear anymore. Figure 5.3 sketches
the investigated geometry: An atomically-thin material irradiated by X-ray light under a
certain angle of incidence #. The incoming electric field EOQ (z,w) is reflected (Eg(z,w))
and transmitted (Eg(z, w)), both described by Eq. (5.49), and induces a two-dimensional
polarization determining the response of the material to the X-ray radiation. The reflection is
defined by the reflected intensity of the left propagating field in front of the graphene sheet
ro(w) = Ié, (w)/ I% (w) and the transmission by the intensity of the right propagating electric
field behind the graphene sheet tg(w) = Ig(w) / Ig(w). The intensities are determined by the
electric field Eq. (5.49).

From the self-consistent coupling of the Maxwell and X-ray Bloch equations we can derive
an expression for the radiative dephasing: Here, a core-hole recombines with an electron under
emission of a photon. Besides Meitner-Auger recombination this process contributes to the
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5.5. Nonlocal absorption

Figure 5.3: Atomically-thin material at zg irradiated by X-rays under an angle of incidence
0. The incident electric field EOQ is reflected (Eg) and transmitted (Eg), and induces a
macroscopic polarization PQQD of the material. Figure appears similarly in Ref. [274].

core-hole lifetime and forms the basis of, for example, X-ray fluorescence [309]. Inserting the
emitted electric field Eq. (5.43) and Eq. (5.44) into the X-ray Bloch equation Eq. (5.18)
yields

d e A fow? Ao
PP > SR v 2A1 | lAiAe
Zhdtpkl,lw‘rad - Q(f’ﬂ sz) Z ko ,k1 dk’+QfG/,k'
kf/,Gl
1 A2 A1 A1 A2 10w K\ g gl A
. . A 2A1 122 12
€€0k (dk%kl Q) (Q d ’+Q—G’,k’) S €€ G by Q- | P g

(5.50)

We see that the radiative interaction couples all X-ray induced transitions. The radiative
dephasing of the transition p,)c‘}:‘é,_G?k is implicitly included in Eq. (5.50). Since we do not
transform into the excitonic basis, the coupling cannot be resolved easily. However, to gain
more insights we can perform a rotating wave approximation together with a random phase
approximation and determine the main contribution to the dephasing from its diagonal part
k' = k and G’ = G. For a plane wave excitation the term is imaginary, describing only a
dephasing and no renormalizations of the dispersion. The diagonal dephasing explicitly reads

1 w? 1 w? K
rad _ = ”)\1/\2 2 . H)\l)\Q 2 v 1 A1 2
Te+Q-Gk = 9 (EOKCQ ‘korQ—G,k: 660/{|¢1 dk+QfG,k| + (60562 660) |dk+Q7G,k‘ ) .
(5.51)

For a vanishing @ only the first term of Eq. (5.51) survives. In accordance to a first order
perturbation theory, we obtain Fermi’s golden rule for the radiative broadening, where the
radiative dephasing is determined by the square of the dipole matrix element.

To the end of this section, we can compare with the current literature concerning the
core-hole recombination channels. With regard to the radiative recombination, the rate of
spontaneous emission Wx between an initial band A and the 1s-band for atoms is usually
described in dipole approximation by Fermi’s golden rule [310,311]:

Wx ocw® Y [(1s,8,15,0 | 7 | A, 3,4,0)]?, (5.52)
ﬂ?j
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where w stands for the transition energy between initial and final state. The rigorously
derived result from a self-consistent treatment of the Maxwell and X-ray Bloch equations for
two-dimensional semiconductors yields a w-dependence for the radiative dephasing, cf. Eq.
(5.51) with inserted Q. However, for atoms a w>-dependence is well known, cf. Eq. (5.52).
The difference originates from the different dimensionality. Investigating Eq. (5.52), for atoms
we can argue that the electronic wave functions have strongly contributing values only for
|r| < ap/Z and we can roughly approximate the transition integral to be proportional to
Z~1. From Moseley’s law [260] we know that the transition energy w is proportional to Z2.
Consequently, we see that the spontaneous K-shell emission rate is proportional to Z4 [312].
It can be shown that for atoms the Meitner-Auger yield W4 is almost independent of the
effective nuclear charge [313]. A semi-empirical expression for the X-ray yield is

Wx

X T W+ Wa

(5.53)
which is proportional to Z4 [55]. Hence, for atomic systems with low Z the core-hole recombi-
nation is dominated by Meitner-Auger transitions. In contrast for atoms with higher nuclear
charge fluorescence is more likely to occur. Using the presented formalism for core electron
interactions, it might be possible to extent and establish similar statements for crystalline
solids. Moreover, the extension to core-electron phonon interaction is straightforward.

5.6 Graphene

The band structure properties of graphene form the basis of understanding the electronic
spectra of carbon-based allotropes. Graphene is a monolayer of carbon atoms arranged in a
two-dimensional hexagonal lattice. The free carbon atom has six electrons with an electronic
configuration 1s2, 252, 2p?. The 1s electrons form the core bands. In contrast, the 2s and
2p electrons constitute the valence (and conduction) bands around the Fermi level, which is
set to 0eV. For the bonding of the carbon atoms, the 2s and the 2p,, electrons undergo a
sp?-hybridization with one electron left in the 2p, orbital. Because of the in-plane orientation
of the former they form ¢ bands, which are responsible for the covalent in-plane bonding
between the atom [166]. o bonds are the strongest type of covalent bonding since they form by
the overlap of orbitals in an end-to-end fashion, with the electron density concentrated between
the nuclei of the bonding atoms. The 2p, electrons form the 7 bands, which are formed by
the overlap of orbitals in a side-by-side fashion with the electron density concentrated above
and below the plane of the nuclei of the bonding atoms.

The unit cell of graphene is spanned by the lattice vectors a; and as and contains two
atoms, constituting the equivalent sublattices A and B, which are rotated by 7 /3. The lattice

vectors read
_a [ V3 _ao [ —V3
a1 = - ( 5 ) and ag = 5 ( 1 ) . (5.54)

The vectors R4 and Rp denote the position of the corresponding atoms. In nearest-neighbour
approximation the constructed vectors dp4 = Rp; — R4 = d; connect the atoms on sublattice
A with the three surrounding atoms on sublattice B. A sketch of the graphene lattice is shown
in Fig 5.4(a), where white circles denote atoms on sublattice A and green circles stand for
atoms of sublattice B. As can be seen, the six second next-neighbors however lie again on the
same sublattice. The electronic and optical properties of graphene for low energies are mostly
determined by the 7 bands. Therefore, theoretical descriptions often include only this band.
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However, for X-ray absorption, which goes over a large energy range of several hundred of eV,
also bands further away from the Fermi level need to be considered.

The energy dispersion and corresponding tight binding coefficients are obtained from the
Schrodinger equation Eq. (2.3). Therefore, we multiply the Schrédinger equation by the
complex conjugate of one Bloch basis function @4, k(1) = g exp(ik - Ry)¢%;(r)/VN (with
orbital ¢ and sublattice ) and integrate over all space:

> (H%}k - Eksgf,k) Cajk = 0. (5.55)
5.3

Here, we defined the Hamiltonian matrix ”Hg;k = (Pqi k| Ho|Pgj k) and overlap matrix Sg‘;k =
(Paik|Psj k). Since the overlap matrix is generally small we approximate it by an identity
matrix. The Hamiltonian matrix for graphene reads

Han(k) HAB(k)>

Haa(k) Hap(k)
H(k):<HBA(k) Hpp(k) = . AP

(HLB<k> HAA<I<:>> ’
where each entry is organized in 5 x 5 block matrices. In the second step we used the symmetry

of the equivalent sublattices due to identical carbon atoms in the unit cell. The diagonal
entries are onsite matrices. We calculate exemplary one entry:

HYL (k) = (Proan|Ho|Pisak) = c15(Prsap|Prsar) = €1s - (5.57)

(5.56)

The total diagonal on-site matrix becomes

1s% | g1 O 0 0 0

2240 0 ey 0 0 0
k)= z P .
%AA( ) 28A 0 0 €94 0 0 (5 58)
2041 0 0 0 ey O
21 0 0 0 0 ey
describing onsite hoppings between the basis functions with the energies 1, = —283¢€V,

g9p = 0€V and 9, = 8.7€V [314,315]. Next, we calculate the offsite matrix, which describes
hoppings between different sublattices. It reads

1sP 2pi3 258 2pf 2p5

1sA [ tié, O 0 0 0
A0t 0 0 0
Hapk) = | 2P &k . (5.59)

2SA 0 0 7‘[33(’6) H34(k) 7‘[35(’6)
2021 0 0  Haz(k) Haa(k) Has(k)
2p2 | 0 0 Hss(k) Hsu(k) Hss(k)

An expression for the hopping between two 1s or two 2p, orbitals of different lattice sites were
already calculated and inserted in Eq. (5.59). The calculation is straightforward and reads

1 ” _
(Pop. A k| Ho|P2p. B k) = I S° ek BaRE) gy (1 — Ra)|Holdop, (r — Rp)) = tr&,
RA7RB
(5.60)

where we shifted the spatial integral on top of R4 by r| — 7| + R4 and used the
definition of the next-neighbor vector. Then we defined the hopping parameter t, =
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(a)

03
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3

XANES

Figure 5.4: (a) Honeycomb lattice of graphene with carbon atom on lattice site A (white) and
B (green). Shown are the basis vectors a;, the lattice vectors R4 /B, the next-neighbor vectors
d;, and the angles 9J; of the bonding directions with respect to the y axis. (b) Calculated band
structure of graphene. Shown are the used unoccupied bands above the Fermi level (grey
dashed), the occupied 7 valence band below the Fermi level for orientation and the 1s core
band. XANES constitutes of core transitions into the unoccupied states below the ionization
threshold of the material and EXAFS of core transitions into the ionization continuum. Figure
appears similarly in Ref. [274].

(¢2p, (1)|Ho|p2p, (r — 6)) and the next-neighbor form factor & = >, exp(ik - §;). In the
same way we can calculate the entry for the core orbital. From the offsite matrix Eq. (5.59)
we can see that the 1s, 2p, and the in-plane hybridized orbitals decouple. The reason is that
for the core orbitals, we assume due to the spatial localization a negligible overlap with other
orbitals. For the other orbitals we have symmetry reasons. The Hamiltonian of graphene is
symmetric with respect to reflection in the z-y plane. Consequently, the m bands and the o
bands decouple since the former have an odd symmetry and the latter are even with respect
to the reflection [272]. We can therefore diagonalize the core, 7 and o bands individually. For
the 7w band we find analytically

Enk = Ttk (5.61)

with the positive solution describing the valence and the negative solution corresponding to
the conduction band. The shape of the dispersion depends solely on the lattice symmetry
included by the form factor &. Because we neglected the influence of the overlap matrix, we
have an electron-hole symmetry for the m bands. The core band can be obtained as limiting
case for vanishing lattice site hopping t, — 0: ei, = €15. Because of the vanishing hopping
the bonding and anti-bonding core bands degenerate.

We turn now our attention to the ¢ bands. Here, the calculation of the matrix entries
are more complicated since the involved orbitals do not all point out of the plane as for
2p, orbitals. In contrast, they lie within the plane and are oriented along the bonding axis.
The matrix elements for the Bloch orbitals between the A and B atoms are obtained by
taking the components of the 2p, and 2p, orbitals in the ¢ and 7 basis. Such a type of
(orbital) decomposition is called Slater-Koster method [138]. By these means we obtain a
semi-empirical tight binding model, where the Slater-Koster parameters (corresponding to
the hopping parameters) are fitted to ab initio band structures. We start by calculating the
the matrix element for hoppings between two 2s orbitals at different lattice sites. Here we
can proceed analogously to the 2p, case and obtain Hss(k) = Vsse&k. Next, we investigate
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hoppings including in-plane 2p orbitals. For this, we decompose the p orbital into a component
parallel |ps) and perpendicular |p,) to the line joining two neighbored carbon atoms:

|p) = cosV|ps) + sin|py,) . (5.62)

A sketch defining the nearest neighbour vectors §; and the corresponding angles 1; is shown
in Fig. 5.4(a). For the hopping matrix element between 2s and 2p, we find:

Hzu(k) = (Pasa|Ho|Pop, B)
= l Z eikv(RA—RB)<¢25(T. _ RA)’HO|¢2pI(T _ RB)>

N Ra,Rp

=3 €0 oy ()| Ho|dap, (7 — 67))
=" e®0 cos (G| Holdap, 5) + > €% sind; (] Hold2p, )

= Vipo »_ €* % cos ;.. (5.63)
7

For the hopping integrals, we define (¢as|Ho|d2p,,6) = Vipo and from symmetry the second
hopping integral vanishes. For the other hoppings we find

Hig(k) = (Posa|Ho|Pop, B) = Vipo Z 9 gin v , (5.64)
Haor(k) = (Pop, a|Ho|Pop, B) = Z (Vppa cos? ¥; + tr sin® ﬁi) etkoi (5.65)
Hos(k) = (Pop, 4| Ho|Pop, B) = Z (Viopo — tx) cos ¥; sin 9™ (5.66)
Has (k) = (Dap, 4| Ho| @2y, 5) = Y (Vipo sin? d; + tr cos? 9, ) e (5.67)

i

We see that the hoppings are weighted by the bonding orientation. The signs of the exponential
form factors reflect the underlying triangular symmetry of the lattice. A more detailed
derivation of the decomposition of s and p orbitals in constituents parallel and perpendicular
to the bonding direction is shown in the appendix A.4. The Slater-Koster parametrized tight
binding Hamiltonian is diagonalized numerically exploiting the zgeev routine.

Figure 5.4(b) displays the calculated band structure along the high symmetry traces. For
the m band we show addiotnally to the unoccpied conduction band also the occupied valence
band below the Fermi level for a better orientation. The w band exhibits Dirac cone-like
minima at the K points, saddle points at the M points and a maximum at the I' point. As
discussed in Sec. 5.1, the core dispersion is treated as a flat band ;5 = —283 €V [315]. The
tight binding coefficients in nearest-neighbor approximation for the unoccupied 7 and and
1s state read C7/}* = —&,/ V2|6 | and cr/ls = 1/4/2. Furthermore, Fig. 5.4(b) displays

Ak k k B,k J
the unoccupied o bands, where we see that two of the o bands cross the 7 band and lie at
the I' point slightly below the m band. The coefficients of the ¢ bands are obtained from
the numerical diagonalization. The ionization continuum is treated as parabola and starts
artificially at the highest included band, which corresponds to the third ¢ band, cf. Fig.
5.4(Db).

With the tight-binding coefficients C’j‘&k we can calculate the XANES dipole matrix
element Eq. (5.10) for the core-conduction band transitions. We restrict the next-neighbor
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sum to the nearest-neighbors and obtain in dipole approximation for the K-edge dipole matrix
elements

1sA _ *1s A
Xk+Q—G,k = —¢ Z Cﬁls,k+Q—GCai,k
a7187i

x ((15,B, 15,0 | 7 | A, ,4,0) Ga g+ e* 5 (15, 8,15,0 | 7 | )\,a,i,éga>) . (5.68)

The first term of the dipole matrix element exhibits an onsite transition and the second
term corresponds to an offsite contribution. The band A = 7 consists just of the i = 2p,
orbital. The A = o band is built by ¢ = 2s, 2p,, 2p, orbitals. The offsite transition integral
between sublattices A and B can be calculated analytically by transforming the integral to
prolate spheroidal coordinates helping to handle the two-center nature of the integral. The
z-polarized 7 transition depends only on the absolute value of the next-neighbor vectors,
which is §; = 0.14 nm for the nearest-neighbors. The corresponding integral has a value of

0
(1s,A, 18,0 | r | 7, B,2p,,0.14) = | 0 |pm. (5.69)
0.14

In contrast, the transition into the ¢ bands are in-plane polarized because of the mirror
symmetry of the graphene plane. The in-plane transitions are differently weighted for each
next-neighbor vector depending on its angular orientation 1J; to the y-axis, cf. Fig. 5.4(a).
We find

cos? ¥; sin? vJ; 0 —0.12
(1s,A, 15,0 | r | 0, B,2py, 0;) = | sinv; cos¥; —sinv;cos?; 0 0.14 | pm
0 0 1 0
sin; costy; —sin;cos®; 0 —0.12
(1s,A,1s5,0 | r | 0, B, 2py, 8;) = sin? ¥; cos? ¥; 0 0.14 | pm. (5.70)
0 0 1 0

In the § — 0 limit the prolate spheroidal coordinates evolve into the spherical coordinates.
The onsite transitions for the 2p,, 2p, and 2p.-integrals are purely x, y and z-polarized,
respectively, and have the value of 4.00 pm. Finally, the 1s to 2s transition does not contribute
for vanishing connection vector because of there even symmetry and the uneven parity of the
dipole vector. For the offsite transition we obtain

cos V;
(1s,A,15,0 | r | 0,B,2s,0;) = —0.5 | sin?; | pm. (5.71)
0

The result is negative because of the node of the 2s orbital. Obviously, offsite transition
integrals are smaller than onsite transition integrals because of the small overlap of the
core orbital with other orbitals. At last, we want to point out that we performed a dipole
approximation for the transition integral. However, transitions forbidden by the dipole
selection rule are accessible via higher-order terms in the exp(iQ - r”) expansion. But their
intensity is usually much less than the intensity of the dipole allowed transitions.

5.7 X-ray absorption of graphene

We finally have all necessary quantities for the description of the X-ray absorption. For a
weak excitation density the homogeneous occupation in initial and final band can be set to
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one and zero, respectively. Then, in linear optics, the solution of the microscopic X-ray Bloch
equation Eq. (5.18) reads in frequency space

A2
A1Ag . _inclz—c,k - Eg(w) 579
pk-&-Q—G,k(“) - Y bV R ( . )
hw — g2 + o e + 1y
—yhed - Eg(w)
Ak k+Q—G.k Q
Prrg-crw) = 2 (5.73)

hw — z-:,’zl +52+Q_G + 1y

divided into XANES and EXAFS transitions, respectively. In the case of A\; = 1s core states,
the former equation will yield the sudden K absorption edges at the energy differences between
two-dimensional 1s and conduction bands As. The second equation yields the absorption of 1s
to vacuum transitions and should inhered the experimentally observed oscillations. Since the
core bands are flat bands, we shifted the momenta such that the vector addition is performed
in the flat band to be numerically exact. Additionally, we introduced a phenomenological
dephasing constant « attributing to the finite lifetime of the electronic transition and leading
to a broadening of the absorption line. The dephasing consists of a Coulomb-induced and a
radiative dephasing. The radiative dephasing can be included by Eq. (5.51). The dephasing
depends on the position in the electronic Brillouin zone by k and the X-ray wave vector
Q. Generally, the calculated radiative lifetime is of a few picoseconds. Different studies
report a core-hole lifetime in graphite and carbon-based molecules of around 10 fs [316,317]
suggesting that other recombination mechanism are dominating. These relaxation channels
are considered phenomenologically by adjusting the dephasing rate v. Together with the
definition of the two-dimensional macroscopic polarization, being proportional to the electric
field, we can identify the dyadic susceptibility

X 20 a® XS an szki —c® Yif —Gk
XQ(W) — Z ) Q Q ) + 5 Q Q )

hw )\2 Al . kJ_ A ‘ (5-74)
Mo kG W= Felo e T akar, W —e terig-g TV

with the dyadic product of the vector-valued dipole matrix elements yielding a 3 x 3 matrix
for the susceptibility. The XANES dipole matrix element X ziAé—G,k is determined by Eq.

(5.68) and the EXAFS matrix element Yﬁk{s—Q—G by Eq. (5.15). The X-ray wave number
and the excitation frequency are related by the relation Q2 = w?sin 6/c?, where § denotes the
incident angle of the X-ray radiation. Consequently, we perform no further approximation and
include all @ over the full range of the absorption spectrum. The response of the material to
the weak excitation is investigated by calculating the absorption. Therefore, we introduce the
absorption coefficient ag(w) =1 — rg(w) — tg(w) defined by reflection rg and transmission
tg-

Since the susceptibility is determined by a dyadic product all possible components of
the dipole matrix elements are coupled, which leads to a rather difficult expression for the
absorption suggesting a numerical treatment. We start by investigating the XANES spectrum,
i.e. the susceptibility in Eq. (5.74) is restricted to the first term. Figure 5.5(a) displays the
calculated XANES spectrum of graphene for different angles of incidence 6. The absorption
starts at 283 eV corresponding to the binding energy of the core electrons relative to the
Fermi surface of graphene. The first peak at 286 eV rises with increasing angle. It stems
from the transition of 1s electrons into the m band close to the M-point, which exhibits
a van Hove singularity due to a saddle point and therefore a large density of states. The
following three peaks at 293 eV, 298 eV, and 303 eV stem from transitions into the three o
bands and are decreasing with increasing angle of incidence. All four peaks are observed in
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Figure 5.5: (a) XANES of graphene for different angles of incidence. The first peak stems
from absorption into the 7w bands, while the three succeeding peaks are transitions into the o
bands. (b) The 7 peak shows a sin? §-behavior. The deviation at higher angles stems from the
fact that we assumed an infinite thin graphene layer. Figure appears similarly in Ref. [274].

experiment [318-321] and match with the here calculated energetic positions and spectral
structure. However, one difference between calculated and measured absorption spectrum
can be noticed, namely the appearance of a plateau after the second peak in the measured
absorption spectrum, which is absent in the calculated spectrum, cf. Fig. 5.5(a). This can
be traced back to the point that we limited our approach to orbitals up to the 2p orbitals.
Including more orbitals [322] leads to a continuum of close lying bands and should form an
almost continuous absorption.

Figure 5.5(b) shows the peak height of the 7 peak as a function of the angle of incidence.
We obtain that the absorption follows a sin? #-behavior before deviating from this trend at
about 60°. The polarization-dependent absorption can be explained by the symmetry of the
orbital composition of the final band [272,318,323,324]. When considering only transitions into
the 2p, orbital we can exploit the z-polarization of the dipole transition due to the out-of-plane
character of the 2p, orbital. This greatly simplify the susceptibility tensor. Consequently,
we can find an analytical expression for the absorption into the = band. Without loss of
generality we assume for the in-plane incidence angle zero degree, such that @, = 0. Then we
obtain for the absorption

2
e = 22T () - T )P 55)
1= §8q(NE WP

with Ag(w) = % — % and x%’) (w) as the zz-entry of the susceptibility tensor. The coefficient
Ag(w) stems from the matrix Kg(w) carrying all prefactors. In particular, the denominator
arises from the self-consistent treatment of the Maxwell and Bloch equations and includes for
instance the radiative coupling in the sample. The in-plane light wave vector Q2 is proportional
to sin? . When inserting the definition for x and express the X-ray wave vector as function
of the angle of incidence we obtain for the prefactor A(f,w) = w?sin?0/ec?*v'e — sin? 0. Now,
we explicitly see the sin?-dependence of the true absorption coefficient. For a perpendicular
irradiation of the sample (§ = 0°) we immediately see that Ag(w) and @, vanish and
consequently also the absorption vanishes as expected from the z-polarized transition. On the
other side the derived absorption formula diverges for an incident angle of § = 90° in the case
of € = 1, explaining the observed deviation in Fig. 5.5(b). The fact that the singularity does
not explicitly appear anymore for € > 1, suggests that the origin lies in the assumption of an
infinitely thin layer in a uniform background. The divergence might be lifted by starting with
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Figure 5.6: X-ray absorption spectrum of graphene for 30° irradiation. We obtain a dominating
XANES contribution stemming from transition between core and conduction bands. Also, the
weaker transitions into the ionization continuum, displayed in the inset, are obtained. The
absorption into the three-dimensional continuum is modulated by oscillations with maxima at
different energies. Figure appears similarly in Ref. [274].

a three layer model — supstrate, layer, substrate — all with finite thickness and by solving the
Maxwell equation for each region with corresponding continuity conditions [325].

After investigating the XANES contribution, we compute the full X-ray absorption
spectrum by including also the EXAFS part, described by the second line of Eq. (5.74). The
ionization threshold is set artificially to the maximum of the energetically highest lying o
band. Figure 5.6 shows the full absorption spectrum (# = 30°) and a zoom into the EXAFS
part, corresponding to the absorption involving the three-dimensional electronic continuum
of vacuum states as final states. We recognize that the absorption curve is modulated with
oscillations. For the particular situation plotted here we recognize three maxima. Following
the pioneering work by D. E. Sayers et al. it is widely recognized that these wiggles could be
used to obtain quantitative information about the local structure of the lattice. The current
interpretation in literature is that these oscillations stem from a modulation of the absorption
cross section due to interference of the X-ray waves between neighboring atoms. Here, we
calculate the absorption using the susceptibility determined by the second term of Eq. (5.74),
which includes the full lattice symmetry. For a constant EXAFS dipole matrix element the
second line of Eq. (5.74) summed over the electronic wave vectors describes a square-root like
absorption into the three-dimensional continuum states of the vacuum electrons. However, this
simplified absorption line is modulated by the dyadic product of the EXAFS matrix elements,
cf. Eq. (5.74). To obain more insights we abbreviate the occurring form factor in the EXAFS
matrix element Eq. (5.15) as f,,(k — G) = 8mi¢%?(k — G)nén/(C% + (k — G)?)%. Analytically,
we obtain for the squared dipole matrix element of the entry nm in the susceptibility tensor

(O i+ OB )2 fu(k — G) fr(k — G) = <1+,&|Zcosk 8;) )fn<k—G>fm<k—G>,
(5.76)

where we inserted the definitions for the tight binding coefficients. Similar to the work of D.
E. Sayers, we clearly find an oscillating behavior in k with the lattice vector frequency §;

comparable to Eq. (5.2). The prefactor f,,(k — G), in conjunction with the reciprocal lattice
vector sum in the susceptibility, describes a train of Lorentzians peaking at multiples of the
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reciprocal lattice vector encoding the direct position of the atoms. However, because of the
small nuclear number, the broadening of the form factor f, is so strong that f, is almost
constant, i.e. f,(k—G) = f,. Therefore, the reciprocal lattice geometry is not resolved and its
influence on ag(w) is negligible. Consequently, Eq. (5.76) is determined solely by the squared
tight binding coefficients (1 + >, cos(k - 8;)/|¢k|), which are responsible for the cosine-like
oscillations. From a physical point of view, the tight binding coeflicients describe the orbital
contribution of a specific lattice site to the band composition. Due to the lattice periodicity,
the tight binding coefficients are a function of the wave vector k, which is determined by the
lattice geometry. We can therefore understand the absorption, which is proportional to Eq.
(5.76) and summing over all wave vectors (Eq. (5.74)), as showing the quantum interference
between orbital electronic wave functions, which can be constructive or destructive depending
on the sign of the coefficients.

Summarizing this discussion, we can conclude that the EXAFS oscillations stem from an
interference of standing electronic wave functions of the graphene sublattices A and B. In
contrast to current interpretations [53,273,326-328], the interference is spatially stationary,
since it is independent of the X-ray excitation.

This discussion rises the question why such oscillations are not observed also in XANES.
For XANES excitations the tight binding coefficients of the initial and final states are
multiplied and the XANES dipole matrix element consists of a sum of onsite and offsite
contributions, cf. Eq. (5.68). For diagonal transitions, where k; = ko = k, the lattice
geometry-dependent phase cancels for the onsite contribution due to the product of the tight
binding coefficients. However, the offsite contribution still carries a phase with included
lattice geometry:—X,lcf;cr =don (|&k| + 1) /2 +dog Y cos(k - 8;) /||, where doy and dog stand
for the onsite and offsite dipole transition integrals occurring in Eq. (5.68). In the case of
non-diagonal transitions the phase is non-vanishing even for the onsite contribution. However,
due to the k-space restriction of the 1st Brillouin zone, the bandwidth is not large enough
that the oscillating behavior of the phase becomes visible in the absorption spectrum. This is
different for the ionization continuum since it lacks the translational invariance of the lattice.

EXAFS is often expressed in terms of wave number k. Since the X-ray light has an
excitation energy higher than the threshold energy we can express the energy of the free
electron as w(k) = hk?/2mg + Eron/h. To discuss the spatial interference, we apply a Fourier
transform to the absorption coefficient, i.e. [d*k ag)(k)exp(ik - 7|), to real space with
respect to the wave number. Consequently, Eq. (5.76) exhibits maxima at the nearest-neighbor
distance. To increase the visibility and access more conveniently the oscillations at higher
k, the absorption spectrum as function of wave number is multiplied by £ with typically
m € [1,2,3] and a Fourier transform is applied subsequently [329-331]. In the following, we
discuss the Fourier transform of the absorption spectrum evaluated by our description, which
involves the Bloch theorem for solid states.

The blue curve in Fig. 5.7(a) displays the Fourier amplitude of the k-weighted and
background corrected EXAFS spectrum [332] in first neighbor approximation. The effective
radial distribution function clearly displays a peak at the distance of the first neighbor. The
second peak at 0.28 nm is the second harmonic lying at twice of the nearest-neighbor distance.
Higher harmonics are barely visible due to the overall decrease of the spectrum with increasing
r. The higher harmonics stem from the fact that the Fourier transformation is performed on
a limited space.

So far we have considered only the nearest-neighbor hoppings for the calculation of the
matrix elements. As a result we obtain a peak at the first neighbor distance and corresponding
peaks at the higher harmonics. However, calculating the matrix elements beyond the nearest-
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Figure 5.7: (a) Fourier amplitude of the EXAFS spectrum. The blue curve includes only
the first nearest-neighbor (nn). It peaks at the first nearest-neighbor distance and its higher
harmonics. The green curve includes also the second and third next-neighbors. The peaks
stem from the first three neighbors (black) and interferences among themselves (yellow). (b)
Comparison of Bloch theory, experiment (adapted from Ref. [319]) and point scattering theory
(Eq. (5.78)). Figure appears similarly in Ref. [274].

neighbor approximation should add additional features to the Fourier amplitude of the EXAFS.
To go beyond the nearest-neighbor hopping we introduce the second {,(62) =1 2?24 exp(ik - ;)
and third f,(f’) = 13 212,y exp(ik - &;) next-neighbor form factors. For the free parameters
of second and third next-neighbor hoppings we reasonably choose 12 = 0.05 and n3 = 0.01,
respectively. The ratios of 1o and n3 with respect to the hopping parameter to the nearest-
neighbor are chosen such that they coincide with the relative deviation of the hoppings
between 2p, orbitals with increasing order of neighbors [333,334]. By this assumption the
peak heights are uncertain, but the peak positions — which is of most importance in our study
— are unaffected by that. The tight binding coefficients up to the third neighbor hopping read

1s gk + 5](673)

Als,k — ) and 0113815 = = (577)
V2 (I + 671+ 67)

which now include 12 neighbors instead of three and enter the matrix element, described by
the left-hand side of Eq. (5.76). The green line in Fig. 5.7(a) displays the effective radial
distribution function including hoppings up to the third neighbor coupling in the EXAFS
matrix element. In contrast to the calculation with first neighbor hopping, we find additional
peaks at the second and third neighbor distance of 0.24 nm and 0.28 nm, respectively, as well as
the corresponding higher harmonics. For instance, the third peak at 0.28 nm is a combination
of the third neighbor and higher harmonic of the first neighbor. Interestingly, also peaks
appear, which do not correspond to next neighbor distances, but do correspond to interferences
of different next neighbor vectors. Exemplary, we obtain a peak at 0.38 nm corresponding to
the sum of the first and second neighbor distance. Since 0.38 nm also correspond to the fourth
neighbor distance in graphene, this peak could also be interpreted as the fourth neighbor in
experiments. At 0.05 nm we can resolve a peak, which arises from the difference of third and
second neighbor. So far, this peak has been explained via a phase shift stemming from a
difference between measured and geometrical interatomic distances and required a theoretical
or experimental correction [273]. In contrast, in our approach, we show that the peak can be
interpreted as a quantum interference between electronic Bloch wave functions of first and
second neighbor. The slight sideband of the first nearest-neighbor peak at 0.1 nm stems from
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the difference of the second and first neighbor. Further, we observe a peak at 0.42 nm, which
can be understood as interference of the first with third neighbor.

To manifest our interpretation, in Fig. 5.7(b) we provide a direct comparison of our full
computational result up to the third nearest-neighbor to experiment, adapted from Ref. [319],
and additionally display the outcome obtained from the point scattering theory [53]. In point
scattering theory the oscillatory part of the EXAFS is solely described by the matrix element
squared corresponding to Eq. (5.2). The Fourier transform yields the structure-related
function [53]

1 NZ _ ;. —2(r— )2 0',2
S(r) = 521?36 VRig=2(r=Ri) o] (5.78)

i

displayed as dashed line in Fig. 5.7(b). The ~-factor accounts for the photoelectron scattering
range and leads to an overall decrease with increasing distance. The result is a sum of Gaussian
functions lying at the next-neighbor distances R;.

The blue curve in Fig. 5.7(b) corresponds to the Fourier transform of a measured EXAFS
with an isolated soft X-ray pulse produced by high harmonic generation. The measurements
were performed by Barbara Buades and Jens Biegert from the Institute of photonic sciences
(ICFO) in Barcelona and published in reference [319], who provided us the data for a
comparison.

Prior to the Fourier transformation, the measured EXAFS data were background corrected.
This correction consists of an approximation of the EXAFS data by an adjustable smooth
function, which represents the absorption coefficient without neighboring atoms. The spline
function is then subtracted from the measured data. To achieve a fair comparison between
the two theories and the experiment we perform the same manipulations. Additionally, we
force the first neighbor peak to match the experimental one in height. The experimental curve
in Fig. 5.7(b) displays three major peaks: The first at 0.14 nm reflects the first neighbor. The
second peak around 0.26 nm consists of a sum of second and third neighbor. The reason for
that is the spectral resolution of the used table top water window X-ray laser, which is a
new technology [319,335]. With a broader spectral range of the laser it might be possible to
resolve both close-lying peaks individually. Lastly, the maximum at 0.38 nm can be interpreted
as fourth neighbor. All three peaks are well reproduced by our Bloch as well as the point
scattering theory. However, a close look to the experiment reveals clear additional spectral
features around 0.05 nm and at 0.42 nm, both distances that do not exist in the graphene lattice.
While those spectral features are absent in a point scattering theory, our theory reproduces
them in good agreement in position: Following the description above, these features rely on
the use of the Bloch theorem and can be explained as quantum interference between electronic
Bloch wave functions. Although the interference peaks are observed in experiment [319] they
have not been discussed so far and require a detailed solid state theory involving the full solid
state lattice symmetry to be interpreted. Thus the central result of our approach is a solid
state generalization of Eq. (5.2).

Summarizing, the EXAFS oscillations are encoded in the dipole matrix element, which
modulate the square root-like absorption line into the three-dimensional continuum. The
modulations can only be understood by a solid state specific theory that confirms the relation
between the EXAFS oscillations and the local real space configuration of the crystalline
material [53]. However, these oscillations does not originate from an interference of the X-ray
waves but from quantum interferences of electronic wave functions of neighbored atoms.
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5.8 Conclusion

X-ray absorption spectroscopy is a spectroscopic techniques, which probes the core electrons
of materials. XAS has played a tremendous role at the beginning of the 20th century by
investigating atomic energy levels and discovering new rare elements. XAS is usually divided
into two parts: The first corresponds to XANES and desribes the transition of core electrons
into unoccupied conduction band states in the material. Each transition gives rise to sudden
absorption edges in the spectrum. The current literature typically consults Fermi’s golden rule
to describe XANES. The second part is EXAFS, which stems from transitions of core-electrons
into the ionization continuum. Here, the absorption into the three-dimensional continuum is
modulated by oscillations. In the 1970s D. E. Sayers el. al. discovered that these oscillation
can be related to the local structure of the sample. Therefore, EXAFS oscillations appear only
in molecules or solid states. Problematic is that the basis functions of the Sayers formalism
does not fulfill the Bloch theorem and are therefore no appropriate basis for crystalline
materials. Therefore, we derived a solid state theory of X-ray absorption spectroscopy by
self-consistently coupling the Maxwell and X-ray Bloch equations. Here, we took into account
the in-plane wave vector of X-ray radiation and spatial variations in the unit cell, which give
rise to a non-local optical response of the material. Moreover, we show that the polarization
dependence of the electronic core transitions give rise to a strong dependence of the angle
of incidence of the light. For EXAFS, we find that the oscillations indeed give information
about the local structure of the material, but appear due to interference effects of Bloch waves
from neighbored atoms. Consequently, the Fourier transform does not show only peaks at the
neighbor distances but also at sums or differences of the distances. This demands a careful
analysis of X-ray measurements of solid states.

The self-consistent coupling of the Maxwell and X-ray Bloch equations enables a calculation
of the radiative dephasing of core-holes beyond Fermi’s golden rule. As second mechanism
for atomic recombination of core-holes the literature discusses Meitner-Auger recombination.
The X-ray Bloch formalism naturally incorporates such scattering channels. Moreover, the
formalism can treat all kind of Coulomb interaction and includes also core excitons and
core-hole effects.
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Conclusion

We discussed high energy spectroscopic techniques namely time and angle resolved photoemis-
sion spectroscopy and X-ray absorption spectroscopy.

In case of tr-ARPES we raised the questions whether excitons, as correlated electron-hole
quasi-particles, are visible in photoemission. Developing an excitonic photoemission theory
based on the unit operator method, which expands each electron after electron-hole pairs,
we can answer the question with yes. Additionally, after 40 years of tr-ARPES history the
experimental realization of this theoretical proposition has been realized [176,180]. We find
that the coherent excitons lead to an intriguing signal, namely a valence band replica, at
the exciton energy. The intensity distribution along this signal reflects the exciton wave
function squared in momentum space. Therefore, tr-ARPES can directly visualize the square
of the exciton wave function. Moreover, we can access also incoherent excitons and trace
their phonon-induced scattering throughout the Brillouin zone. We expect that the direct,
momentum resolved, access of tr-ARPES to excitons will give new insights into exciton physics
and material science. In this contribution, we focused on the low excitation regime linear in the
exciton density. However, the theory is scalable to higher excitation conditions. Unfortunately,
tr-ARPES experiment are to date limited by their energy resolution. Therefore, information
encoded in higher orders of the exciton expansion will be experimentally unresolved. But with
increasing energy resolution, in the future such theoretical studies might become necessary.

Secondly, we built a solid state conform self-consistent theory for X-ray absorption
spectroscopy by combining the Maxwell and X-ray Bloch equations. With this, we present the
first theory, which can describe XANES and EXAFS in a unified way. We applied the derived
theory to the exemplary material of graphene. We showed that XANES displays the density
of states of bound electronic states and how core transitions show a strong dependence on the
angle of incidence of the exciting X-ray light. EXAFS, which corresponds to unpolarized core
transitions into the ionization continuum, displays oscillations in the spectrum. We confirmed
the assumption of D. E. Sayers and coworker from 1970 that these oscillations are related to
the local geometry of the sample. However, we find that in case of crystalline solids these
oscillations stem from interference of core Bloch wave functions from neighbored atoms instead
of interfering X-ray waves. This leads to the fact that we can assign so far overlooked peaks
in the Fourier transformed EXAFS spectrum, which displays not only peaks at the neighbor
distances but also at interferences between them. Moreover, our XAS theory is compatible
with DFT methods, which are the main theoretical instrument in XAS theory. For example
all electronic parameters and matrix elements can be calculated with Quantum Espresso and a
Wannier90 interpolation and the results can be combined with the self-consistent XAS theory.
We believe that this new X-ray-matter theory will shed new light on the analysis of XAS
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experiments. One limitation of the presented theory is, although the solution of the wave
equation inherits linear and nonlinear excitations, that the derived self-consistent electric field
is restricted to the linear regime. Here lies a further possible extension of the theory, also to
nonlinear time-resolved XAS experiments on two-dimensional crystalline solids.

As third topic we investigated excitons in van der Waals heterostructures. For a WSes-
graphene stack, we studied interfacial energy and charge transfer processes. We find that
Forster transfer acts on a long time scale, while Dexter transfer is extremely unlikely. In
contrast, phonon-assisted tunneling of electrons and holes happens on short time scales.
Additionally, we identify a new type of interlayer energy transfer mechanism, which we name
interfacial Meitner-Auger energy transfer. Here, a TMDC exciton recombines non-radiatively
and excites intraband transitions in graphene. This theoretical study was triggered by tr-
ARPES measurements, which found intriguing and inexplicable results [200]. In such a way,
the circle closes as we stated at the beginning that tr-ARPES will boost the amount of
new insights into exciton physics and material science. Secondly, we investigated hybrids of
inorganic semiconductors and organic molecules. We propose HIOS to be the ideal candidate
for the long time searched excitonic insulator built by interlayer excitons and uniquely provable
by far-infrared to terahertz spectroscopy. Recently, their has been a lot of studies on the
excitonic insulator in TMDC homobilayer and heterostructures, but compelling experimental
evidence is still missing. With HIOS we propose an additional promising candidate and showed
how to detect the phase transition. The excitonic insulator forms a new type of material phase
characterized by spontaneous formation of excitons. The excitonic insulating phase exhibits
an excitonic ground state, which requires a proper description, for example in a Bogoliubov
formalism. Within this framework we showed how to optically characterize excitonic phases,
which are tunable by an externally applied electric field. By these means we can switch between
(semi-) metallic phase, described by a Drude response, semiconductor phase, described by a
Lorentz response (vanishing small for interlayer excitons) and excitonic insulator exhibiting
a p-type Rydberg series from intraexcitonic transitions. The developed excitonic insulator
Bogoliubov theory is derived in a mean-field approximation. But an excitonic insulator exhibits
high electron-hole occupations and as in our case even an electronic inversion. Here, the
question rises about non-linear contributions, or even a biexcitonic ground state. Therefore, a
description beyond the mean-field limit might be interesting for future research.
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A.1 Optical selection rules from group theory

Table 1 displays the character table of the point group Csp. A single prime indicates that
a representation is symmetric with respect to a o3 plane and a double prime indicates
its antisymmetry. This is comparable to the subscripts g (gerade) and u (ungerade) if an
inversion center is present. Checking the basis function in column of Tab. 1 we see that

Table 1: Character table of the C3 point group with ¢ = exp(2mi/3).

C3| E  C3(2) C? o S3 (S3)° | quadratic function
A1 1 1 1 1 1 z2 + %, 22

, 1 € e* 1 € e* 9 9
2 1 c* € 1 e* € (" =y zy)
A” 1 1 1 -1 -1 -1 -

. 1 € e* -1 — —e*
E 1 e* € -1 —e* —€ (22,2)

(dy2_p2i £d,2)/ v/2 transforms according to the representation E’. The two rows consider
the plus and minus case. The dipole vector transforms in the Cg; point group according to
E’ + A”. Then the direct product reads

I,ol,=A®(E' +A")=AFE +A'A". (A.1.1)

The characters x 47 ® xgr4+4~ is summarized in Tab. 2 We consider x 4’ ® Xgr4+ 47 as reducible

Table 2: Character table of the I', ® I,

Cs(z) | C5 |on| Ss | (Ss)°
2 1+e | 1+e* | 0 | e-1 | e*1

representation of the group Csp. The decomposition formula reads [138]
. 1
n(i) = 7 chXin : (A.1.2)
C

It gives the amount of times a symmetry species occurs in the reducible representation n(7).
The sum runs over all symmetry operations ¢ and h is the order of the group. The order
just corresponds to the total number of symmetry operations. The relevant numbers for the
decomposition are the number of symmetry operations g., the character of the irreducible
representation y; and the character of the reducible representation y,. Together with the
character tables we obtain

n(A') = % (1 1-241-1-(1+ ™3 +1-1-(1 +e*2’”/3)) =1, (A.1.3)
n(E') = % (1 1-24 128 (1423 f 1728 (1 4 6*2’”'/3)) =0. (A14)

We see that transitions into final states transforming according to the irreducible representation
A’ are allowed, as is the case for the d,2 orbital, but optical transition into states transforming
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according to E’ forbidden. For the sake of completeness we provide also

n(A”") = % (1 (=104 1+ (=1) - (™S = 1) 41 (=) - (2P - 1)) =1, (A.L5)
n(E") = é (1 (1) 0 1+ (=€) L (623 1) 41 (e 23 L (2T 1)> _o.

(A.1.6)

Next, we investigate the photoemission selection rules. The final state continuum wave
function should be symmetric with respect to all mirror planes of the surface. The valence
band transforms according to E’ and the ionization continuum to A’ and E’. We obtain for
the character product E'- A’ =1 |e|&* | 1] e |e*. In order that the integral is symmetric
the polarization projected dipole vector needs to transform according to E’. To check

Xexmxa =1]1111]1]1. (A.1.7)

In case that the polarization is perpendicular to the sample the final state needs to be
antisymmetric, which gives a contradiction and is therefore dipole forbidden.

A.2 Dipole matrix element

The general light-matter interaction Hamiltonian as defined in Chap. 5 with inserted Bloch
functions yields

H=—

Z Z Eq(20,t /dgr e Ty g (r) 7 QT eik/'r|‘u,\/7k/(7°) ai B\ ko

Alz 505

(A.2.1)

where we pulled the quantization length [, in z-direction out of the lattice periodic Bloch
functions. Expanding the integral into a sum over elementary cells at the lattice vector R,,:
r — ry, + R, yields

> D Eq(ut

FAN kKQ

R

Z Z Eqg(z0,t

4 )\ )\ k k’,Q

% ZQZ(k/+Q k)- BR, / By K +Q—k)r ”UA k(Tn)wy & /(Tn) CLI\ A
R,

= Z Z Eq(z0,1) - Z d*r 'S Uk +Q-c(Tn) Tn Uy kr (Tn) af\ K +Q-Go\ k'
Lo c 'vc ’ ’

> D Eqlzt

FAN KK ,Q

i(k'+Q—k)-Rn 3. i(k'+Q—k)r,
Z (ijel( e ) ) Uc d r eZ( +Q )"' I u;,k (Tn)u)\/,k/ (TTL) ai\,ka)\’7k’
R,

H=—

Al

n

Al

Nk

Al

X
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A.2. Dipole matrix element

— 3, AGT, T
= Alz )%klz EQ 20,1t / d°r e'=" ”u>\k+Q G(rn) Tn COWN’% ('f’n) )\k-i-Q Pe )\/ N%
— E
AL Z 2. Bl
M kK Q
X Z (vk(sk’+Q—k,G) /UC B oK +Q—k)ry u) g (Tn) Uy g () ai\’ka)\,’k, ) (A.2.2)
G

where we indexed 7, to clarify that the vector is defined locally in the nth Brillouin zone.
Writing the k-sum as integral and transforming the Kronecker delta to a delta function, we
can exploit the product rule to obtain

Z Z EQ 20,t) - Z d374 eiG~rn” ui,k’JerG(r'ﬂ) Tn uA’,k’(rn) a:f\vkurQ,Ga)\/’k/
Z >\ )\/ k k,,Q G UC

Z Eq(2,t

Lz AN
k',Q G

X / d’k Vi (5(k’ +Q—k—G) [ dr TR Ty (g (rn)> al 1y,

uc
Z EQ Zo,

Lz AN
k’,Q G

x/kod(k:’JrQ—k—G)/

uc
Z EQ 20,1

Lz AN
k',Q G

x/d2k5(k:’+Q—k—G)

—ze

—He

3 i(k'+Q—F)-
d’r (Vkel( +Q )T””) u;k(rn)uMk/(rn) aTA’ka/\,k/

+ze

3,. ik +Q—k)-r,
UCd K HQ=k)mn) (Vkui,k(rn)) Uy g (Tn) a;,ka,\/,k,

—{—ze Z Eq(20,t
t2 AN
k:’,Q G
> /ko 5(’6/ + Q —k— G) o d37,. ei(k:"f'Q—k)'TnHu§7k(’]‘n)u)\,’k/(’l"n> (Vka§7k) (1)\,7,“/ .

(A.2.3)

The second line vanishes at the boundaries and the results reads

Y3 Bolaodt

FANK.Q

3., iG- Vitq-c
X Z d r '@l (( k+Q ) Ak’+Q G(Tn)> Uy g (Tn) a;,k#Q—Ga,\’,k’

Al

+ ze Z Z Eg(20,t
Z /\ 2\ k/
d3 ZG-T‘nH * \V4 t A24
K32 AT g ara)un () (Viso-cgoa) w - (A24)
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Exploiting the periodicity of the Bloch factors in reciprocal space and their orthogonality
yields the Hamiltonian

ie . Vi
H = Eg(z,t d3r G FHQ=G )«  (r Uy o (T
g\:kz: al Z Vue l oge; iz Aw+@-6(Tn) |ty i (Tn)

Vo nVivsg-c| O wig i - (A.2.5)

with the unit cell volume Viyo = V/N. Taking the limit @ = G = 0 yields the Hamiltonian
shown Chap. 2.

A.3 Energy and charge transfer matrix elements

A.3.1 Dexter transfer

Before deriving the Dexter matrix element, we define the heterostructure Coulomb potential.
We introduce a layer index [. The Coulomb potential reads

Vll' _ 6% . 6ll' _ { efip ! 7é i (A31)

9 2¢A|qlel 1 €gp L=1=i

with i = {0, 1} for the two material layers. The dielectric functions read

1—i
: K9q |
0o 1 ) lal |l
€q = K and e, = A.3.2
q gIQ\g|OI|f|Q| 97 cosh(6,_;|q|/2)h ‘q‘ ( )
for the intra- and interlayer Coulomb potential, respectively. The abbreviations read
Ko K1 R a%0]
=1 tanh (4 — ) tanh(0 —
fa= 15 (2 2 anb(Golal) + (52 + ) tanbGafal) + (22
+H0)tanh(d0|q|)tanh(51|q|)> (A.3.3)
- K
hy =1+ — tanh(d;|q|) + = (01-ilal/2) + (0;|q|) tanh(d1-4|q|/2) (A.3.4)
. cosh(d;|ql) ( K )
= 1+ — tanh(d;|ql/2) | . A.3.5
9q cosh(01_;]a|/2) + s anh(d;|q|/2) ( )
The parameters are x; = eﬂ ej_ as dielectric environment of the material and x for the

dielectric background. Additionally, we define o; = ,/ eﬁ/ € and §; = a;d; with the layer
thickness d;.

For the Dexter matrix element, we start from Eq. (3.14). We decompose the z and 2’
integration into two integrals over the two materials

kg kg = %Z(Sk,q’JrKéq,k’—K (/ dZ/ dz’ Xe(2)x0() VK (2, 2")
[ s [ d el + [ s [ v Vi, )
—|—/Gdz/Gdz XC(Z)XU(Z)VK(Z,Z)) . (A.3.6)
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A.3. Energy and charge transfer matrix elements

Since the Coulomb potential varies only weakly in each layer, we take the Coulomb potential
directly at the position of the layer VK(Z(/) = z;) and take the potential out of the integral.
Then, we write for the wave function overlap xx; = [, dz xa(2). When assuming that both
layers contribute equally to the wave function overlap we can use x\w = Xx¢ = X»/2 and
obtain for the matrix element

Ver”ﬁ q’ AXch Z Ok,q' +K5q K — KVDeX (A.3.7)

with
VR = Vi (2w, 2ly) + Vi (2w, 26) + Vi (26, 2y ) + Vi (26, 25) - (A.3.8)
When reinserting into the Hamiltonian and resolving the momentum Kronecker we obtain

X w w
H = Z AXch VRS qeht i ol ¢S + Hee. (A.3.9)

7q7

Here, we indexed the operators according to the layers since due to momentum conservation
the notation breaks down. At this point, the wave vectors are defined with respect to the
I' point in WSes and graphene. We can shift the coordinate system on the K points by
k— Kyw + k, q — Kg + q. Together with an exciton basis we obtain

1 . x K
H== | —=xeXo Dk k Ve Ka+K+k—q PJ,KRKG—HI + H.c. (A.3.10)
E\4VA .

When neglecting the local wave vector sum K + k — q, which is way smaller than the distance
|K ¢ — Kyw| we obtain the Dexter matrix element from the main text.

A.3.2 Phonon-assisted tunnel

We start from Eq. (3.23) and insert the compounds a/b = (Ay/p, Kq/ps lass), and ¢ = (K¢, ac, le),
and use the selection rules

A Adlyl Iyl AaXalalale A)\lllcll
trpitd = phoAdvdagpls 6, L, and  gpepdgde = gretdtelaleg B Spe g kg (A3.11)
We obtain
_ LN oy NT Ao\ pl N gNlex (AT g la
H= §A%K)‘k+1<)‘ (t K(0h + Vi g )UK + 19k (o + Breg )b a)
a? bl
1 1
3 > )‘k+K (tm N (opll e + Vi i VR + Mg (ol g + B )bT_%{) (A.3.12)
Aalk K
with
P (A.3.13)
LSV o
k €k
. 1
Mo
= A3.14
G I .
. 1
N = (A.3.15)

i
R0
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Carrying out the layer sum yields

1 w w
H == L Ve /\G (t/\GW )\Wa /\GW + ,y’/c\}}/{a)b}/[{/a 4 $AGW g;\{Wa ( agaw 4 ﬁ,??[v{a) b’r_ Ka)
W' k K
1 w
-3 Z >\T+K Al (tAGW AWey QWG + ,y’i\}/}[/{a) pWe | PAGW AW aﬁWG + ﬁ]i\}/}/(a)bi Ka)
Aok, K
1 G
+ 3 k+K (t)\WG )\Ga ,\WG + ,y’;\Ga)b%'{oz + tAWGg}‘{G“(a,)c‘WG + 512\%&)511?)
W' k K
1 tW NG ((AWG AGa( AGW | AGaypGa | AWG AGa( AGW | aAGayptGa
~3 D MerxM (t 95 (" + ek VK + 0 T (e + Bk )[LK) :
Aok, K
(A.3.16)
We fix the momenta to the vicinity of the K point. The factor aﬂi Kk, can be read out from

DFT calculations. For the prefactors B)‘l“ and 'yMa we recognize that AFEk, appears when
WSey phonons are involved and AEKW when graphene phonons are involved. The value
of AEk, ~ 250meV is large compared to the typical WSey phonon energy of 30 meV, and
AFg,, ~ 1eV is large compared to the graphene phonon energy of 200 meV. Therefore,
the phonon energies can be neglected in ﬁ,i‘fo‘ and 7’\l°‘
Hamiltonian in the main text.

These approximations yield the

A.3.3 Interlayer Meitner-Auger energy transfer

The Coulomb matrix elements reads

Vv Aoy
i, = [ @ [0 ), GOV = 1) () Wi, (1)

- ZV /dgr \IIL 41 e’ TH\IIW Q2 /dST, \I/Al kzl( )6 “ TH\I}M kz( /)

(A.3.17)

Vg4 corresponds to the interlayer Coulomb potential. First, we investigate the r-integral. For
the TMDC we know that v; # vy due to the interband transition. We write

1/11/2 3 * 7,q~1‘
loava, = /d Vg Wy, g, (7)

_ ZEZR q9—4q,+4q2)
R

N 3
= 5qfq1+q2,0v /Ucd r u;,ql (T)UVQ,qz (r)

=4

1 )y g, (1)t g, (r)e1 (@0 He)
ofe] ’

1 V1
q,quQEd "2 (g1 — q3) (A.3.18)
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A.4. Slater-Koster tight binding method

with a k - p-expansion for v # 15 in the last step. Next, we calculate the graphene integral,
where A\; = A9 holds. We find

Ao 3 1k n—igr /
10 hs —/d U e (T)e T gy (1)

iR-(—q—k1+k 3,./ ! N ir)-(—q+ki+k
= SRk [ g (5 gy (7))

N .
= 0qkutk2077 /U . ' u}, g, (7)) ung ks (77)
= Ohy—torq s (A.3.19)

where we treated the integral for A\; = A9 in a low wave number approximation corresponding
to the zeroth order of the k - p expansion.

A.4 Slater-Koster tight binding method

For the Hamiltonian we need the electronic hopping between different atomic orbitals at
different interatomic distances. o and 7 bondings are defined such that the axes of the involved
p orbitals are parallel and normal to the interatomic vector, respectively. The hopping integrals
for p orbitals are parameterized into parallel and normal component to the bonding directions.
We need to decompose the Cartesian p orbital into the bond-parallel and the bond-normal p
orbital.

We start with the projection of s-p integrals. Let & be the unit vector along the bond
from the first to the second atom. Let é be the unit vector along the Cartesian axes. We first
decompose p orbitals along é into two p orbitals that are parallel and normal to 5:

|pi) = & 8|ps) + & - Prlpn) (AA1)

with ¢ € {,y, z}. The unit vector 7 perpendicular to 8. The relation (s|H|p) = —(p|H|s) is
simply obtained by inverting the direction of the bonding unit vector, i.e. changing the sign
of the directional cosines.

We continue with the projection of p-p integrals. This time we consider two unit vectors
for the coordinate system and the bond between two atoms. The p orbital along a; can be
decomposed into two p orbitals that are parallel and normal to 5:

Ipi) = &1 - 8lps,) + €1 - A lpn,) , (A.4.2)

where the unit vector 7 normal to § within the plane spanned by d and a;. We define the
origins of |ps,) and |p,,) to be at the first atom. The second p orbital can be handled in a
similar manner. Then we obtain

(p1|H|p2) = (&1 - 8(ps,| + &1 71 (pp, |) H (€2 - 8|ps,) + &2 - Nia|pi,))
= (&1 0)(é2- 0)(ps, |H|ps,) + (&1 71 (pp, |) H (&2 - oalpn,)) (A.4.3)

with the matrix element between orthogonal p orbitals as zero. We define (ps,|H |ps,) = Vipo
and write

(&1 -1 (pn,[)H (€2 - Na|pny)) =



(€1 - hy)ny n;
=6 — (&)

Figure A.4.1: (a) Decomposition of a p-orbital. (b) Angle 6 between the vectors § and é. (c)
Side view of vector . (d) Sketch of the used relation for hoppings between two p orbitals.

We end up with

For example, we can calculate now

(2p2|H|2py) = cos 01 sin 03Vpps + (€1 — cos 016) - (é2 — sin 026)t,
= cos 01 sin0aVyps + (€1 - €2 — &1 - sinfy — &y - dcosby + cosbsin a6 - )t
= c08 01 sin 62V, + (— cos 01 sin 01 — sin 6, cos 6 + cos 0y sin 0)
= cos 01 sin 02Vp, — cos 01 sin Ot
= (Vppo — tx) cosfsinf. (A.4.9)

The other integrals can be treated in similar manner.

A.5 Integrals

A.5.1 XANES offsite transition integral
We start by calculating the 1s-2p, transition:

T x —dcost
dog = /d?’r $rs| vy | 7o | y—9sing | . (A.5.1)

z z

First, we shift the dipole moment between the atoms of sublattice A and B by r — r — §/2

x—%cosz? x — dcostd
ot — / Br dra(r) | y—3sin0 | ¢op. | y—dsin0 | . (A5.2)
z z

Then, we rotate the coordinate system in direction of d and shift ' — 2’ + §/2, where the
prime indicates the new coordinate system. We obtain

(' + &) cos ) — 4/ sin ¥ x' cos ¥ — 3 sin
doff:/d37’ D1s (x’+§)sin19+y’c0519 x’'sind + 3y’ cos
z z
(' — &) cos ) — 4/ sin®)
X ¢op, | (2 — g) sint + 4y cos? | . (A.5.3)

z
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A.5. Integrals

9 1/2 9 1/2

We define the radii r1 = {(x’ - %) +y?+ 2’2] and ro = Rx’ + g) +y?% + 2’2} . Then,
we introduce the prolate spheroidal coordinates & = (r; + r2)/0 and n = (r1 — r2)/d. This
yields r; = %(5 +n) and 1o = g(f —1n). Now ¢;(§,n) is defined. For our coordinate
system, the Cartesian coordinates as function of prolate spher01dal coordinates are z =
5\/ -1 —n?)cose,y= 6\/ & —1)(1 —n?)sing and = = 2517 Inserting the hydrogen-
type orbltals we see that the angle-integral ehmlnates the z and y components. The 2z-
component of the integral reads in prolate spheroidal coordinates

S\° foo 1 p2m
d= NNy (5) [T [ [ dedns (¢ — pyem ez casicins
x (€2 = 1)(1 = n*)cos’ ¢
S\° oo rl
= N1sNyp, <2> 7T/l /_1 dedn (€2 — n?)eCs0Em/26=Cpd(Etn)/4 (2 _1)(1 — 9?),
(A.5.4)

where Ny, and Na,, are the normalization constants of the hydrogen-like orbitals. The left
integral is only a sum of integrals consisting of a product of exponential functions, which can
easily be evaluated. We find

dog = 0 pm. (A.5.5)

After having shown the concept, we evaluate also the 1s-2p, integral. The first steps are
identical. We shift the dipole moment into the center of the atoms, rotate the coordinate
system and introduce prolate spheroidal coordinates. We end up with

2 3
dog = lengw// dédnde <5> (&2 _/'72)e*Cls‘s(f*n)/26742176(54’7])/4

3encost — 52—1)(1—7; ) sin ¢ sin ¢
X g nsind + ‘?\/ n?) sin ¢ cos ¥
INGE 1— >cos¢
X Kggn - ‘25) cos ) — g\/(g2 Z1)(1— %) sin g sin @ (A.5.6)

doff—N1sN2p( > / / dedn (€2 — y2)eC1sd(E=n)/2o~Capd(Em)/4

26(En — 1) cos? 0+ (€2 — 1)(1 — 1) sin® 9
x | 2n(én —1)sindcosd — (€2 —1)(1 — n?)sindcos? | . (A.5.7)
0

Alternatively, we can write

5\ 5 cos? 9 sin? ¥ 0
doff = N1sNap <2> w | cost¥sin?d —sintdcost? O
0 0 1
- 26n(én —1)
x / / dédn (€2 — n?)eCs0Em/2e=CpdEm/A [ (£2 _ 1)(1 — 52) (A.5.8)
1 J-

0
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The last two integrals can again easily be evaluate, yielding the result Eq. (38). The integrals
involving the 2s and 2p, can be calculated analogously.

A.5.2 EXAFS transition integral

Next, we calculate the remaining integral in Eq. (5.14) for j = 1s. We substitute (k + G) +
k| é, = p and write

_ / Br pry(r) T P (A.5.9)
In spherical coordinates we can substitute for the z-component sin ¥ cos ¢ = —/27/3(Y11 (¢, ¢)—

Yi-1(9,¢)), for the y-component sindsin ¢ = iy/27/3(Y11(V, ¢) + Y1-1(9, ¢)), and for the
z-component cos ¥ = /47 /3Y10(0, ¢). We calculate exemplary the z-component:

<3/2/drm<rzzulpmm 0) [ [ avdg sind Y (9,000, )

m=—I
_ 5 C3/2/dr r’e CTZ Z il (pr) Yim ,qb)//dﬁd(p sin®? Y7, (9, ¢)Yim (9, )
I m=-I
\8/7T>C3/221/Y2’m’ /dr iy (pr)e <", (A.5.10)

where we exploited in the last step the orthogonality of the spherical harmonics. Next, we
insert ' =1 and m’ = 0:

I, 43/223/10 /dr r°j1(pr)e
87'(' 3/2
- R0 e
= 32/m¢°/% i (A.5.11)

(+(k+G)?)°

The x and y-components can be obtained analogously.

A.5.3 Onsite transition integral beyond the dipole approximation

Here, we calculate the z-polarized optical onsite transition between 1s and 2p, orbital beyond
the electric dipole approximation:

= /d3r D15(1) 22y, (1) QI . (A.5.12)

For reasons of simplicity, we drop the index (. First, we extend the integral into the
third dimension. We stress that k and G are now three-dimensional. Writing ¢15(r)z =

d15(r, 0, p)rcosd = Rgl( )Y10(¥, ) with R21 =4/ C3/2r exp(—(r) and using exp(iQ -
r) =47y 72, S 1 351(Qr)YE (0, 0)Yim (9, gp) we obtain generally

27
_47r/ / / drdide r smﬁz Z zyl (Qr) Ry, (1) Rty (7 )Yllml(ﬁ ©)Yiyms, (9, )

=0 m=-I
X Y (9, 0)Yim (0, ¢) , (A.5.13)
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A.5. Integrals

where 6 and ¢ are the polar and azimuthal angles of the light wave vector. The angular
integral yields

| [ dvdio sin i, (9,00 Viuma (0,050 0) = [ [ didio sind¥is, (0. )

lh Io Li|lL1 1o L N

“i? Z (201 +1) (2l + 1)(2L + 1)
4

X

L=|l1—lo| M=—L

l1+l2
, - (201 +1)(2l + 1)(2L + 1
://dﬁdgp sin¥(—=1)"Y; _pm (Y, ) E E 1+ 1( 24 I )
L=|l1—ls| M=—L 4

li s L{|l1 o L «
X [0 0 0] [ml mo M] YLM(ﬁ’ (70)

NENEDY (2L + 1)(2l14;r 1)(205 + 1)

0 0 0 ma

lh ls Ll I L
1 [ my — m;| 61,L6m,m2—m1

L=l —ly|
(A.5.14)

where we used the orthogonality of the spherical harmonics and the Wigner 3j-symbols. We
l1+l2
Aoy (Q,0,0) = (=)™ Y \/(QL +1)(20y + 1) (25 + 1)

have now
ll l2 L] [ l1 l2 L ‘|
L=|l1—l2| 0 0 0] mi mg mi—me

X T*(Q)YLmg—m, (0, 9) (A.5.15)

with

/
4(Q) = stf(QC?)S C Sl = Dm0 — T — Dl(ma £ )l x

mzh: 1nzzl2: 1 ( 1)51+52 (2<1/n1)l1+81(242/n2)12+82][/w(77 Q)
n1 — 11 — 851 — 1) (81 + 201 + 1)!82!(712 —ly — 89 — 1)!(82 + 2l + 1)!
(A.5.16)

s1=0 $20=0

with inserted radial functions and

(3 + QY)Y
(A.5.17)

, 7 [(L4+w+3) —(L+1/2
Irw(, @ / dr e i1 (Qr) = 2Q (12 + Q2)w+5/2)/2 L

where P! (x) stands for the associated Legendre polynomial, v = (i/n1 + (2/n2 and w =
l1 + 81+ 1lo+ sy > L. Now, we have to insert the wave functions for the 2p, orbitals
Pap, = Ro1(r)Y10(V, ¢) and obtain

1

dt = NG (1°(Q) + (3cos*0 — NI*(Q)) (A.5.18)
with 19(Q) = \g((1C2)5/2102(C1/2 +(2/2,Q) and
Q) = —\1/27?((1(2)5/2122(41/2 +(2/2,Q). (A.5.19)
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Note that (; =2Z/ap = 2¢ and (2 = Z/ap = (. We find
(2¢%)5/%¢ (9
(2 + ey \4

Going back to the two-dimensional case § = /2 and multiplying with a constant N =
4y/6m/(3¢) that N¢op, = z¢1s, we obtain finally

16+/3m¢5

(%) +az)

dt = g % —2Q% - 3Q* cos(29)> : (A.5.20)

dow (Q)) = (A.5.21)

A.6 Parameters

Table 3: Electronic TMDC parameters and the free electron mass mgy = 5.68568 fs?eV /nm?.
The parameters stem from the references [140], [8], and [336].

Parameter ‘ Symbol ‘ WSes ‘ MoSes ‘ WS, ‘ MoSs
Lattice constant ap/nm | 0.332 | 0.332 | 0.318 | 0.319
Thickness do/nm | 0.347 | 0.344 | 0.315 | 0.312
Electron mass mlE /mgy | 0.29 0.50 | 0.27 | 0.44
Electron mass mlA/mg | 0.56 0.71 | 0.62 | 0.81
Hole mass ml& /mqy | 0.36 0.6 0.36 | 0.54
Dielectric constant € 13.63 | 15.27 | 11.75 | 13.36
Plasmon energy peak | Ep/eV 22.6 22.0 22.8 | 225

The phonon parameters can be found in the references [113], [104], and [105].

Table 4: Electronic parameters for graphene from the references [166], [315], [337], and [314].

Parameter ‘ Symbol ‘ Graphene
Lattice constant ap/nm 0.246
Fermi velocity vp fs/nm 1
Core binding energy | e15/eV -283.0
2s onsite energy €9s/€V 8.7
2p onsite energy eop/eV 0.0
2p,-2p, hopping tr/eV -3.1
2s5-2s hopping Viso/€V -6.7
2s-2p,,/,, hopping Vipo /€V -5.5
2Py /y-2Py )y hopping | Vipo/eV 5.1
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